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DETERMINATION AND VERIFICATION OF NEW TARGETS IN LIVER CANCER 

Umut Ekin, Dokuz Eylül University Izmir International Biomedicine and Genome Institute 

umut.ekin@ibg.edu.tr 

      ABSTRACT 

Hepatocellular carcinoma (HCC) is one of the most common cancers around the world, 

with poor prognosis and high mortality rates. The diagnosis and effective treatment of HCC at 

early stages is challenging with few treatment options including surgical resection or liver 

transplantation. At late stages, restricted options of chemotherapy become one of the most 

important treatment modalities for advanced hepatocellular carcinoma, although patient 

survival can be enhanced by just several months. Thus, understanding the mechanisms in 

progression will shed light on novel therapeutic approaches that are urgently needed to increase 

patient survival in HCC. In our studies, we aimed to determine and identify new targets in liver 

cancer and evaluate them as potential therapeutic targets.  

Firstly, we evaluated ATAD2 (ATPase Family AAA Domain Containing 2) which was 

found one of the hepatocellular immortality signature gene increases in senescence escape, as 

a therapeutic target in HCC. The bioinformatics analysis from clinical data demonstrated the 

elevation of ATAD2 in HCC patients’ tumors compared to non-tumors and in correlation with 

well-known proliferation marker Ki-67. This significant correlation was not only in HCC 

patient samples but also observed in the time course of rat liver regeneration. Additionally, 

ATAD2 was dysregulated in response to drug treatments, especially inhibition with 

Tunicamycin-induced apoptosis. Our in vitro findings with ATAD2 knockdown demonstrated 

that gene expression responses to ATAD2 inactivation in different HCC cell lines were highly 

heterogeneous. 

Secondly, the information previously gained from pre-senescent and immortal 

phenotypes of the HCC cell clones was used to find new therapeutic candidate genes. The 

integration of patient survival data with previously collected data of the genes overexpressed in 

immortal phenotype of the HCC cell clones revealed some candidate genes, and GPR133 (G-

protein coupled receptor 133) was selected for further functional analysis. In line with poor 

prognosis, we showed the elevation of GPR133 in HCC cell lines and patient samples at the 

transcriptional level. Our preliminary functional studies with ectopic expression of GPR133 in 

HepG2 cell line showed decreased spheroid formation with altered morphology. 
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Lastly, we focused on transcription factor p73, which is the member of the tumor 

suppressor p53 family. The complex structure of the p73 gene generates different isoforms with 

its alternative promoters and C-terminal splicing variants. These alternative isoforms were not 

fully elucidated in terms of their expression and specific targets in HCC. At this part of our 

studies, we determined the differential expression of varying isoforms at transcriptional and 

protein levels in different HCC cell lines. Our findings showed that overexpression of 

TAp73beta caused cell cycle arrest and inhibition of colony formation abilities in a cell line-

dependent manner. Our findings by bioinformatics analysis with the ectopic expression of 

TAp73beta in Hep3B cells revealed that TAp73beta expression is in association with cell cycle, 

development, growth signaling, metabolism, immune response, and stress response pathways. 

In conclusion, we tried to find new candidate genes that may be targeted for HCC 

treatment. With additional studies, the exact mechanisms of candidate genes in HCC 

progression can be identified and their potentials can be revealed for therapeutic applications. 
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KARACİĞER KANSERİNDE YENİ HEDEFLERİN BELİRLENMESİ VE 

DOĞRULANMASI 

Umut Ekin, Dokuz Eylül Üniversitesi İzmir Uluslararası Biyotıp ve Genom Enstitüsü 

umut.ekin@ibg.edu.tr 

ÖZET 

Hepatosellüler karsinom (HSK), kötü prognoz ve yüksek ölüm oranları ile dünya çapında 

en yaygın kanserlerden biridir. HSK'nın erken evrelerde teşhisi ve etkili tedavisi zor olup 

cerrahi rezeksiyon veya karaciğer transplantasyonu dahil olmak üzere birkaç tedavi seçeneği 

ile sınırlıdır. İleri seviyelerde, sınırlı kemoterapi seçenekleri, hastanın sağkalımını sadece birkaç 

ay artırabilmesine rağmen, ilerlemiş hepatoselüler karsinom için en önemli tedavi 

yöntemlerinden biri haline gelmektedir. Bu nedenle, hastalığın ilerlemesindeki mekanizmaları 

anlamak, HSK'da hasta sağ kalımını artırmak için acilen ihtiyaç duyulan yeni terapötik 

yaklaşımlara ışık tutacaktır. Çalışmalarımızda karaciğer kanserinde yeni hedefleri belirleyerek 

potansiyel terapötik hedefler olarak değerlendirmeyi amaçladık.. 

İlk olarak senesensten kaçışta artış gösteren hepatoselüler imza genlerinden ATAD2 geni 

terapötik bir hedef olarak değerlendirildi. Topladığımız klinik data ile yaptığımız 

biyoinformatik analiz, hastaların tümör dokularında, tümör olmayanlara göre daha çok ATAD2 

ekspresyonu olduğunu ve aynı artış korelasyonunun iyi bilinen proliferasyon belirteci Ki-67 

için de geçerli olduğunu gördük. Bu anlamlı korelasyon sadece HSK hasta örneklerinde 

olmayıp, zamana bağlı sıçan karaciğeri yenilenmesi sürecinde de olduğunu gözlemledik. Ek 

olarak, ATAD2, ilaç ile muameleye, özellikle Tunikamisin kaynaklı apoptoza yanıt olarak 

inhibisyon göstermiştir. Yaptığımız ATAD2 silinmesine bağlı in vitro çalışmalar, ATAD2’nin 

inactive edilmesinin HSK hücrelerinde hetorejen yanıtlara yol açtığını göstermiştir.     

İkincisi, senesens öncesi ve ölümsüz fenotip gösteren HSK hücre klonlarından daha önce 

elde ettiğimiz bilgileri kullanarak yeni ilaç adayı genler aradık. Ölümsüz fenotipte artış gösteren 

genlerle hasta sağkalım datalarını entegre ederek aday genler ortaya koyduk ve bu genlerden 

GPR133/ADGRD1 genini sonraki fonksiyonel analizlerde kullanmak üzere belirledik. Kötü 

prognozla ilişkili olarak, HSK hücre hatlarında ve hasta numunelerinde transkripsiyonel 

seviyede GPR133 seviyesinin yükseldiğini gösterdik. HepG2 hücre hatlarında GPR133ün 

ektopik ifadesiyle yaptığımız öncül çalışmalar neticesinde hücrelerin küresel yapı oluşturarak 

büyümesinde azalma ve oluşan kürelerin morfolojisinde değişiklikler gösterilmiştir. 
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Son olarak, p53 ailesinin bir üyesi olan p73 transkripsiyon faktörüne odaklandık. Bu 

genin sahip olduğu karmaşık yapı nedeniyle alternatif promotör kullanımı ve alternatif C-ucu 

birleştirmesi birçok farklı izoform oluşturmasını sağlamaktadır. Bu alternatif izoformların 

HSK’daki ekspresyonları ve özgün hedefleri tam olarak aydınlatılmamıştır. Çalışmamızın bu 

bölümünde, HSK’nın farklı hücre hatlarında, alternatif izoformların değişken ekspresyonlarını 

transkript ve protein seviyesinde inceledik. Özellikle bazı HSK hücre hatlarında TAp73beta 

izoformuyla yaptığımız çalışmalar, hücre hattına bağlı olarak hücre döngüsünde durma ve 

koloni oluşturabilme yeteneklerinde azalma olduğunu göstermiştir. Biyoinformatik analizlerle 

TAp73beta’nın Hep3B hücrelerindeki ektopik ekspresyonundan elde ettiğimiz bulgular, 

TAp73beta ekspresyonunun hücre döngüsü, gelişim, büyüme sinyali, metabolizma, bağışıklık 

yanıtı ve stres yanıtı yolaklarıyla ilişki içinde olduğunu göstermiştir. 

Sonuç olarak, HSK tedavi sürecinde kullanılabilecek yeni aday genler belirlemeye 

çalıştık. Yapılacak ek çalışmalarla, bu aday genlerin HSK gelişiminde aldıkları roller 

belirlenebilir ve tedavi uygulamalarındaki potansiyelleri ortaya çıkartılabilir.  
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1 INTRODUCTION AND AIM 

Liver cancer is one of the leading causes of cancer-related death worldwide with an 

increasing incidence that is estimated to reach one million cases in several years. The most 

prevalent form of liver cancer is hepatocellular carcinoma (HCC) and represents approximately 

90% of all liver cancer cases [1]. Unfortunately, HCC is usually detected late in its progression. 

The insufficient effective systemic chemotherapy results in poor patient survival; after two 

years is less than 50%, while survival after five years is barely 10% [2]. The progression of 

HCC occurs as a multistage with well-defined etiological factors, and the majority of HCC 

patients are diagnosed with pre-existing cirrhosis [3]. In the advancement of cirrhosis, chronic 

hepatocyte turnover is one of the major predisposing factors and leads to telomere shortening 

and senescence [4]. However, during liver malignancy, senescent cells may escape from this 

stationary state and gain immortal phenotype with inactivating growth control genes that sustain 

proliferation and reactivate telomerase reverse transcriptase [5]. 

The replicative senescence has previously been studied in our group, and phenotypically 

different clones of  Huh7 have been distinguished under senescence and immortal features [6]. 

The comparison of these Huh7 clones which reflects senescence and immortal phenotypes and 

integration of patient samples of cirrhosis and HCC data resulted in the signature gene set 

composed of 15 genes that discriminate HCC from cirrhosis [7]. Furthermore, this gene set was 

extensively studied by our group, and expression of ATAD2, which is one of the signature 

genes increased in HCC, was shown in HCC cell lines while absent in normal hepatocytes. 

Furthermore, ATAD2 was gradually elevated from the early to late stages of HCC progression. 

ATAD2 knockdown caused apoptosis and reduced cell survival, as well as lowered tumor 

development in some HCC cell lines [8]. Based on these previous findings, we aimed to further 

evaluate the potential of ATAD2 as a therapeutic target as well as a biomarker for proliferation. 

With different methodologies, we intended to understand the cell-dependent mechanism of 

ATAD2 in HCC. In addition to this, we sought to find new drug targets in HCC by analyzing 

the upregulated genes in the immortal phenotype to the pre-senescent phenotype of Huh7 clones 

previously described above. In line with the main goal of the research, we sought targetable 

proteins with high potential by applying different criteria including significance in patient 

survival, localization in a cell, and expression in vital organs, to the gene sets we compared. In 

analysis, GPR133 (ADGRD1) came forward with restricted information and obscurity in the 

literature with high potential since GPCRs are targeted by about 35% of approved drugs [9]. 
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Furthermore, Its poor prognosis was only studied in glioblastoma, and increased expression 

was linked to hypoxic conditions and CD133 positivity in the tumor [10,11]. Thus, we studied 

this gene as a potential drug target in HCC.  

The p73 gene has been thoroughly studied for its significance in cancer because of its 

close relationship and homology with tumor suppressor gene p53 [12–14]. While p53 was found 

frequently mutated in many cancers, p73 mutations are rarely reported [15]. The p73 has 

complicated biology because of the varying transcription of isoforms and antagonized functions 

of translated proteins. Thus, TAp73 isoforms act as tumor suppressors, while DNp73 isoforms 

exhibit proto-oncogene characteristics, and unlike opposite functions of these N-terminal 

isoforms, the implications of C-terminal changes are not clear [16,17]. In this part of our study, 

we tried to determine the role of different p73 isoforms in HCC. We evaluated the importance 

of the TAp73 isoform which has a trans-activating domain, with different C-terminal variations. 

The isoform-specific regulatory functions were studied to understand the downstream pathways 

with HCC progression. 
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2 BACKGROUND INFORMATION & LITERATURE 

2.1 Liver Malignancy 

The liver is the largest solid internal organ that accounts for approximately 2.5% of 

average body weight. It consists of mainly 4 lobes: right, left, caudate, and quadrate. Roughly 

hexagonal-shaped liver lobules are the basic functional unit of the liver and the bulk of the 

lobules are formed by single-cell thick plates of hepatocytes. These cells constitute 60 % of the 

liver cells population that accounts for 80% of cell mass and play a pivotal role in the production 

and secretion of bile, and metabolism of lipids, carbohydrates, and proteins as well. Besides 

hepatocytes, endothelial cells, Kupffer cells that can be called liver resident macrophages, and 

liver fat-storing stellate cells take part in the liver organization. In general, the functions of the 

liver can be summarized as the storage and metabolism of vitamins and nutrients, the secretion 

of bile, metabolism of bilirubin, and metabolic detoxification of toxins as well as hormones and 

drugs [18]. 

Like a most normal functioning organ, the liver may also progress cancer. Liver cancers 

divide into two main categories as primary and secondary. Hepatocellular carcinoma (HCC) is 

the most common type of primary liver cancer. The rest of the primary liver cancers include 

cholangiocarcinoma, hepatoblastoma, angiosarcoma, fibrolamellar carcinoma, and other 

mesenchymal cancers of the liver. The secondary liver cancers originated from different 

metastatic tumors like breast, lung, pancreas, and colorectal cancers [19]. 

The most common type of liver cancer, HCC, predominantly occurs in patients with 

underlying chronic liver diseases and cirrhosis. Globally, most cases of primary hepatocellular 

carcinoma develop in the setting of cirrhotic livers. Thus, the primary causes of HCC are 

considered as chronic hepatitis B or C virus infections, alcoholic cirrhosis, and non-alcoholic 

steatohepatitis (NASH). Secondarily, heavy alcohol consumption, nonalcoholic fatty liver 

disease, aflatoxins intake, obesity, type 2 diabetes, and smoking count as other risk factors [20]. 

In addition, Focal nodular hyperplasia (FNH) and hepatocellular adenoma (HCA) that defined 

as the benign formation of proliferative hepatocytes, may undergo a malignant transformation 

in patients without existing liver diseases and cirrhosis [21]. 

Hepatocarcinogenesis, the malignancy that drives the nonmalignant liver cells into HCC, 

is a progressive and complex mechanism that includes the accumulation of epigenetic and 

genetic changes at the molecular and cellular levels. This progression of malignancy is 

characterized by alterations in cell physiology from early cancerous to overtly malignant lesions 
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at the histologic level as well. The development of HCC starts with chronic liver injury by 

different etiological factors that lead to the turnover of liver cells. This chronic 

necrosis/proliferation cycle leads to cirrhosis and the formation of abnormal liver nodules. 

Further progression converts these nodules to dysplastic nodules and HCC [22].  

 

 

Figure 1: Multistep progression of Hepatocellular Carcinoma [22]. 

2.1.1 Epidemiology of Hepatocellular Carcinoma 

Liver cancer is a serious public health problem with ascending new cases over 900.000. 

Worldwide, liver cancer ranks seventh in cancer incidences, and third in mortality rates after 

lung and colorectum cancers according to cases of World Health Organization (WHO) in 2021 

(https://gco.iarc.fr/today/home). Among primary liver cancers, hepatocellular carcinoma 

accounts for the most common form with a coverage rate over 80% of all cases while 

cholangiocarcinoma is between 10–20% and angiosarcoma approximately 1% [23]. Although 

the incidence and mortality rates are highest in the regions of East Asia and Africa, increasing 

rates of cases are observed in different locations of the USA and Europe [24]. 

 2.1.2 Etiological Factors in Hepatocellular Carcinoma Progression 

The etiology of hepatocellular carcinoma is complex and multifactorial. The progression 

of HCC starts with a hepatic injury that causes inflammation and leads to necrosis of 

hepatocytes and regeneration. Then, in most cases, the condition switches to chronic liver 

https://gco.iarc.fr/today/home
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disease and gives rise to fibrosis, cirrhosis, and finally HCC sequentially. The catastrophic 

environment is formed under the influence of many risk factors described below. 

2.1.2.1 The virus-associated mechanisms driving hepatocarcinogenesis 

One of the major risk factors of HCC is the infection with hepatitis B virus (HBV) and 

hepatitis C virus (HCV). About 80 % of HCC occurs in the cirrhotic liver. Hence, approximately 

30% of the patients with a chronic infection between 20 to 30 years develop cirrhosis. The risk 

of HCC may arise up to 15 and 17 fold in chronic HBV carriers and patients with HCV 

infections, respectively [25,26]. 

The main viral actor, HBV, is a member of the Hepadnavirus family with partially double-

stranded circular DNA. The open reading frame of the virus encodes four proteins: the three 

viral envelope surface proteins (pre-S/S), core antigens (pre-C/C), viral polymerase (P), and X 

proteins. Basically, the virus enters the cell by endocytosis after receptor recognition. After 

nucleocapsids are transported to the nucleus where the circular DNA is converted to covalently 

closed circular DNA (cccDNA). This stable form acts as the template for further viral RNA 

transcription. The viral DNA can integrate itself into the host genome with 90% frequency and 

oxidative stress or DNA damage can also promote this integration [27,28]. Furthermore, 

elevated DNA damage and replication during chronic inflammation also increase the capability 

of the virus to integrate the host genome. In the genome, these integrations may result in 

genomic instabilities with translocations, chromosomal deletions, and DNA amplification. 

Additionally, many of these integration-related events occur closely around fragile or cancer-

associated regions [29,30]. Besides integration to the genome, the presence of viral protein such 

as x protein (HBx) may associate with the cell cycle regulation, signaling pathways, and DNA 

repair by interacting directly or indirectly [28]. 

Unlike HBV, HCV is a member of the Flaviviridae family with a linear positive RNA 

genome. It is not capable to integrate itself into the host cell, but viral oncogenic actions mostly 

resulted from its viral proteins and their activated host responses. The oncogenic actions of core 

protein: interaction with tumor suppressor proteins like p53, p73, and pRB, upregulation of 

TGFbeta, or activation of RAF/MAPK, resulting in increased cell growth, proliferation, or 

decreased apoptosis [31]. Another RNA virus, Hepatitis D virus (HDV) which needs HBV 

surface antigens to replicate, is also associated with an increased risk of HCC [32]. 
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2.1.2.2 Alcohol-associated mechanisms in hepatocarcinogenesis 

Non-alcoholic fatty liver disease (NAFLD) and alcoholic liver disease (ALD) are 

multifactorial diseases that occur because of a combination of environmental (dietary) and 

genetic variables with fatty liver disease (steatosis) at the initial stage. In ALD, the excessive 

consumption of alcohol is considered as the major actor. On the contrary, obesity and metabolic 

syndrome are linked to NAFLD. In both cases, the progress of the disease may result in cirrhosis 

and further hepatocellular carcinoma [33]. 

Alcohol is classified as a carcinogen and daily chronic consumption of alcohol exceeding 

80 grams for 10 years or higher raises the HCC risk by 5 fold [26]. The presence of excess 

alcohol can interfere with lipid metabolism and induce fat deposition in the liver altering the 

functions of metabolic enzymes. These malfunctions may result in the accumulation of 

triglycerides, phospholipids, and cholesterol esters through inhibition of mitochondrial β-

oxidation and elevation of fatty acid synthesis [34]. The ALD spectrum starts from alcoholic 

steatosis to steatohepatitis, fibrosis, cirrhosis, and then hepatocellular carcinoma (HCC). In the 

earliest stage of ALD, steatosis may develop in 90% of heavy drinkers with elevated AST, 

ALT, and gamma-glutamyl transferase levels in the blood. The histology also shows different 

sized lipid droplets in the cytosol of hepatocytes [35]. 

NAFL is characterized as hepatic steatosis (fatty liver) with varying liver conditions that 

continue as injury and fibrosis. The progression of NAFL may evolve more serious form called 

nonalcoholic steatohepatitis (NASH) with inflammation and hepatocyte damage to fibrosis and 

cirrhosis [36]. Metabolic syndrome (MetS) which covers obesity, hyperglycemia, dyslipidemia, 

and systemic hypertension is considered as the main risk factor for NAFLD and NASH. The 

risk factors, arbiters in the pathogenicity of NAFLD and NASH, are mainly due to the 

accumulation of toxic lipid species that are generated with an overloaded liver capacity which 

cannot cope with the metabolism of energy substrates. These toxic metabolites cause 

hepatocellular stress and injury. At this point, cirrhosis and hepatocellular carcinoma may be 

progressed in the lead of fibrogenesis and genomic instability [37]. 

2.1.2.3 Aflatoxin-B1-associated mechanism in hepatocarcinogenesis 

The toxic fungal metabolites, aflatoxins, are produced by the Aspergillus family of fungus 

and are recognized as a global food safety concern. The consumption of contaminated food 

with aflatoxins, especially aflatoxin B1 (AFB1) is the most common and toxic of the four types, 

is one of the risk factors for liver cancer [38]. The conversion of aflatoxins into its intermediates 
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with cytochrome  p450  family enzymes brings in mutagenic and carcinogenic properties. The 

intermediate, aflatoxin-8,9-exo-epoxide has a high affinity to react with DNA and proteins, 

critically with tumor suppressor p53. This interaction causes transversion of guanine into 

thymidine at codon 249 [39,40]. This 249Ser mutation accounts for 90% of p53 mutations in 

AFB1-related HCC and generates mutant p53 protein unable to bind to responsive genes. The 

interaction of AflatoxinB1 and HBV favors hepatocarcinogenesis synergistically. The high 

consumption of AFB1 among HCC patients with HBV increases mortality 10 times [41,42]. 

2.1.3 Genetic and epigenetic factors in Hepatocellular Carcinoma 

Hepatocellular carcinoma is a progressive disease with different steps characterized by 

the accumulation of various abnormalities at various phases of the progression events. 

Especially, initiation and progression of carcinogenesis are mostly associated with altered 

genetic and epigenetic mechanisms. These irreversible genetic defects accumulate in 

hepatocytes, causing altered gene expression and, eventually, malignant transformation as 

summarized in Figure 2 [43]. The aberrations in the chromosome, frequently induced by errors 

in mitosis or interruptions in DNA replication and repair result in loss or gains of chromosomal 

fragments. 
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The studies achieved with comparative arrays as genome hybridization, high-density 

single-nucleotide polymorphism or whole-genome analysis revealed that chromosomal regions 

show gains in chromosomes 1q, 5p, 6p, 7q, 8q, 17q, and 20q. The analysis also showed losses 

in 1p, 4q, 6q, 8p, 9p, 13q, 14q,16p-q, 17p, 21p-q, and 22q [44–50]. Among these regions, the 

most common chromosome abnormalities in HCC is chromosome 1q amplification, especially 

the region 1q21 was discovered to be amplified in more than half of HCC patients. 

Chromodomain Helicase DNA Binding Protein 1 Like (CHD1L), a well-known oncogene, is 

found in that location [51,52]. Furthermore, the association of gain in 1q21-23 was observed in 

the early development of HCC [53]. Another common amplification was seen in 8q, especially 

8q24 that includes well-known oncogenes cMYC and PTK2 [54,55]. Besides gains, loss of 

chromosome segments was also frequently observed in HCC. More than 50% of HCC patients 

have deleted region of 1p35-36 that contains tumor suppressors like 14-3-3 σ and Rb-interacting 

zinc finger 1 (RIZ1) [56]. Additionally, 8p21-22 which includes deleted in liver cancer 

1(DLC1) was found to be frequently deleted in HCC [57]. Cell adhesion molecule E-cadherin 

that takes the role in the inhibition of proliferation and metastasis locates in 16q22 which is also 

one of the frequently deleted regions [58].  

Figure 2: Hepatocellular Carcinoma Pathogenesis with progression factors.  

The etiological factors initiate chronic hepatitis that leads to cirrhosis. The progressive 

accumulation of genetic and epigenetic events with altered molecular pathways leads to HCC 

[43]. 
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Integration of HBV into the host genome that causes genetic damage and chromosomal 

instability is frequently seen in HBV-related HCC patients [59]. The deregulation of host gene 

expression and re-arranged integrations play critical roles in HCC development [60]. Studies 

carried out with PCR-based methods or deep sequencing suggested that the insertional sites are 

random and no preferential genome location for HBV stated but studies with recurrent HBV 

integration showed controversy that there may be preferential integration sites that alter 

telomerase reverse transcriptase gene (hTERT), mixed-lineage leukemia 4 (MLL4) and cyclin 

E-1 (CCNE1) [61,62]. 

After years of chronic liver disease, HCC may occur with the accumulation of mutations 

in the genome. These mutations act as drivers mostly at the cirrhotic stage and HCC develops 

with the accumulation of progressive mutations. These mutations may divide into constitutional 

mutations such as germline mutations and single nucleotide polymorphisms (SNP), or somatic 

mutations. The predisposition of germline mutations can be exampled as HFE mutation with 

iron-related Haemochromatosis, ATF7B mutation with copper overload as Wilson disease, 

SERPIN1 mutation with Alpha-1 antitrypsin deficiency, and FAH mutation with Tyrosinemia 

that roles in the development of cirrhosis/HCC [63,64]. Furthermore, the potential of SNPs as 

the risk of HCC arises with its participation in many genes associated with biological pathways. 

The genes that belong to inflammation as TNFA, IL1B, IL10, TGFB, and STAT4, or oxidative 

stress-related genes like GSTM1, SOD2, and MPO. Additionally, cell cycle and DNA repair 

genes: MDM2, TP53, MTHFR, and XRCC3 genes were also included [65,66]. However, few 

of them were validated such as Patatin‐like phospholipase domain‐containing 3 (PNPLA3) and 

Transmembrane 6 superfamily member 2 (TM6SF2) are the genes involved in lipid metabolism 

and composition of lipid droplets [63]. 

The mutational studies in HCC leaped forward with the light of technological 

improvements. Studies with next genome sequencing (NGS) shed light on the landscape of 

HCC genetics. Besides viral integrations or focal amplifications, promoter mutations in 

telomerase reverse transcriptase that result in abnormal activation are one of the most prevalent 

somatic alterations detected in HCC [67]. After TERT alterations, beta-catenin gene CTNNB1 

and tumor protein TP53 are the second frequently mutated genes. With varying mutation rates, 

less frequently mutated genes can be listed as ARID1A, ARID2, AXIN1, RPS6KA, NFE2L2, 

KEAP1, RB1, VEGFA, and FGF19. Lastly there are rare mutations KRAS, MLL4 ,SF3B1 and 

many others with low frequency rates [44,50,68–74]. These mutations influence important 
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pathways that take a role in hepatocarcinogenesis, especially cell cycle control, epigenetic 

regulation, telomere maintenance, oxidative stress, Wnt/ß-catenin, AKT/mTOR, and MAP 

kinase pathways [66].  

The comprehensive large-scale genome-wide studies not only increased the 

understanding of hepatocellular cancer genetics but also reshaped the view of the role of 

epigenetic alterations in HCC. These epigenetic alterations are mainly collected under the 

dysregulation of  DNA methylation, non-coding RNAs, chromatin modifiers, and histone 

deacetylation, which affect cell proliferation, metastasis, progression, and development of 

HCC. 

DNA methylation is characterized as the transfer of methyl groups to cytosine bases 

located at the promoter and regulatory regions of genes, mostly including cytosine-phosphate-

guanine (CpG) rich regions or CpG islands [75]. In the early events of HCC progression, the 

specific promoter hypermethylation and global hypomethylation have a key role [76]. The study 

performed with single hepatocyte cells derived from hepatitis B positive HCC and its respective 

paired tissues and normal liver showed hypermethylation of EMILIN2, TRIM58, GRASP, 

WNK2, TM6SF1, TLX3, and HIST1H4F genes [77]. Another study that aims to find biomarker 

genes from plasma DNA in comparison of HCC patients tumor and non-tumor samples showed 

hypermethylation in CDKL2, CDKN2A, HIST1H3G, STEAP4, and ZNF154 genes in 63% of 

the patients, and hypomethylation in genes such as CCL20, AKT3, SCGB1D1, WFDC6, PAX4, 

GCET2, CD300E and CD1B [78].  

Other epigenetic regulators that take part in HCC progression are the chromatin modifiers 

or remodelers. In HCC, there are some well-studied chromatin remodelers such as AT-Rich 

Interaction Domain 1A (ARID1A), AT-Rich Interaction Domain 1B (ARID1B), and AT-rich 

interactive domain 2 (ARID2). These genes take part in SWItch/Sucrose Non-Fermentable 

(SWI/SNF) chromatin remodeling complexes which ease promoter-transcriptional machinery 

access. These genes were observed as the third most often mutated ones in HCC [50]. Besides 

AT-Rich Interaction Domain genes, some components of SWI/SNF complex genes also 

mutated in HCC, especially alcohol-related cases, such as SMARCC2, SMARCC1, 

SMARCB1, SMARCA4, and SMARCA2 [69]. 

Histone modifications are another component of epigenetic regulation via altering 

chromatin structure. These structural changes occur with acetylation, methylation, 

phosphorylation, and ubiquitination reactions at histone proteins. The interaction between 
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histones and DNA regulates the expression profiles of genes that participated in the repair and 

replication of DNA or gene transcription [79]. Enhancer of zeste homolog 2 (EZH2), a 

methyltransferase is frequently upregulated in HCC, catalyzes histone H3-K27 triMe [80]. 

MLL1–5 enzymes that catalyze H3KYMe reactions are also inactivated in HCC [69]. Besides 

these, correlation of decrease in histone H2A ubiquitination [81] or overexpression of Histone 

deacetylase 3 (HDAC3) was also linked to HCC [82]. 

Non-coding RNAs and their correlation with cancer are one of the hot topics in the field. 

With the identification of new long non-coding RNAs or miRNAs, new epigenetic regulators 

were identified which correlates with HCC progression. These non-coding RNAs can regulate 

genes in a way of oncogenic or tumor suppressors. Oncogenic miRNA21 is one of the 

upregulated miRNAs in HCC that take a role in the regulation of tumor suppressor phosphatase 

and tensin homolog (PTEN) takes a role in cell proliferation, migration, and invasiveness. In 

addition, mitogen-activated protein kinase kinase 3 (MAP2K3) is another target that is 

repressed in HCC [83,84]. Other upregulated miRNAs can be exampled as miR-221 and miR-

222 that accompanied in decreased expression of PTEN and TIMP3 [85]. Correlation between 

downregulation of miR-26 and expression of vascular endothelial growth factor A (VEGFA) 

shows the tumor suppressor property of miR-26 in HCC, especially in angiogenesis [86]. Well-

known long coding RNA, HOTAIR,  is found to be upregulated in HCC to mediate specific 

gene silencing by H3K27me3. Attenuation of HOTAIR showed accordance in reduced 

proliferation [87,88]. 

2.1.4 Liver Fibrosis and Cirrhosis 

Liver fibrosis is caused by persistent liver injury along with the buildup of extracellular 

matrix (ECM) proteins, which is a common feature of most chronic liver disorders. Chronic 

HCV infection, alcohol addiction, and nonalcoholic steatohepatitis (fatty liver disease) are the 

leading causes of liver fibrosis. Thus, cirrhosis is a terminal stage of progressive hepatic fibrosis 

in chronic diffuse liver disease and is defined by the formation of nodules of regenerated 

hepatocytes after an accumulation of ECM proteins disrupts the hepatic architecture by 

establishing a fibrous scar. Cirrhosis causes hepatic insufficiency and portal hypertension due 

to hepatocellular dysfunction and increased intrahepatic resistance to blood flow [89]. 

Fibrosis is a key pathogenic step in the progression of all chronic liver disorders to 

cirrhosis [90]. Chronic inflammation is linked to long-term liver damage and regeneration, 

which can lead to fibrosis and cirrhosis, as well as the development of HCC. In liver 
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inflammation, necrosis and apoptosis of hepatocytes have an important role in the sequence of 

events that leads to the progression of hepatic fibrosis. The damage response released from 

hepatocytes awakens dormant hepatic stellate cells (HSC) and Kupffer cells, triggering 

inflammatory and fibrogenic responses in these activated cell types [91–93]. This complex 

stimulation leads to fibrosis orchestrated by a complex network of cytokine-induced signaling 

pathways: Transforming Growth Factor Beta (TGF-β), Platelet-Derived Growth Factor 

(PDGF), and the inflammasome (NLRP3)-Caspase1 pathway, as well as WNT/beta-catenin 

signaling, have all been linked to HSC activation and fibrosis development [94–96]. After 

activation, HSCs transdifferentiate to myofibroblasts that switch from dormant non-

proliferative state characterized as star-like morphology with high amounts of lipid droplets in 

the cytoplasm to proliferative and contractile myofibroblast phenotype. They gradually lose 

their star-like shape and lipid droplets, while producing different ECM components including 

collagens, fibronectin, laminin, alpha Smooth Muscle Actin (α-SMA), and Tissue Inhibitor of 

Metalloproteinase 1 (TIMP1) [91,97,98]. In addition to this, signaling pathways that affect the 

epithelial to mesenchymal cell transition (EMT), such as Notch and Hedgehog, are involved in 

the transition between hepatic stellate cells and myofibroblasts. This transition can be reverted 

from myofibroblast to deactivated hepatic stellate cells by a mesenchymal to epithelial cell 

transition (MET) [99]. In normal injury with tissue repair, myofibroblasts may quickly be 

eliminated by apoptosis or inactivation but disorganization of equilibrium between synthesis 

and degradation of the ECM triggering progressive liver fibrosis [100,101]. Additionally, 

macrophages, especially the major population of hepatic macrophages: Kupffer cells play a 

central role in liver inflammation and fibrosis. The activated Kupffer cells, mostly in response 

to secreted Danger-Associated-Molecular-Pattern molecules (DAMPs) by damaged 

hepatocytes or cholangiocytes, quickly secrete pro-inflamatory signals including IL-1β, TNFα, 

chemokine (C-C motif) ligand 2 (CCL2), and CCL5 that activates HSCs and other immune 

cells [102]. Activated HSCs influence the recruitment of immune cells by secreting pro-

inflammatory and chemoattractant chemicals, as well as ECM [103]. 

To sum up, hepatic fibrosis develops in response to injury to hepatocytes or 

cholangiocytes in different etiologies by dysregulated inflammatory processes. As a result of 

the robust immune responses triggered by a persistent viral infection and liver disease, chronic 

inflammation and hepatocyte death occur. In addition to viral infection, fat accumulation in the 

liver leads to hepatocyte apoptosis and oxidative stress. As a result, under repetitive 
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inflammation followed by reparative anti-inflammatory immune responses, excessive buildup 

of ECM occurs [104]. 

2.1.5 Histopathological progression of Hepatocellular Carcinoma 

In hepatocellular malignancy, premalignant lesions such as dysplastic foci, low-grade 

dysplastic nodules, and high-grade dysplastic nodules are found most commonly in cirrhotic 

livers and chronic liver diseases. Dysplastic foci consist of several hepatocyte clusters under < 

1 mm diameter in size with non-invasive growth. They were segmented as small and large cells 

dysplasia based on nuclear to cytoplasmic ratio and cellular atypia that differs them from 

surrounding tissue. Dysplastic nodules (DN) are under < 15 mm diameter in size but larger than 

surrounding cirrhotic nodules and subdivided into Low and High grades. Low-grade dysplastic 

nodules have distinct borders with minimal atypia, a slight increase in nuclear to cytoplasmic 

ratio, no mitosis, and preserved single-cell thickness in liver plates. In high-grade dysplastic 

nodules, considered mostly precursor of HCC, cells remain uniform, minimal nuclear atypia, a 

slight increase in nuclear to cytoplasmic ratio, occasional mitoses, and rise to 3 cell thickness 

in liver plates. Hepatocellular carcinoma can be classified into two main groups from a 

pathological perspective as early HCCs and progressed HCCs. Early HCC indicated as well-

differentiated, lower than 2cm in diameter, and ill-defined edges with a faintly nodular 

appearance while progressed HCC should be larger than 2cm in diameter or lower than 2cm in 

diameter with moderate differentiation with clear nodular type [105,106]. In the early stages of 

cirrhosis, regenerative nodules in the liver produce dysplastic nodules. Then, over time in the 

progression of HCC, DNs transform into well-differentiated, moderately-differentiated, and 

poorly-differentiated HCCs [107]. 

Intertumor and intratumor heterogeneity are two types of tumor heterogeneity in the liver. 

While intertumor refers to tumors from different patients exhibiting profound differences in 

both morphology and histology, intratumors reflect the heterogeneity of nodular HCCs in the 

same liver with variations gained by tumor cell evolution [108]. The heterogeneity for 

intratumors stemmed from the development of different clones or single clones that 

metastasized intrahepatically. The natural selection of tumors and clonal development with 

microenvironmental conditions drive the clonal difference within the tissue [109] and TERT 

promoter, p53, and CTNNB1 mutations were identified founder driver mutations since they 

present across all sections of the same tumor, as well as across primary and metastatic tumors 

[110]. 
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The liver is a vital metabolic center in the body, and its processes are carried out by a 

highly coordinated arrangement of different cell types. The main structure consists of 

parenchymal (hepatocytes and cholangiocytes) and nonparenchymal cells (fibroblasts, stellate 

cells, Kupffer cells, and endothelial cells) [111]. In normal liver, hepatocytes constitute most 

of the liver mass and are at a quiescent state. Upon injury or loss of liver mass, they gain 

proliferative capacity for regeneration. The turnover of the hepatocytes is predominantly caused 

by the replication of remaining hepatocytes instead of stem cells [112]. However, the replicative 

potential of the hepatocytes can be substantially compromised in acute liver failure or chronic 

hepatitis and inturn hepatic progenitor cells (oval cells), a bipotential progenitor that can 

differentiate to hepatocytes and cholangiocytes, appear in the canals of Hering and restore the 

liver mass loss [112–114].  

In the progression of HCC, the cell of origin in the tumor can be stemmed from hepatic 

progenitor cells and mature hepatocytes. Hepatoblasts as the liver progenitor cells can 

differentiate into hepatocytes and cholangiocytes [115]. The alterations in the Hippo-WW45 

pathway [116] and deletion of neurofibromatosis type 2 (NF2) tumor suppressor gene may 

amplify the number of progenitor cells [117], and subsequently, cause the development of 

hepatocellular carcinoma and cholangiocarcinoma. In contrast, a study in genotoxic and genetic 

murine models with a fate-tracing system shows that Hepatocellular carcinomas developed only 

from hepatocytes, never from the progenitor/biliary compartment [118]. In parallel, cells that 

express progenitor markers including EPCAM, SOX9, and PROM1 were not associated with 

HCC tumorgenesis in the DEN/CCl4 mouse model [119]. The expression of p62 enhances c-

Myc and mTORC1 activation, specifically in hepatocytes, resulting in HCC carcinogenesis 

[120]. Additionally, the plasticity of the hepatocytes that refers to the capacity to dedifferentiate 

into precursor cells with progenitor-like characteristics, may lead to HCC carcinogenesis. The 

absence of functional tumor suppressor TP53 can lead the hepatocytes to differentiate and 

further mutations in WNT or NOTCH progress to liver cancers [121]. In line with plasticity, 

the transdifferentiation of adult hepatocytes to biliary-like cells may also lead to intrahepatic 

cholangiocarcinoma [122]. Finally, as the cell of origin in HCC, cancer stem cells were also 

implied in carcinogenesis. Although no consensus has been established for an ideal marker, 

several hepatic progenitor markers including epithelial cell adhesion molecule (EpCAM), 

CD90, and CD133 were mostly accepted [123]. 
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2.2 Senescence in liver 

In normal cells, cellular senescence is a persistent cell cycle arrest that may be influenced 

by multiple internal and external stimuli, as well as developmental signals. Senescence is 

thought to be a multi-step, highly dynamic process in which senescent cells' characteristics 

develop and diversify in response to their environment. 

2.2.1 Characteristics and biomarkers of senescent cells 

Several cellular and molecular alterations, in other words, morphological and molecular 

biomarkers of senescent cells, separate senescent cells from other non-dividing cells (like 

quiescent or terminally differentiated cells). The most apparent macroscopic biomarkers in 

senescence are multiple or enlarged nuclei and expanded cytoplasm with a higher number of 

lysosomes and Golgi apparatus [124]. Senescent cells show resistance to apoptosis via 

expressing anti-apoptotic B cell lymphoma proteins which weakens the permeability of 

mitochondrial outer membrane results in a decrease in apoptosis-inducing factors release [125]. 

The absence of proliferation indicators like Ki67, lower phosphorylated Rb levels and 

5‑bromodeoxyuridine (BrdU) incorporation [124], and elevated expression of cell cycle 

inhibitors (such as p16INK4a, p21CIP1, and p27)  and tumor suppressors (such as p53 and p19ARF) 

were also considered as indicators of senescence. In addition to these, positive staining for 

senescence-associated beta-galactosidase (SA-β-GAL) or lipofuscin in response to abnormal 

lysosomal activity were widely used markers [126,127]. The chromatin in the nucleus of the 

senescent cells is subject to remodeling upon formation of domains of facultative 

heterochromatin called formation senescence‑associated heterochromatic foci (SAHF) which 

show the characteristics of transcriptionally silent heterochromatin by histone modifications 

(H3K9me3) and protein associations ( heterochromatin protein 1 homologue‑γ (HP1γ) and 

macroH2A) [128]. Another well-known factor that leads to senescence is the shortening of 

telomeres which leads to the end-replication problem [129]. Additionally, the capacity of 

senescent cells to express and secrete a plethora of extracellular modulators such as cytokines, 

chemokines, proteases, growth factors, and bioactive lipids, is referred to as the senescence-

associated secretory phenotype (SASP) and implicated as important biomarkers of senescence 

[130]. 

2.2.2 Mechanisms leading to senescence 

Senescence can be alerted in many ways by oxidative stress, DNA damage, telomere 

erosion, chromatin disarrangements, oncogene activation, epigenetic dysregulation, and 
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inflammation [131]. As a result of multiple stresses and damaging agents, signaling pathways 

are activated which results in the activation of cell cycle inhibitors and tumor suppressors. 

Pieces of evidence from multiple sources show that the p53/p21CIP1 and retinoblastoma protein 

(pRb)/p16INK4A tumor suppressor pathways are responsible for the development and 

establishment of irreversible senescence arrest as summarized in Figure 3 [126,132]. 

 

Figure 3: The pathways responsible for senescence after induction by multiple sources of 

stresses [132]. 

One of the forms of cellular senescence is replicative senescence. It is controlled by a 

series of molecular processes that are dependent on telomere biology. Telomeres are DNA 

repeats located at the terminal of the chromosomes. These repeats mainly protect the length of 

the chromosome with the help of an enzyme called telomerase. The activity of this enzyme 

preserves the telomere length by adding bases to the ends and protects chromosomes from end-

to-end fusions and degradations in replication events [133]. When the telomeres lack a 

maintenance mechanism, they become increasingly short and eventually unable to sustain the 

stable formation of the shelterin protein complexes that protect them against DNA damage 

surveillance mechanisms [134]. When the telomerase activity cannot compensate for the 

telomere shortening in cell proliferation, this insufficiency results in telomere erosion with 
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double-strand break signal as DNA damage response (DDR). The DNA damage response 

triggers a signaling pathway in which ataxia-telangiectasia mutated (ATM) or ATM- and Rad3-

related (ATR) kinases are recruited and activated. The recruitment of these apical kinases leads 

to local phosphorylation of the histone H2AX (γH2AX) with an accumulation of mediator of 

DNA-damage checkpoint 1 (MDC1) and p53-binding protein 1 (53BP1). Following activation 

of the checkpoint serine/threonine kinase CHK1 and CHK2, the p53/p21CIP1 axis is 

subsequently triggered. The stabilized and activated p53 protein induces cell-cycle arrest at G1 

phase by regulating p21, an inhibitor of Cyclin E/CDK2 and Cyclin D/CDK4 complexes 

[135,136]. 

Besides telomere attrition induction, senescence can be induced by oncogenes or tumor 

suppressors. The oncogene-induced senescence phenomenon was first observed when an 

oncogenic Harvey rat sarcoma (HRAS)G12V allele was transduced to fibroblasts [137]. The 

findings were extended to several other oncogenes, N-RASQ61R and B-RAFV600E in RAS 

pathway [138] as well as PIK3CAE545K, AKT, E2F1/3, Cyclin E, MOS, and CDC6 

overexpression [139]. Similarly, loss of function mutations in tumor suppressors such as PTEN, 

NF1, and von Hippel-Lindau disease tumor suppressor (VHL) can induce senescence [140]. 

These oncogenic changes associate with DNA damage by hyper-replication which results in 

premature or aberrant DNA replication. Prematurely terminated DNA replication forks and 

DNA double-strand breaks trigger DNA damage response and lead to phosphorylation of p53 

by DNA damage response kinases [141,142]. In addition to these, the CDKN2A locus (also 

known as INK4A and ARF) encodes two important tumor suppressors, p16INK4A and p19ARF, 

which are connected to replicative senescence. p19ARF controls p53 stability by inactivating the 

p53-degrading E3 ubiquitin protein ligase (MDM2), whereas p16 INK4A inhibits CDK4 and 

CDK6 [143,144]. In normal cells, this locus is inactivated by the polycomb repressive 

complexes PRC1 and PRC2. The dissociation of components in this complex activates p16INK4A 

and induces senescence [145]. The oncogene Ras can also elevate reactive oxygen species 

(ROS) which leads to senescence by hyper-proliferation resulting in DDR [146]. Additionally, 

the triggered Ras pathway cascade eventually activates p38 MAPK and its substrate p38-

regulated/activated protein kinase (PRAK) that directly phosphorylates p53 [147]. 

2.2.3 Senescence against liver carcinogenesis 

Hepatocytes in the adult healthy liver have a very low rate of proliferation since they 

reside in a dormant state before an action occurs, causing them to enter the cell cycle [148,149]. 
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Thus, the liver has the great regenerative capacity to complete the loss of liver mass. However, 

the morphology, as well as the response to injury of hepatocytes changes with age. And the full 

hepatic repair occurs at a slower rate in older animals than young ones after hepatectomy 

[150,151]. Liver regeneration is a complicated process that varies greatly depending on the kind 

of trauma, but it usually entails a multicellular response, the recovery of the innate immune 

milieu, and the revascularization of injured regions. In this complicated process, senescence is 

considered to involve a key part in the mechanisms which decide the achievement of 

regeneration [152]. Senescent cells that display markers including p16Ink4a, p19Arf, and p21, as 

well as secrete inflammatory components of the senescence-associated secretory phenotype 

(SASP), maybe accumulate abnormally and in turn, contribute to the loss of tissue function seen 

in aging and many diseases [126,153,154].   

Under normal physiological conditions, the liver is a largely quiescent organ and adult 

hepatocytes show minimal proliferative action [155]. In the presence of chronic damage to the 

liver, the accumulation of extracellular matrix proteins (ECM), which include type I collagen 

produced excessively by activated hepatic stellate cells, results in fibrosis. This accumulation 

of ECM disrupts the hepatic architecture by establishing a fibrous scar formation. The 

progressive substitution of liver parenchyma by fibrous scar formation results in cirrhosis 

[89,156]. The pathogenesis of cirrhosis may be initiated with activation of Kupffer cells by 

injurious factors such as viral infection, alcohol, and a high-fat diet. These cells attack 

hepatocytes and damaged hepatocyte cells stimulate the activation of hepatic stellate cells by 

releasing reactive oxygen species (ROS) and fibrogenic mediators. Therefore, iteration of 

apoptosis and regeneration of hepatocytes participates in the pathogenesis of cirrhosis [90]. 

Chronic liver injury results in the buildup of shortened telomeres in hepatocytes because of 

persistent and recurrent liver damage and regeneration which in turn outcomes cirrhosis [157]. 

Regardless of the underlying etiology and the age of the patients, telomeres were considerably 

shorter in cirrhotic samples compared to noncirrhotic samples [4]. 

Senescence can be considered as an anti-tumor mechanism in hepatocellular carcinoma. 

In a certain hepatic milieu, hepatocellular senescence has an anti-HCC impact. In hepatoma 

cells, the induction of senescence with decreasing tumorigenicity is observed by inhibition of 

Sirtuin 6 (SIRT6) expression that elevates the p21 and p16 expressions. SIRT6 helped to the 

inhibitory impact of the ERK pathway on cellular senescence by altering the influence of the 

Smad and p38 MAPK pathways on cellular senescence [158]. The induction of senescence by 
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chemical agents was also tested against HCC. The HCC cell lines treated with 5-aza-2-

deoxycytidine showed upregulation in p16 INK4A and subsequently pRB dephosphorylation, and 

G1 arrest associated with positive SABG staining observed [159]. DUSP16 was shown to be 

increased in HCC and silencing caused cellular senescence, suggesting that it might help HCC 

cells avoid senescence by blocking the p53/p21-RB and p16INK4a-RB pathways, allowing them 

to proliferate [160]. In addition, our group previously reported that immortal HCC cells can be 

reverted spontaneously to a replicative senescence phenotype. The HCC cell line generated 

three distinct progenies one of which showed lacked telomerase activity due to TERT 

repression probably in association with the SIP1 gene. The inactivation of SIP1 recovered the 

cells from senescence arrest [6]. 

2.3 The role of ATAD2  

ATPase family AAA domain-containing protein 2 (ATAD2), also known as AAA+ 

nuclear coregulatory cancer-associated protein (ANCCA), which is strongly conserved from 

yeast to human, is composed of two AAA+ domains and a bromodomain [161]. The ATPase 

domain facilitates protein multimerization by ATP hydrolysis while the bromodomain 

recognizes acetylated residues in histones. The bromodomain function of ATAD2 is dependent 

on multimerization via its ATPase domain [162,163]. The normal high expression of ATAD2 

is shown in male germ cells [162] as well as in embryonic stem cells [164]. The expression of 

ATAD2 in dynamic environments like embryonic stem cells and the presence of ATAD2 at 

acetylated chromatin regions refer to transcriptionally active genes, making ATAD2 in 

association with chromatin remodeling, DNA replication, and DNA repair. ATAD2 recruitment 

to chromatin with histone acetylation rises the chromatin accessibility and histone dynamics, 

which let it be referred to as "generalist facilitator of chromatin dynamics"[164]. Based on 

structural studies, the hexameric complex of Abo1, known as ATAD2 homolog in yeast, 

localizes histone H3–H4 onto DNA in an ATP-dependent way by anchoring to histone tails 

[165]. The association of ATAD2 bromodomain and newly synthesized histones following 

DNA replication with di-acetylation at K5 and K12 was also shown [166]. With the aid of 

HJURP homolog (Scm3), the yeast homolog of ATAD2 (Yta7) acts as a deposition factor for 

CENP-A homolog (Cse4), functioning as a co-chaperon for centrosome formation [167]. 

In addition to chromatin remodeling, ATAD2 has been observed as a transcriptional co-

regulator working on cancer/proliferation-promoting factors such as estrogen and androgen 

receptors [168], E2F transcription factors [169], and Myc [163,170]. Subsequently, it was 



24 
 

reported that ATAD2 was associated with poor prognosis, and over-expressed in various 

cancers including breast cancer [169], lung cancer [162,171], ovarian cancer [172,173], 

colorectal cancer [174,175], cervical cancer [176], gastric cancer [177] and hepatocellular 

carcinoma [178]. Moreover, a meta-analysis of thirteen studies of nine cancers, some of which 

aforementioned above, showed that overexpression of ATAD2 was significantly linked to a 

reduction in overall survival, disease-free survival, recurrence-free survival, and disease-

specific survival [179]. The exact mechanisms of ATAD2 overexpression in tumor cells were 

not identified totally. However, functional studies based on RNA interference have revealed 

that ATAD2 is implicated in proliferation, invasion, and migration processes in cancers like 

ovarian [172], cervical cancer [176], and hepatocellular carcinoma [180,181]. 

2.4 The association of GPR133 with cancers 

GPCRs (G-protein coupled receptors) are the largest membrane protein family, mediating 

the majority of cellular responses to hormones, growth factors, and neurotransmitters as well 

as responsible for vision, olfaction, and taste in response to light and odors. GPCRs possess 

seven transmembrane a-helices that traverse the membrane with alternating intracellular and 

extracellular loop regions. Rhodopsin, secretin, glutamate, adhesion, and Frizzled/Taste2 are 

the five families of GPCRs found in vertebrates, based on their sequence and structural 

similarity. The signaling with activating ligands or agonists, the receptor attaches to a 

heterotrimeric G protein partner and facilitates GTP-to-GDP exchange, causing the G protein 

to dissociate into its subunits α and βγ, which then regulate downstream signals. Individual 

GPCRs contain distinct combinations of signal-transduction activities involving numerous G-

protein subtypes, as well as G-protein-independent signaling pathways and complicated 

regulation processes [182,183]. 

The adhesion GPCRs (aGPCRs) have nine distinct subfamilies that are classified with 

proposed new names as ADGRL (latrophilins), ADGRA, ADGRB, ADGRC (CELSRs), 

ADGRD, ADGRE (EGF-TM7), ADGRF, ADGRG, and ADGRV (GPR98) [184]. The aGPCR 

family includes 33 mammalian homologs that have roles in a variety of developmental and 

physiological processes. The extracellular domain (ECD), the seven-transmembrane-spanning 

(7TM) domain, and the intracellular domain make up the modular architecture of aGPCRs. 

Their ECDs are very large and complex, owing to the presence of numerous adhesive structural 

folds that enhance interactions with ECM components and receptors in neighboring cells [185]. 

Most aGPCRs include a GPCR autoproteolysis-inducing (GAIN) domain in their ECDs, which 
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generally includes a canonical GPCR proteolysis site (GPS) that catalyzes receptor self-

cleavage. When the N- and C-terminal fragments (NTF and CTF) are transported to the cell 

surface, they form heterodimeric receptor molecules through a non-covalent interaction [186]. 

Recently two main mechanisms of aGPCR modulation were supported: orthosteric 

agonism (i.e. tethered peptide agonism), which necessitates NTF/CTF dissociation, and 

allosteric regulation, commonly known as the tunable model, which does not necessitate 

receptor subunit dissociation. In orthosteric agonism, activation relies on the aGPCR tethered 

agonist's activity. The seven residues immediately C-terminal to the GPS are the most critical 

residues or the core of the tethered agonist. The NTF and CTF stay coupled in allosteric types 

of adhesion GPCR activation, and signaling alterations may be produced by receptor structural 

changes induced by ligand binding to the NTF, rather than orthosteric interaction by the 

tethered-peptide agonist [187]. 

As most of the aGPCRs, GPR133/ADGRD1 has long N termini including a pentraxin-

like (PTX) domain and GAIN domain. In the GAIN domain, GPS that catalyzes receptor self-

cleavage results in an extracellular N-terminal fragment and a C-terminal fragment which 

contains the seven-transmembrane region and intracellular C-terminal tail [185,188]. Structural 

and functional studies revealed that GPR133 couples to the Gs protein/adenylyl cyclase 

signaling pathway. The ectopic expression resulted in increased cell surface receptors, elevated 

cyclic adenosine monophosphate (cAMP) levels [189]. The receptor can be activated by 

tethered agonist called the Stachel sequence near the C terminal of GPS. [190]. The H543R 

mutation in GPR133 that results in uncleavable form causes decreased cAMP levels in respect 

to wild type. However, the prevention of cleavage still produces cAMP so this phenomenon 

suggests autoproteolytic cleavage is not the only factor that promotes receptor activation [191]. 

GPR133 (ADGRD1), one of the adhesion GPCRs family members, were previously 

linked with different physiological phenomena as adult height by genome-wide association 

study in Sorbian samples [192], two SNPs for heart rate (the RR interval duration) in 

electrocardiograms [193], body weight in mice [194] and infertility in female mice because of 

embryo retention within ampulla [195]. In addition, the association of this orphan receptor with 

a few cancers has been reported in glioblastoma (GBM) [10], acute myeloid leukemia [196], 

and human gastric adenocarcinoma [197]. In glioblastoma, the expression of GPR133 was 

elevated in CD133 positive stem cells and hypoxic parts of human GBM biospecimens. The 

knockdown of GPR133 in vitro reduced tumorsphere formation and cellular proliferation. In 
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addition, the knockdown of GPR133 in GBM cells reduced tumor formation of the cells in vivo 

[10]. Additionally, besides parallel results were shown in GBM as in Bayin N. S. et. al 2016 

[10], it was also shown that GPR133 expression was regulated by hypoxia and Hif1α [11]. 

According to the publically available genomic data of acute myeloid leukemia (AML), GPR133 

(ADGRD1) was found one of eight upregulated aGPCRs in association with poor clinical 

outcomes [196]. The study in human gastric adenocarcinoma declared that ADGRD1 was 

regulated by the LINC02407-miR-6845-5p/miR-4455-ADGRD1 pathways [197]. 

2.5 The role of p73 

p73 is identified as a tumor suppressor that belongs to the p53 transcription factor family. 

It is located at the 1p36 chromosomal location where a region is frequently deleted in tumors 

[198]. The complexity of the family is enhanced by alternative promoters, alternative splicing, 

and diverse translation initiation sites. The gene is composed of 15 exons and has two promoters 

that generate alternative transactivating isoforms: the canonical promoter P1 located upstream 

of exon 1 that generates TAp73 and the alternative promoter P2 located in intron 3 that give 

rise to DNp73 isoforms. Besides promoters, alternative splicing of C-terminus generates at least 

seven potential isoforms (α, β, γ, δ, ε, ζ, and η). Collectively, transcription under two promoters 

in combination with alternative splicing theoretically produces at least 35 mRNA variants that 

could encode 29 different p73 protein isoforms [15,199]. The structure of p73 protein consists 

of functional protein domains and shows diversity based on the generation of alternative 

isoforms. Structurally, the full-length form, TAp73α, include transactivation domain (TAD), a 

proline-rich domain (PRD), a DNA-binding domain (DBD), a nuclear-localization signal 

(NLS), an oligomerization domain (OD), a sterile α-motif (SAM), and an inhibitory domain 

(ID). The capacity to transactivate distinct genes is determined by the presence or lack of the 

TAD [200]. As the transcriptional factor, p73 binds to responsive elements of more than two 

hundred genes that take part in various cellular processes such as apoptosis, DNA repair, and 

neuronal and epidermal differentiation by its DNA-binding domain (DBD) [201]. The OD 

domain is responsible for the tetramerization of p73 that is crucial for its transcriptional factorial 

activity [202]. The SAM domain is encoded with exons 11-13 and is known as the modulator 

of p73 transcriptional activity since it is localized at a profound alternative splicing site of the 

C terminus region [203]. The detailed human p73 gene structure and possible isoforms of p73 

with functional domains were summarized in Figure 4 [200].  
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The expression and activity of p73 can be modulated at multiple levels because of its 

structural complexity. The usage of multiple promoters, alternative splicing, and interaction 

with other proteins was considered as main regulators. In response to many stimuli including 

DNA damage, viral oncogenes, proliferative signals, and epigenetic alterations, its expression 

can be transcriptionally regulated [204–206]. In the transcription of TAp73 from P1 promoter, 

E2F-1 induces the expression of TAp73 and apoptosis as well in absence of functional p53 

without any regulation of p14ARF or MDM2 [207,208], and stabilization of E2F-1 by histone 

acetyltransferase PCAF or also elevates the TAp73 expression [209]. The  

 

Figure 4: The scheme of gene architecture and isoforms of human p73  

A) Human p73 gene architecture with promoters and alternative splice sites B) Possible p73 

isoforms with their functional domains [200]. 

TAp73 transactivation by E2F-1 may be hindered with the binding of C-EBPα and ZEB to p73 

promoter sites [206,210]. Another transcription factor Early Growth Response-1( EGR1) is also 

shown as capable of inducing TAp73 [211]. Likely, the promoter activity of p73 was also 

induced with a member of an important protein complex: geminin coiled-coil domain-

containing protein 1(GemC1) [212]. In addition to these, regulation of p73 by the attachment 

of nuclear factor erythroid 2-related factor 2 (Nrf-2) to both p73 promoters was shown in breast 
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cancer [213]. In posttranslational regulation of p73, DNA damage-induced p73 phosphorylation 

via c-Abl results in stabilization and activation of TAp73 and leads to apoptotic response [214]. 

In contrast, cyclin/CDK complexes can phosphorylate p73 that inhibiting its activity in a cell 

cycle-dependent manner [215]. Different processes, mostly involving the ubiquitin-proteasome 

system, keep relatively stable levels of the p73 protein minimal under normal physiological 

settings. The control of p73 protein stability and degradation has been linked to some ubiquitin 

E3 ligases like MDM2, ITCH, and TRIM32 [216]. However, the degradation of p73 by Itch 

can be prevented with the binding of Nedd4-binding partner-1(N4BP1) to Itch [217] or Yes-

associated protein 1(Yap1) to p73 [218]. 

The interpretation of the biological and functional activity of p73 and its isoforms started 

with in vivo knockout experiments in mice. The absence of p73 in p73-knockout (Trp73−/−) 

mice showed profound defects and revealed its importance in neurogenesis, sensory pathways, 

and homeostatic control. Besides, the susceptibility to spontaneous tumorigenesis in these mice 

not increased in comparison to p53 knockout ones [219]. Then heterozygous Trp73+/ mutant 

mice revealed an increased frequency of a variety of spontaneous tumors under loss of 

heterozygosity and heterozygous p73 and p53 mutant mice showed more aggressive phenotype 

compared to mice including only heterozygous p53 [198]. These findings suggested that p73 

may have a role in tumor suppression and complicated interrelations among the p53 family 

members. Furthermore, TAp73-knockout (TAp73−/−) mice generated with deletion of exon 2 

and 3 in TAD that result in TAp73 deletion, not DNp73 showed an increase in genomic 

instability and incidence of spontaneous tumors [220]. The primary embryo fibroblasts (MEFs) 

derived from p73 knockout mice showed induced polyploidy and aneuploidy in the absence of 

p53 which suggests the importance of p73 in genomic instability [221]. 

The expression of p73 isoforms was also implicated in different molecular processes. As 

transcriptional factors, TAp73 isoforms take part in the regulation of cell cycle checkpoints. 

The induction of  p21 and p57/Kip2 via TAp73 can cause cell cycle arrest in G1 while DNp73 

isoforms counteract and promote cell cycle progression. G2/M regulators such as CDC25B, 

CDC25C, Cyclin B1, Cyclin B2, cdc 2, and Topoisomerase II are likewise repressed by TAp73 

[222]. The regulatory role of TAp73 in the cell cycle is also shown in MCF-7 cells. The levels 

of TAp73 peaked at the S phase of the cell cycle and silencing of TAp73 inhibited cell 

proliferation. Furthermore, the interaction of TAp73 with p53 responsive elements in the 

regulatory region of cell cycle progression genes was also observed during cycling [223]. The 
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genome-wide analysis in p53 mutant cell lines with stimulating DNA damage showed that p73 

can regulate over a hundred genes, especially direct targets including BRCA2, Rad51, and 

mre11. In addition, DNA repair is hampered in cells lacking p73 [224]. Additionally, DNA 

damage caused by bile acids activated p73 in a c-Abl kinase-dependent manner and activation 

stimulated DNA repair including the genes SMUG1 and MUTYH that engaged in base excision 

repair [225]. TAp73 can transactivate pro-apoptotic genes in intrinsic apoptotic pathways 

including PUMA, Bax, and GRAMD4, and extrinsic apoptotic pathways such as CD95 [226]. 

Oppositely, the effect of DNp73 isoforms was mostly reported by their dominant-negative role 

on TAp73 and wild-type p53. The knock-out mice of DNp73 do not show tumor formation 

compared to TAp73 which supports its oncogenic potential [227]. In support of this, the 

upregulation of DNp73 with tumor progression in different cancers was observed as increased 

resistance to therapy and drugs, in other words, chemoresistance [228], inhibition of well-

known tumor suppressors: p53 and RB [229], collaboration with oncogenes like Ras [230] and 

promoting angiogenesis [231].  

While TAp73 has been shown to have tumor-suppressing properties, DNp73 acts as an 

anti-apoptotic protein that is linked to cancer progression. Both variants, however, are 

overexpressed in a variety of human malignancies including HCC [16,232]. The expression of 

both TAp73 and DNp73 transcripts was observed in HCC cell lines and patient samples [233]. 

Aside from expression, the ratio of TAp73 to DNp73 was found to be a critical determinant in 

apoptotic response, therapeutic responsiveness, and HCC prognosis [17]. In the evaluation of 

p73 in HCC treatment, recently, the activation of the p73 pathway by stress-inducible nuclear 

protein 1 (NUPR1) knock-down enhanced sorafenib-induced anti-tumor activities in HCC cells 

[234]. 
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3 MATERIALS AND METHODS 

3.1 Type of the study 

The study was conducted completely based on scientific experimental methods. 

3.2 Place and time of the conducted study 

The study was carried out at the laboratories of Dokuz Eylul University and İzmir 

Biomedicine and Genome Center between February 2014 and June 2021. 

3.3 Test systems 

HCC cell lines were used as the test system and stocks of Prof. Mehmet Öztürk’s group 

were used in the experiments. 

3.4 Variables of the study 

In the study, TAp73 isoforms, GPR133 (ADGRD1), and ATAD2 were considered as 

variables based on the context. Knock out of ATAD2, overexpression of TAp73beta and 

ADGRD1 were examined in the context of function at cellular or physiological levels. The 

treatment of HCC cell lines with different drugs and their cellular responses were also 

considered as variables for ATAD2 protein expression.    

3.5 Materials 

3.5.1 Common Reagents 

The common chemicals and buffers used in the study are listed in Table 1 and Table 2 

Table 1: The list of common chemicals 

Reagent Name  Brand  Catalog No  Storing temperature 

2-propanol  Sigma  24137 RT 

Acetic Acid Sigma  27225 RT 

Acrylamide  Sigma  A3553  RT 

Agarose BioShop  AGA002 RT 

Ammonium Persulfate Sigma  A3678 RT 

Bisacrylamide  Sigma  294381 RT 

Bovine Serum Albumin GoldBio A-420-500 +4°C 

Dimethyl Sulfoxide (DMSO) Sigma 276855 RT 

EDTA  Bioshop  EDT001.500  RT 

Ethanol Sigma  32221 RT 

Formaldehyde Sigma  15512 RT 
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Glycine BioShop  GLN001.1 RT 

Methanol  Milipore  1060092511 RT 

NaCl  BioShop  SOD001.1  RT 

Non-Fat Milk Powder BioShop  SKI400.250  RT 

Nonidet P-40 Substitute  Amresco  E109  RT 

Propidium Iodide Sigma  p4864 +4°C 

Safe View  ABM  G108  +4°C 

Saponin Amresco 0163-100G RT 

Sodium Dodecyl Sulfate (SDS) BioShop  SDS001.1  RT 

TEMED Sigma  T7024 RT 

Tris  Amresco  826 RT 

Tris-HCl  BioShop  TRS002.500  RT 

Tryptone  Amresco  J859  RT 

Tunicamycin  Sigma  T7765  -20°C 

Tween-20  Amresco  777 RT 

 

Table 2: Common buffers and their chemical formulations 

Name Formulation 

RIPA protein lysis 

buffer 

150mM NaCl, 1% Nonidet P-40, 0.1% SDS , 0.5% Sodium 

deoxycholate and 25mM pH7.4 Tris 

Laemmli sample 

buffer (4x) 

0.25M Tris base, 0.28M SDS, 40% Glycerol, 20% 2-mercapto ethanol 

and 2mg/ml Bromophenol Blue       

Run Buffer 14.4g Glycine, 3.02g Tris and 1% SDS in 1L ddH2O  

Transfer Buffer 14.4g Glycine, 3,02g Tris, 0.2% SDS, 20% MetOH and ddH2O in 1L  

TAE buffer (50x) 242g Tris base, 57.1ml Acetic Acid and 100ml of 0.5M EDTA 

dissolved in 1L ddH2O pH:8.5 

TBS-T (1X) 50mM Tris-HCl, pH 7.5, 150mM NaCl, 0.5% Tween-20 

LB (Luria-Bertani) 

medium 

10g BactoTryptone, 5 g yeast extract, 5g NaCl dissolved in 1L ddH2O 

LB (Luria-Bertani) 

agar 

10 BactoTryptone, 5 g yeast extract, 5g NaCl, 15g bacto agar 

dissolved in 1L ddH2O 
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PBS (1X) 137mM NaCl, 2.7mM KCl, 8mM Na2HPO4, and 2mMKH2PO4, pH 

7.4 

PBS-T (1X) 1X PBS with 0.1% Tween-20 

SRB staining 

solution 

0.04% SRB powder dissolved in 1% Acetic acid 

 

3.5.2 General Laboratory Solutions and Kits 

Various chemical solutions and kits used in the study were purchased from different 

suppliers. Plasmid isolation and total RNA isolation kits were purchased from Machery-Nagel 

(Düren, Germany). For DNA isolation from agarose gel, the gel extraction kit was purchased 

from Qiagen (Valencia, CA, USA). For mounting in immunofluorescence, Prolong Gold 

Antifade Mountant was purchased from Invitrogen (Carlsbad, CA, USA). Apoptosis Assay was 

performed by Annexin V: PE Apoptosis Detection Kit I (Cat. 559763, Becton Dickinson, 

Franklin Lakes, NJ, USA). 

3.5.3 Cell Culture Media, Supplements, and Reagents 

Cell lines used in the study were cultured with basal Roswell Park Memorial Institute-

1640 (RPMI-1640) media, supplemented with 10% GIBCO Fetal Bovine Serum, 1x 

Penicillin/Streptomycin (100U/ml), and 1x MEM non-essential amino acids. Basal media, its 

supplements, and trypsin-EDTA 0.25% were obtained from ThermoFisher Scientific 

(Waltham, MA, USA). Cell culture grade 1X PBS without calcium or magnesium was 

purchased from Serox GmbH (Mannheim, Germany). Tunicamycin, adriamycin, and 

thapsigargin were obtained from Sigma-Aldrich (St. Louis, MO, USA). For plasmid 

transfection to mammalian cells, FuGENE HD was purchased from Promega (Medison, WI, 

USA) and serum-free Gibco OPTIMEM was purchased from Invitrogen (Carlsbad, CA, USA). 

For siRNA transfection, Lipofectamine RNAiMax solution was purchased from Thermofisher 

(Waltham, MA, USA). 

3.5.4 PCR Reagents  

For PCR and cloning experiments, MyTaq DNA polymerase kit was obtained from 

Bioline (London, England). RevertAid First Strand cDNA synthesis kit and Phusion High-

Fidelity polymerase were purchased from ThermoFisher Scientific (Waltham, MA, USA). The 

gel extraction kit was purchased from Qiagen. DyNAmo HS SYBR Green qPCR Kit F410 was 
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purchased from Finnzymes. DNA ladders 1kb and 100bp were purchased from ThermoFisher 

Scientific (Waltham, MA, USA). 

3.5.5 Western Blot Reagents 

In western blot workflow, Bio-Rad mini-PROTEAN Tetra Cell system (Hercules, CA, 

USA) was used for gel casting, protein running, and wet transfer. To determine protein 

concentrations, Bicinchoninic Acid (BCA) kit was purchased from ThermoFisher (Waltham, 

MA, USA). PVDF membranes were purchased from Millipore (Burlington, MA, USA) and 

Nitrocellulose membranes were purchased from GE Healthcare (Chicago, IL, USA). For 

visualization of proteins with Enhanced Chemiluminescence (ECL), SuperSignal West Dura 

Extended Duration Substrate and SuperSignal West Pico Plus Chemiluminescent Substrate 

were purchased from ThermoFisher Scientific (Waltham, MA, USA). PageRuler Plus 

Prestained Protein Ladder, 10 to 250 kDa was purchased from ThermoFisher Scientific 

(Waltham, MA, USA). 

3.5.6 Antibodies 

Antibodies used in the study are listed in Table 3 

Table 3: Primary and secondary antibodies used in biological assays 

Name Host Brand Catalog No. Western IF 

ADGRD1_N_term Rabbit Covalab - 1:150 1:250 

ADGRD1_C_term Rabbit Covalab - - 1:150 

α-FLAG Mouse Sigma F3165 - 1:250 

ATAD2_Purified_1 Rabbit Covalab C1257 1:2000 1:250 

Ki-67 Mouse Santa Cruz Sc-23900 - 1:250 

HRD1 Rabbit Cell Signaling 12925 1:1000 - 

CHOP Mouse Cell Signaling 2895 1:1000 - 

FLp73 Rabbit Sayan A.E, 2005 - 1:2000 - 

DNp73 Mouse Abcam  ab38C674 1:500 - 

p21 Mouse Abcam Ab7903 1:1000 - 

PARP Rabbit Cell Signaling 9542 1:1000 - 

α-β-Actin  Rabbit Abcam ab6276 1:5000 - 

α-Mouse-HRP Horse Cell Signaling 7076S 1:5000 - 

α-Rabbit-HRP Goat  Invitrogen  31360 1:5000 - 
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α-Mouse-Alexa488  Goat  Invitrogen  A11029  -  1:5000 

α-Mouse-Alexa594  Goat  Invitrogen  A11005  -  1:5000 

α-Rabbit-Alexa488  Goat  Invitrogen  A11008  -  1:5000 

α-Rabbit-Alexa594  Goat  Sigma  77671  -  1:5000 

 

3.5.7 Oligonucleotides 

Primers used in PCR applications were listed in table 4 and On-TARGETplus Human 

ATAD2 set of 4 siRNAs used in knock out experiments were listed in Table 5 

Table 4: Primers used in expression analysis and cloning 

Primer Sequence 5'-3' Applications 

Adgrd1_Ex22R GTGGCAAACATGTACTGGAAA RT-PCR 

Adgrd1_Ex21F GTCAACATTGGCATCCTCATC RT-PCR 

G133_R GGTGGTATCGATCCCACGGCTGACAGGTCGAC Cloning 

G133_F GGTGGTAAGCTTATGGAAAAGCTGCTGCGG Cloning 

GAPDH_R_ CAGCCTTCTCCATGGTGGTGAAGA qRT/RT-PCR 

GAPDH_F_ GGCTGAGAACGGGAAGCTTGTCAT qRT/RT-PCR 

ATAD2_R TGCGATGCCGATAAATACA qRT-PCR 

ATAD2_F TGAAAAGGCTTTGGCAATTC qRT-PCR 

TAp73_F GGCTGCGACGGCTGCAGA RT-PCR 

TAp73_R GCTCAGCAGATTGAACTGGGCCATG RT-PCR 

DΝp73_F GCCCGCATGTTCCCCAG RT-PCR 

DΝp73_R TTGAACTGGGCCGTGGC RT-PCR 

DN’p73_F TCGACCTTCCCCAGTCAAGC RT-PCR 

DN’p73_R TGGGACGAGGCATGGATCTG RT-PCR 

TAp73Δex2_F GGCTGCGACGGCTGCAGGGA RT-PCR 

TAp73Δex2_R CAGGCGCCGGCGACATGG RT-PCR 

TAp73Δex2/3_F GGCTGCGACGGCTGCAGGCC RT-PCR 

TAp73Δex2/3_

R 

CAGGCGCCGGCGACATGG RT-PCR 
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Table 5: siRNAs used in the suppression of ATAD2 expression experiments 

Name Sequence  

siRNA-1 J-017603-05 CCACAGAUCUAUACCACUA 

siRNA-2 J-017603-06 GUAAUCAGCCAAUGUAUUU 

siRNA-2 J-017603-07 CGUCGAAGUUGUAGGAUUA 

siRNA-2 J-017603-08 CUGAUGAGGUUCCUGAUUA 

 

3.5.8 Plasmids 

Plasmids were used in expression and confirmation studies listed in Table 6 

Table 6: Plasmids used in the studies 

Name Bacterial 

Selection 

Mammalian 

Selection 

Tag 

pCR4-TOPO-GPR133 Ampicillin NA - 

p3xFLAG-CMV-

14_GPR133 

Ampicillin G418 C terminal 

Flag 

pcDNA4TO-GPR133 Ampicillin Zeocin - 

pcDNA6/TR Ampicillin Blasticidin - 

pT-REx-DEST30-

TAp73beta 

Ampicillin G418 - 

 

3.6 Methods 

3.6.1 Cell culture 

All cell line manipulations were performed under Class II type A biosafety cabinets with 

aseptic cell culture techniques. 

Frozen cell vials were taken from liquid nitrogen and immediately thawed in a 37˚C water 

bath. Cells in freezing medium were directly transferred onto 9ml of the complete medium in 

15ml falcon tubes. Tubes were centrifuged for 5 minutes at 1500 RPM and the supernatant 

discarded. Cells were resuspended in fresh complete media and transferred to a 25cm2 flask for 

incubation. All cell incubations were performed in 5% CO2 incubators at 37˚C 

In general, cell manipulation was performed based on the confluency of the cells. When 

cells were reached 70-90 % confluency, the medium of the cells aspirated and washed with pre-
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warmed Calcium or Magnesium free PBS. After PBS was discarded, cells were incubated with 

0.25 % Trypsin-EDTA at 37˚C in a CO2 incubator for cell dissociation. Trypsin inactivation 

was performed with the addition of a fresh medium with a ratio of 1:9. The cell concentration 

of cell suspension was determined with trypan blue. A small volume of suspension mixed with 

trypan blue with a ratio of 1:1 and counted on a hemocytometer. The cell suspension was used 

for further manipulations. 

Cryopreservation of the cells was performed with cell suspension described above. The 

cell suspension was centrifuged for 5 minutes at 1500 RPM and the supernatant discarded. 

Pellet was dissolved in a determined amount of freezing medium composed of 10% DMSO and 

90% FBS and dispensed as 1ml to screw capped-cryotubes. Vials were kept in a shuttle 

containing isopropanol at -80°C for a few days and transferred into liquid nitrogen. 

3.6.2 Total protein extraction and quantification 

The 1xRIPA buffer freshly supplemented with 25x protease inhibitor cocktail (cOmplete, 

ROCHE), 1mM NaF (Sodium Floride), and 1mM Na3VO4 (Sodium Orthovanadate) (1mM) 

before protein isolation. Cell pellets from 60mm dishes were dissolved with approximately 

100ul of RIPA. Homogenates were vortexed vigorously every 5 minutes for 30 minutes and 

kept on ice. Homogenates were then centrifuged at 17.000xg for 30 minutes at +4°C. 

Supernatants were transferred to new Eppendorf tubes without disturbing the pellets. 

To determine the protein concentrations, BCA assay reagents were freshly mixed as 1:49 

volume according to the number of samples and 100ul loaded to each well. BSA stock (2mg/ml) 

used to prepare linear standard as 0, 1, 2, 4 and 8ug/well. Protein samples were loaded to each 

well as 2ul/well. Plate incubated at dark on 37˚C for 30 minutes. Absorbance values of each 

well were obtained at 562nm using MultiSkanGo (ThermoScientific). After blank subtraction, 

the linear regression curve was plotted. Based on the formula, protein concentrations were 

calculated. Protein samples were equalized with RIPA buffer concerning the final volume and 

4xLoading Dye (with 20 % beta-mercaptoethanol). Samples were boiled at 95˚C for 5 minutes 

and stored at -80 ˚C until use. 

3.6.3 SDS-PAGE and western blot 

Polyacrylamide gels were cast according to gel concentration for 10% gel. Resolving Gel 

(10ml) prepared with 4ml H2O, 3.3ml 30% Acrylamide mix, 2.5ml 1.5M Tris (pH:8.8), 0.1ml 

10% SDS, 0.1ml 10% ammonium persulfate and 4ul TEMED. After approximately 30 minutes 

of polymerization, stacking gel (3ml) prepared with 2.1ml H2O, 0.5ml 30% acrylamide mix, 
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0.38ml 1.0 M Tris (pH:6.8), 0,02ml 10% SDS, 0.02ml 10 % ammonium persulfate and 3ul 

TEMED. The gels were kept at +4 ˚C in the run buffer before use. Before sample loading to 

gels, protein samples thawed on ice and boiled again at 95˚C for 5 minutes. Gels were run at 

80V for 30 minutes and 120V for approximately 2 hours depending on the size of the interested 

protein and marker.  

PVDF membranes were activated in methanol, and proteins were wet transferred from 

the gel to membranes as in the standard sandwich model. Transfer performed in 400mA for 2 

hours. After transfer, the blocking solution is prepared as 5% Non-Fat Milk Powder which is 

dissolved in Tris Buffer Saline with 0.5% Tween (TBS-T) and membranes blocked with it for 

1 hour at room temperature. Primary antibodies were diluted in a 3% blocking solution and 

incubated with membranes for 1 hour at room temperature or overnight at +4˚C. Membranes 

were washed 3 times with TBS-T and incubated with HRP conjugated secondary antibody 

which dissolved in 3% blocking solution for 1 hour at room temperature and membrane washed 

as previously mentioned. 

Enhanced chemiluminescence solution, composed of peroxidase buffer and enhancer 

buffer was prepared freshly and used immediately to visualize the protein bands on the PVDF 

membrane. Images were taken under different exposure times at dark. To visualize and merge 

the protein ladder, an image of the membrane was also taken with visible light. 

3.6.4 Polymerase chain reactions (PCR) 

Expression of ADGRD1 transcript levels was evaluated with primers designed based on 

consensus sequence at C terminal end. PCR reactions were carried by Adgrd1_Ex21F and 

Adgrd1_Ex22R primers for expression levels of ADGRD1 transcripts in patient samples, 

cDNA collection of normal tissues, and HCC cell line samples. GAPDH_F and GAPDH_R 

primers were used as a control in the reactions. The conditions of PCR reactions were 1 cycle 

of initial denaturation for 1 minute at 95°C, 35 cycles of denaturation for 15 seconds at 95°C, 

annealing for 30 seconds at 58°C, and extension for 30 seconds at 72°C. The reaction mixtures 

were prepared with the MyTaq DNA polymerase kit (Bioline) 

In cloning of ADGRD1 gene for Flag tag, PCR reaction was set up by Phusion High-

Fidelity polymerase (Thermo). G133_R and G133_F primers were used for amplification of the 

construct. PCR conditions were performed as 1 cycle of initial denaturation for 30 seconds at 

98°C, 25 cycles of denaturation for 15 seconds at 98°C, annealing for 30 seconds at 58°C, and 

extension for 60 seconds at 72°C. 
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The expression of p73 isoforms was determined with specific primers listed in Table 4. 

The conditions of PCR reactions were set up as 1 cycle of initial denaturation for 5 minutes at 

95°C, 33 cycles of denaturation for 30 seconds at 95°C, annealing for 15 seconds at 60°C, 

extension for 20 seconds at 72°C, and 1 cycle of final extension for 5 min at 72°C. 

3.6.5 Molecular cloning of plasmids 

The Human ADGRD1 gene was already cloned commercially into pCR4-TOPO vector 

and gifted to us by Dr. Demet Saraç. As Tet inducible expression vector, pcDNA4/TO was 

selected. Based on the orientation and sequence information, the pCR4-TOPO vector was 

digested with SpeI and NotI for cDNA insert. Target expression vector pcDNA4/TO was 

digested with NotI and XbaI for compatible ends and correct orientation. Both digestion 

products were run on 1.5% agarose gel and purified with the gel purification kit (Qiagen) 

following the instructions of the manufacturer. Ligation reactions were set in three different 

vector/insert ratios with T4 Ligase at 16°C overnight. For transformation, competent cells 

prepared with the competent cell kit (Zymo) were used. Competent cells were kept on ice for 5 

minutes and 2ul of ligation reaction mix from different vector/insert ratios were put on 

Eppendorf tubes. The Bacteria-ligation mixture was mixed by gentle pipetting and kept on ice 

for 10 min. After 10 min, 1/5 of transformation suspension was spread on LB agar plates 

supplemented with ampicillin. LB agar plates were left at 37°C overnight for incubation. 

Colonies were picked up by sterile pipette tip into liquid LB media supplemented with 

ampicillin and incubated for shaking. Confirmation of selected colonies was performed by mini 

prep DNA isolation kit (MN) followed by restriction with ApaI and NotI. The confirmed colony 

was inoculated on a large scale for a maxi prep plasmid isolation kit (MN). 

Additionally, the ADGRD1 gene was also cloned to the p3XFLAG-CMV-14 vector that 

has a flag protein tag at its C-terminal end. Two specific primers were designed as G133_F-5’ 

GGTGGTAAGCTTATGGAAAAGCTGCTGCGG ’3 and G133_R-5’ GGTGGTATCGATC 

CCACGGCTGACAGGTCGAC ‘3. Insert sequence was amplified with Phusion High-Fidelity 

(Thermo). As a template, 5ng of the pCR4-TOPO vector was used. Digestion of PCR product 

and p3XFLAG-CMV-14 vector were performed with HindIII and ClaI. After confirmation of 

digestions on agarose gel, the same methodology was applied for ligation, transformation, and 

confirmation steps as indicated above. 
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3.6.6 Cell viability assay with Sulforhodamine B 

Inducible HepG2_ADGRD1, Hep3BTAp73beta, or HepG2TAp73beta clones were 

seeded at a density of 5000/well in 96 well plates. Experimental setups were designed as control 

and induced groups in triplicates. After 24 hours from seeding, media was refreshed with fresh 

media (Dox-) or fresh media supplemented with 1µg/ml Doxycycline (Dox +). At the end of an 

additional 48h, media was discarded, and wells were washed with PBS gently. Ice cold 100µl 

of 10 % Trichloroacetic Acid (TCA) was added and incubated at -20°C for 20 minutes. Wells 

were washed with tap water and air-dried. After air dry, Sulforhodamine B solution (0,4 %, 

w/v) was added and incubated at RT for 20 minutes. Solution discarded and wells were washed 

three times with 1% acetic acid solution to remove excess and unbound dye. Wells were air-

dried, and stain dissolved by adding 50µl of Tris buffer with pH 10.5 for 20 minutes with gentle 

shaking. In the end, plates were analyzed at 510nm using MultiSkanGo (ThermoScientific) 

spectrophotometer. 

3.6.7 Immunofluorescence 

In the experiments of ADGRD1, sterile circular glass cover slips were placed in 24 well 

plates, and cells were seeded on them. Cells were transfected with plasmids by FuGENE HD 

Transfection Reagent (Promega). After incubation of cells for the experiment was finalized, 

media was discarded, and cells were washed gently with PBS. Cell fixation was performed with 

4% formaldehyde for 15 minutes at room temperature. Formaldehyde was discarded and 

washed with PBS with gentle shaking. Cells were blocked by blocking buffer containing 5% 

FBS and 0.1% Saponin in PBS for 60 minutes at room temperature. All primary and secondary 

antibody dilutions were prepared in antibody dilution buffer (1x PBS, 1% BSA, and 0.1% 

Saponin). Blocking solution was aspirated and slides were incubated overnight at +4˚C with 

diluted primary antibody. The antibody solution was discarded and washed with PBS 3 times. 

Appropriate secondary antibodies with fluorescence tags were incubated for 1 hour at room 

temp with gentle shaking. Wells were aspirated and washed 3 times with PBS. After the final 

wash, DAPI with the concentration of 100ng/ml was added to wells for 1 min then rinsed. Cover 

slips were mounted on a drop of mounting media on slides and kept on dark until fluorescence 

microscopy imaging. 

At the beginning of ATAD2 experiments, the pool of ATAD2 siRNAs or control siRNAs 

were prepared in serum-free RPMI and mixed with Lipofectamine RNAiMax solution 

(Thermofisher) as suggested in the manufacturer’s instructions. The mixture was incubated at 
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room temperature for 10 minutes in 24-well plates containing coverslips. Cell suspension (5000 

cells/well in RPMI) was added to wells. Cells were then incubated for 48h. At the end of 

incubation, cells on coverslips were washed with PBS in wells and fixed ice-cold Acetone-

Methanol mixture (1:1) for 10 minutes at -20˚C. The fixative mixture was discarded and wells 

washed with PBS. As a blocking step, cells were incubated with 1% BSA prepared in PBS-T 

(PBS and 0.1% Triton-X). Primary antibodies against Ki-67 and ATAD2 were diluted in PBS-

T containing 0.5% BSA and incubated with cells for 2 hours at room temperature with gentle 

shaking. Primary antibodies were discarded and wells were washed with PBS-T. Cells were 

then co-probed with fluorescence tagged anti-mouse and anti-rabbit secondary antibodies 

diluted in PBS-T containing 0.5% BSA for 90 minutes. Cells were washed, incubated with 

DAPI, rinsed with dH2O, and mounted on slides with mounting media as previously described 

above. 

3.6.8 Cell cycle analysis with propidium iodide staining  

Hep3B and Huh7 cells were seeded to 60mm2 dishes with 400k cells in 3ml. After 48 

hours, the media was discarded. New media with 0mg/ml, 0.1ug/ml, and 1ug/ml adriamycin 

were added to cells and incubated for 24 hours. At the end of the 24 hours, all cells were 

collected. Firstly, the old media of the dishes were transferred to 15ml falcon tubes. Cells were 

washed with PBS and PBS with detached cells was also collected onto the same falcon tube. 

Finally, adherent cells were incubated with 0.25 % Trypsin-EDTA, harvested with complete 

media, and collected to the same falcon tubes. After all cells were collected, falcon tubes were 

centrifuged at 2500 RPM for 10 minutes. Supernatants were aspirated and pellets were washed 

with PBS. Falcons centrifuged again and PBS discarded. Cell pellets were resuspended in 1.5ml 

PBS and kept on ice. To fix the cells, absolute ice-cold ethanol was added dropwise onto cells 

to reach the final volume of 5ml (70% EtOH) with gentle vortexing. Tubes were kept 15 min 

on ice and stored -20˚C until analysis day. On the day of flow cytometry analysis, tubes were 

centrifuged, and ethanol was discarded. Pellets were washed with PBS. Pellets were stained 

with 100ul PI solution consisting of PI, RNAseA, and Tritonx100 in PBS and transferred to 

round-bottom polystyrene test tubes. Samples were analyzed by LSR FORTESSA (BD). 

Similarly, in the analysis of HepG2-GPR133 clones, they were induced with doxycycline for 

48h. All control and induced cells were collected and analyzed as described above. 

In cell cycle analysis of p73, Hep3B, HepG2, and SNU449TAp73beta clones were seeded 

to 6 well plates with a density of 100k/well. After 24 hours, cells were treated with or without 
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doxycycline (1 µg/mL) for 72 h. Samples were collected after trypsinization and subsequently 

followed the process outlined above for analysis. 

3.6.9 Apoptosis assay 

Hep3BTAp73beta and SNU449TAp73beta cells were seeded into 6 well plate and after 

24h, media refreshed with/without media including doxycycline. Cells were incubated for 72h 

and collected. The PE Annexin V Apoptosis Detection Kit I (Becton Dickinson) instructions 

were applied to cells and analyzed by BD FACSCanto II (Becton Dickinson). 

3.6.10 Generation of rabbit polyclonal antibody against ADGRD1 

The lack of efficient commercially available antibodies against ADGRD1 forced us to 

generate new antibodies against ADGRD1. The company called Covalab (France) designed 

antigen peptides and generated antibodies against the N and C terminal of human ADGRD1 

protein. Briefly, 4 peptide fragments were designed in which peptide 1 and 2 were located at 

the N terminal, peptide 3 and 4 were located at the C terminal. The aminoacid sequence and 

location of the peptides are as follow Peptide 1 (27-44): YSRSQDHPGFQVLASASH and 

Peptide 2 (484-500): TVHLKHRLTRKQHSEAT, Peptide 3 (817-833): FKHKTKVWSLTS 

SSART and Peptide 4 (853-868): STKLSPWDKSSHSAHR. Rabbits were immunized with the 

peptides and immunoreactivity of the animals measured with ELISA at Day 0, 53, and 74. Final 

bleedings of the rabbits were collected. The amino and carboxyl-terminal antibodies were 

pooled in separate columns in the purification step respectively. As a result, we had 2 

antibodies: Amino (N-terminal) and Carboxy (C-terminal) antibodies in which each of them 

recognizes 2 different epitopes respectively. 

3.6.11 Colony formation assay 

Tet inducible TAp73beta or ADGRD1 clones were seeded 500-1000/well in 6 well plates 

with replicates. After 24 hours, media was refreshed with fresh media (Dox-) or fresh media 

supplemented with 1µg/ml Doxycycline (Dox +). Media refreshed every three days and 

colonies were cultured for 15 days. At the end of 15 days, wells were washed with PBS, and 

colonies were fixed with ice-cold absolute methanol for 10 minutes at -20˚C. After methanol 

was discarded, colonies were stained with 0.5% Crystal Violet staining solution for 10 minutes 

at RT. The staining solution was discarded and wells were washed three times with water. Plates 

were air-dried and photographed. Colonies were quantified with the colony counter plugin of 

ImageJ.  
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3.6.12 Spheroid formation 

To force cells to grow in suspension, the bottom of 24 well plates were covered with 1% 

agarose. The HepG2_ADGRD1_15-1 clone was seeded 500/well in media with or without 

1µg/ml Doxycycline. Growth of the cells was monitored for 12 days, and bright-field images 

of the wells were taken at 4-day intervals. At the end of 12 days, six replicates were collected 

in one tube for each condition. Each tube was centrifuged and pelleted. Pellets were paraffin-

embedded to blocks and hematoxylin-eosin staining was performed. 

3.6.13 qRT-PCR for microarray analysis 

Total RNAs of cell lines (Hep3B, SNU449, and PLC/PRF/5) used in microarray analysis 

were isolated with NucleoSpin RNA II Kit (MN Machete-Nagel, Duren, Germany). Total 

RNAs were converted to cDNA using the RevertAid First Strand cDNA synthesis kit (MBI 

Fermantas, Germany). Reactions for quantitative expression analyses were set up with 

DyNAmo HS SYBR Green qPCR Kit F410 (Finnzymes). The reaction mix per well contained 

10 µl Sybergreen, 0.8 µl of 10 pmol forward and reverse primers, 7.4 µl ddH2O and 1 µl cDNA 

were used. After adding mineral oil onto each well as 1:1, the reaction was carried out in the 

Mx3005p PCR machine (Stratagene). The housekeeping gene, Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the internal control. These analyses were performed by 

Dr. Çiğdem Özen. 

3.6.14 Statistical analysis of ADGRD1 isoforms in cancers 

Two main isoforms of ADGRD1 were examined in TCGA datasets of different patient 

samples. Datasets were downloaded from the TSDV platform and analyzed. In the statistical 

analysis of the data, descriptive statistics for the continuous variables were calculated separately 

for the "Primary Solid Tumor" and "Solid Tissue Normal" groups. Shapiro-Wilk normality test 

was used to examine whether the continuous variables were normally distributed. Since the data 

were not normally distributed, two independent Mann-Whitney U test was used to compare the 

median values of the continuous variables "isoform_uc001uit" and "isoform_uc010tbm" 

groups. The significance level was taken as p≥ 0.05 in all group comparisons. IBM SPSS 

Version 25.0 statistical package program was used for statistical analysis. These analyses were 

performed under the supervision of Dr. Aslı Suner Karakülah. 

3.6.15 Chemical transfection of cells and generation of stable cell line 

Cells were seeded one day before transfection to reach approximately 70-80 % confluent 

on the day of transfection. After one day, cells were transfected with FuGENE HD (Promega, 
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USA). Briefly, the medium of the cells was refreshed. Then, expression plasmids were diluted 

in a serum-free Gibco OPTIMEM (Invitrogen) medium. Based on the amount of expression 

plasmid, transfection reagent was added at the 1:3 ratio. After mixing with brief vortexing, the 

mixture was incubated at room temp for 15 minutes. The total transfection mixture was added 

dropwise on cells and incubated until selection. After 48h of transfection, the media refreshed 

with selection media. The selection of cells was performed with the following antibiotic 

concentrations: 10ug/ml and 100ug/ml of zeocin used in the selection of Hep3B and HepG2 

cells respectively, 300ug/ml of neomycin used for maintenance of tet inducible system. Cell 

media supplemented with indicated antibiotics was refreshed every three days. The selection 

was carried out approximately for 2 weeks. To produce single-cell clones, cells were either 

seeded to 100mm dishes at very low density or single-cell sorted into 98 well plates by FACS 

Aria III device (Becton and Dickinson, Franklin Lakes, NJ, USA) with the help of İBG-Flow 

Cytometry core facility. Firstly, Low-density seeded clones were marked with a pen from the 

bottom of the dish under the light microscope. Then, the media was discarded, and the plate 

was washed with PBS. All liquid on the plate was sucked out. Marked colonies were picked up 

by a 200ul pipette tip with gentle pipetting of the small amount of trypsin in and out. Every 

clone was immediately seeded to 96 well plates with complete selection media. All collected 

colonies were tested for their expression profile by western-blot or immunofluorescence. 

3.6.16 Gene expression profiling by microarrays 

Quality control of total RNAs collected from ATAD2siRNA-transfected or control cells 

was first tested with the Agilent Bioanalyzer 2100. Based on RNA integrity number values 

(RIN), samples greater than 9 were used in microarray experiments. As previously described 

[7], an Affymetrix microarray system was used. In microarray analysis, the Affymetrix platform 

with GeneChip Human Genome U133 Plus 2.0 arrays was used and analyzed according to 

manufacturer instructions. Operating Software (Affymetrix) was used to collect and store data. 

R statistical computing environment (v3.6.1) was used in the analysis of microarray data. The 

expresso function of the Bioconductor affy package (v1.68.0) was used to perform robust 

multichip average normalization (RMA) on raw probe intensities in CEL files [235]. To 

measure significant changes in gene expressions across pairwise comparisons, differential 

expression analysis was performed with the Limma package (v3.46.0) [236]. The “lmFit” 

function was used to fit a linear model and the “contrasts.fit” function was used to compute 

estimated coefficients and standard errors. The “eBayes” function was used for Empirical Bayes 
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statistics. Differentially expressed genes were determined using a fold change cutoff  ≥2. The 

Gene Ontology (GO) enrichment analysis of differentially expressed genes was performed with 

clusterProfiler package (v3.14.3) [237] and the GO terms with FDR ≤ 0.05 were considered as 

significant. Array data was uploaded and can be accessible with GSE178243 number in Gene 

Expression Omnibus (GEO). 

A similar procedure was followed in the analysis of Hep3BTAp73beta induced samples. 

Briefly, the quality of isolated RNA samples for 12h, 24h, and 48h groups was assessed by 

Agilent Bioanalyzer (Agilent), and analysis was performed with Affymetrix GeneChip Human 

Genome U133 Plus 2.0 arrays. The gathering and storage of microarray data utilized with Gene-

Chip Operating Software. The quality of CEL files was evaluated with RMAExpress software. 

The dataset's quality was assessed using AffyPLM. BRB-ArrayTools V4.5.0 was used to 

perform RMA normalization and class comparison studies. Array data uploaded to Gene 

Expression Omnibus (GEO) database and can be reached with GSE162860 accession number. 

3.6.17 Gene set enrichment analysis  

Gene set enrichment analyses (GSEA) were performed using the GSEA tool (v4.0.1) of 

Broad Institute [238] with default parameters. For the pairwise comparisons, we utilized C5 

Gene Ontology biological process gene sets of molecular signature database (MSigDB) release 

7.0. We removed gene sets with fewer than 15 genes and more than 500, and 3943 gene sets 

were included in the GSEA analysis of ATAD2. A similar approach was applied in the analysis 

of TAp73beta induced/uninduced samples of Hep3B for 12h, 24h, and 48h.  

3.6.18 Comparative analysis of ATAD2 and Ki-67 expression  

With publically accessible microarray gene expression data (GEO Accession: 

GSE63742) collected from rat liver during regeneration following two-third hepatectomy, we 

investigated the association between ATAD2 and Ki-67 expression in the liver. We used the 

web-based interactive program GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) to examine 

the expression data. The highest expression levels for Mki-67 and Atad2 genes were obtained 

using the “Probe Set 1374775 at” for Mki-67 and “Probe Set 1376599 at” for Atad2 genes, 

respectively. At reporting, the means and standard deviations (SD) expression values for each 

time point were used. The TCGA LIHC tumor dataset, which is available at UCSC Xena 

Browser [239], was used to investigate the relationship between ATAD2 and Ki-67 expression 

in hepatocellular carcinoma. The data from recurrent tumor samples were not included in the 

subsequent analysis. In 50 normal solid tissues and 371 primary solid tumors of the liver, the 
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expression of ATAD2 and MKi67 was examined. Pearson's correlation approach is used to 

determine the relationship between ATAD2 and MKi67. The R packages dplyr (v1.0.4), 

ggplot2 (v3.3.3), and ggpubr (v0.4.0) were utilized in the comparative analysis of expression 

data and the generation of graphics. 

3.6.19 Studies of ATAD2 response to different cell stresses 

Hep3B, HepG2, and SKBR3 cells were seeded at 500k cell density on 60 mm dishes and 

incubated for 48h. After they reach 70% confluency, media were replaced with fresh media 

containing Tunicamycin (5µg/ml and 10µg/ml), Adriamycin (0.1µg/ml and 1µg/ml), or 

Thapsigargin (1µM and 2µM) per vehicle with their corresponding controls. After drug 

treatments for 12h and 24h, samples were collected for further analysis. 

3.6.20 Immunoprecipitation 

HEK293 cells were transiently transfected with or without the vector expressing GPR133 

with the flag tag. After cells were collected, they were homogenized with a 5 ml 

homogenization buffer containing 0,25M Sucrose, 50mM Tris-HCl pH 7.6, 25mM KCl, 10mM 

MgCl2, 1x PI with 1% Triton X-100 by motor homogenizer (Stuart). Homogenates were 

centrifuged at 14.000xg for 10 minutes at 4°C. Supernatants were transferred to new tubes. 

Three different conditions were set up with mouse Flag, rabbit N-Terminal GPR133, and rabbit 

C-Terminal GPR133 primary antibodies. These primary antibodies (5ug of each) were added 

to 300ul of transfected and untransfected supernatants respectively. Samples were incubated at 

4°C for 1h with gentle agitation. Next, 30 uL of  Protein G-Agarose bead suspension (Roche) 

was added to samples and incubated overnight at 4°C with gentle agitation. Samples were 

collected by centrifugation for 20 seconds at 12.000 g. Supernatants were collected and 

indicated as flow through. The remaining pellets (beads) were resuspended in 1 ml Wash Buffer 

1 (50mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% Sodium deoxycholate, 1X 

PI) and incubated 20 min at 4 °C. Samples were collected by centrifugation for 20 seconds at 

12.000 g, pellets were dissolved in Wash Buffer 2 (High Salt; 50 mM Tris-HCl pH 7.5, 500 

mM NaCl, 0.1% Nonidet P40, 0.05% Sodium deoxycholate) and incubated 20 min at 4 °C. At 

last, pellets were resuspended with Wash Buffer 2 (Low Salt; 50 mM Tris-HCl pH 7.5, 0.1% 

Nonidet P40, 0.05% Sodium deoxycholate), incubated 20 min at 4 °C and pelleted. Final pellet 

dissolved in 50ul of 1x gel-loading buffer. Proteins were boiled for denaturing for 5 minutes at 

95°C and beads were removed by centrifugation for 20 sec at 12.000 g at room temp. In 

western-blot analysis, unprocessed homogenates were loaded as inputs. Detection of the blot 
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was performed with rabbit N-terminal GPR133 antibody and rabbit HRP-conjugated secondary 

antibody sequentially. 

4 RESULTS 

4.1 The role of ATAD2 in HCC 

4.1.1 ATAD2 is overexpressed in HCC tumors and correlated with Ki-67 expression 

The elevation of ATAD2 expression in HCC was detected previously by our group and 

correlated with the poor prognosis. This correlation may be due to the increased proliferation 

rate of tumor cells during progression. To evaluate the clinical importance of ATAD2 in HCC, 

its expression and correlation with proliferation were tested with Ki-67( encoded with MKI-67 

gene) that is a well-known cell proliferation marker widely used in the clinical course of cancer. 

The expressions of ATAD2 and Ki-67 were analyzed in The Cancer Genome Atlas (TCGA) 

data available at UCSC Xena Browser [239]. As shown in Figure (5A) left panel, the expression 

of transcripts was upregulated significantly (p<0.001) in HCC samples (n=371) in comparison 

to non-tumor liver samples (n=50). Similarly, the proliferation marker, Ki-67 expression was 

also significantly elevated in HCC tumors in respect to non-tumors as in figure (1A) right panel. 

To assess the similarity pattern of ATAD2 and Ki-67 in patient samples, Pearson correlation 

analysis was performed. The analysis as in Figure (5B) demonstrated a significant correlation 

between ATAD2 and Ki-67 expression (R=0.61, p<2.2e-16) in HCC. 
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Figure 5: ATAD2 expression is induced in human HCC in correlation with Ki-67.  

(A) Both ATAD2 and Ki-67 transcripts are induced significantly in normal liver and HCC 

samples in TCGA collection expression levels. (B) Highly significant correlation between 

ATAD2 and Ki-67 expression in HCC. MKI67: Human gene encoding Ki-67 [240].   
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4.1.2 ATAD2 and Ki-67 expression correlated in rat liver regeneration 

The data obtained from HCC samples suggested that the elevation of ATAD2 expression 

is in correlation with Ki-67 in the liver, maybe due to normal cell proliferation. We further 

investigated this phenomenon with a microarray expression dataset (GEO Accession: 

GSE63742) to compare ATAD2 expression with the expression of two cell proliferation 

markers, Cyclin D1 and Ki-67, during liver regeneration induced in rats by partial hepatectomy. 

According to the expression of transcripts in time-course as in Figure 6, all transcripts showed 

low expression at the initial stage of regeneration up to 12 hours. Then, their expression reached 

maximum levels between 24h-36h. Following that, the levels of Atad2, Ki-67, and Cyclin D1 

transcripts gradually decreased and reached starting values after 168 hours. Interestingly, 

Cyclin D1 showed another increase at 72h. 

 

Figure 6: ATAD2 expression profile during rat liver regeneration with proliferation 

biomarkers Cyclin D1 and Ki-67.  

MKi67: Rat gene encoding Ki-67 [240] 

4.1.3 ATAD2 is highly expressed in proliferating HCC cell lines. 

As previously reported in Yildiz et al. 2013, ATAD2 expression was not observed in 

freshly isolated human hepatocytes at the protein level by western blot analysis. However, HCC 

cell lines showed consistent expression with varying intensities. Here, we complemented the 

HCC cell line data with immunofluorescence studies. We showed the specificity of the nuclear 

presence of ATAD2 by attenuating its expression with siRNAs. In addition, ATAD2 staining 

displayed a good correlation with nuclear Ki-67 staining which is a well-known proliferation 
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marker largely used for tumor pathology (Figure 7). The combination of previous and recent 

data reveals that ATAD2 expression in the liver should not be just related to liver malignancy 

and may correlate with the proliferation state of liver tissue. 

Figure 7: Immunofluorescence imaging of HCC cells indicating nuclear staining of 

ATAD2 mirroring Ki-67 staining [240]. 
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4.1.4 Gene expression response of HCC cells to ATAD2 depletion 

Before the gene expression analysis with microarray, we determined the efficiency of 

ATAD2 depletion in Hep3B, PLC/PRF/5, and SNU449 cell lines. Samples transfected with 

siRNA pool and control were evaluated at mRNA and protein level. The real-time PCR analysis 

showed that the siRNA pool significantly decreased the expression of ATAD2 transcripts as in 

Figure 8A. Besides transcripts, transfection of siATAD2 efficiently abolished the ATAD2 

protein expression in both SNU449 and Hep3B cell lines (Figure 8B). 

 

Figure 8: The efficiency of ATAD2 knock-down demonstrated by (A) real-time PCR in 

Hep3B, SNU449, and PLC/PRF/5, and (B) western blot analysis in Hep3B, and SNU449 

before transcriptome analysis with microarray [240].  

Firstly, we decided to investigate the role of ATAD2 in HCC cells by comparing 

expression levels of RNAs in the presence as well as under suppression of ATAD2 expression. 

As a first step, microarray analysis was performed with ATAD2 depleted and control samples 

of Hep3B, SNU449, and PLC/PRF/5 cells. Differential expression analysis was performed to 

determine significant changes in gene expressions across pairwise comparisons and genes have 

filtered with false discovery rate (FDR) ≤ 0.05 and LogFC ≥ 0.6 | LogFC ≤ -0.6 as thresholds. 

Interestingly, the number of differentially expressed genes (DEGs) varied in numbers based on 

the cell line. While Hep3B seemed the most altered cell line with 471 upregulated and 326 
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downregulated genes in response to ATAD2 silencing, few genes were observed in SNU449 

and PLC/PRF/5 cells as given in Table 7. 

Table 7: Number of deregulated genes in response to ATAD2 depletion. 
 

Hep3B SNU449 PLC/PRF/5 

Upregulated 471 3 6 

Downregulated 326 6 36 

Total 797 9 42 

 

We further deepen the expression analysis with Gene Set Enrichment Analysis (GSEA) 

to associate the ATAD2 depletion and its consequences. The program analyzed 3943 gene sets 

and filtered in accordance with the total number of enriched and significantly enriched (p<0.01, 

p<0.05 or FDR<0.25) gene sets of each phenotype. The results of the program for each 

phenotype were summarized in Figure 9 for two conditions of three cell types. Based on FDR 

scores of ATAD2 silenced phenotype, 421 gene sets were significantly enriched in Hep3B 

whereas SNU449 showed 446 gene sets. Interestingly no significant gene set was provided by 

the program for PLC/PRF/5. At the same time, few gene sets were enriched in control groups 

of Hep3B and SNU449 as 2 and 14 respectively. Whereas no gene sets were significantly 

enriched at FDR<0.25 for ATAD2 silenced phenotype, 288 gene sets were enriched in control 

phenotype.  
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Figure 9: Summary of GSEA results for Hep3B, SNU449 and PLC/PRF/5  

(A) The results of GSEA for Hep3B control and ATAD2 silenced phenotypes (B) The results 

of GSEA for SNU449 control and ATAD2 silenced phenotypes (C) The results of GSEA for 

PLC/PRF/5 control and ATAD2 silenced phenotypes. 

We continued the analysis of enriched gene sets in ATAD2 silenced phenotype in details 

with narrowed FDR< 0.05 as listed in Figure 10. Interestingly, gene sets related to 

Endoplasmic-reticulum stress such as Endoplasmic-reticulum-associated protein degradation 

(ERAD) and Unfolded Protein Response (UPR) were enriched in Hep3B cell line. Whereas 

gene sets associated with cell division, especially cytokinesis were enriched in SNU449.   
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Figure 10: Lists of significantly enriched gene sets in ATAD2 silenced phenotype 

 of A) Hep3B and B) SNU449. 

The results of GSEAs showed different pathway alterations in a cell line-dependent 

manner. The deeper analysis in gene sets in Hep3B, especially ER stress, showed that altered 

genes in gene sets were not increased considerably in terms of fold changes.  

Next, we identified the differentially expressed genes which displayed more than 2-fold 

changes. The ATAD2 gene levels were the most downregulated gene with 11, 11 and 4-fold in 

Hep3B, PLC/PRF/5, and SNU449 respectively as expected. In Hep3B, the silencing of ATAD2 

resulted in the downregulation of 57 and upregulation of 54 genes. The deregulated genes with 

ATAD2 silencing were found much lower numbers in PLC/PRF/5 cells. Interestingly, no genes 

were determined with altered regulation in SNU449 (Table 8).  

To understand the association between ATAD2 silencing and gene functions alterations, 

Gene Ontology (GO) term cluster analysis was performed with FDR ≤ 0.05. The genes in up- 

and down-regulated gene lists were combined and analyzed. 
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Table 8: List of genes affected by ATAD2 knockdown in different HCC cell lines[240] 

Cell Up Down Total 

Hep3B 54 57 111 

PLC/PRF/5 9 7 16 

SNU449 0 0 0 

 

Not only the number of genes but also the associated gene ontologies have differed in 

cluster analysis. For PLC/PRF/5 cells, 11 GO terms were found (p<0.05), all of which were 

connected to three different functions: lipoprotein particle remodeling, positive modulation of 

the Wnt signaling pathway, and receptor-mediated endocytosis. In Hep3B cells, 33 GO terms 

with p<0.02 significance was identified which grouped into 17 gene functions. These functional 

groups were heterogeneous, some of them namely: responses to calcium or metal ions, ketone, 

glucocorticoid and cAMP, positive regulation of protein kinase B signaling, negative regulation 

of blood coagulation, Negative regulation of ion transport, zymogen activation, and apoptosis 

pathway (Table 9). The above-named GO function lists showed that the response against 

ATAD2 depletion has no commonality in Hep3B and PLC/PRF/5 cells based on GO term 

functions.  

Table 9: Collapsed gene ontology functions affected by ATAD2 in two HCC cell lines*[240] 

Hep3B (p Adj. <0.02) 

GO term-based functions GO terms 

Response to calcium ion 1 

Response to metal ion 1 

Pos. regulation of protein kinase B sig. 3 

Response to ketone 1 

Neg. regulation of blood coagulation 11 

Response to glucocorticoid 3 

Neg. regulation of ion transport 1 

Response to cAMP 1 

Zymogen activation 1 

Regulation of apoptotic signaling** 1 
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Regulation of response to wounding 1 

Organic hydroxy compound transport 1 

Reg. of heterotypic cell-cell adhesion 2 

Glomerulus vasculature development.                 1 

Kidney vasculature development 2 

Pos. regulation of hormone secretion 1 

Response to organophosphorus                            1 

 

PLC/PRF/5 (p adj. <0.05) 

GO term-based functions GO terms 

High-density lipoprotein particle remodeling      7 

Pos. reg. of canonical Wnt signaling pw.             4 

Receptor-mediated endocytosis.                            1 

*Full list of related GO terms was presented in Appendix 1.  

**Regulation of extrinsic apoptotic signaling pathway  

via death domain receptors 

 

  

4.1.5 ATAD2 expression in response to the treatment of Tunicamycin, Adriamycin, and 

Thapsigargin 

4.1.5.1 ATAD2 expression is downregulated following Tunicamycin-induced Unfolded 

Protein Response 

The exit from the cell cycle caused by the downregulation of Cyclin D1 levels is one of 

the biological repercussions of the Unfolded Protein Response (UPR) [241]. Based on this 

observation, we wanted to see if ATAD2 levels were also reduced during UPR triggered by 

Tunicamycin, a protein glycosylation inhibitor that triggers UPR. In the determination of 

ATAD2 levels, 12h and 24h time points were used with treatment doses of 5 µg/ml or 10 µg/ml 

in Hep3B and HepG2 cells. After treatments, cell lysates were tested for CHOP, an indicator of 

Endoplasmic Reticulum (ER) stress induced by Tunicamycin and PARP, an indicator of 

apoptosis, together with ATAD2 (Figure 11A and 11B). The western blot analysis showed that 

both HCC cell lines responded to tunicamycin with CHOP induction at the early stage (12h) as 

expected. While it diminished in Hep3B at 24h, the expression of CHOP was still detectable in 

HepG2. In parallel, cleaved PARP accumulation was identified in Hep3B cells at 12 hours, with 
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strong elevation at 24 hours. In HepG2 cells, cleaved PARP levels were slightly detected at 12 

hours and moderate expression was detected at 24h. We also tested SKBR3, a breast cancer cell 

line with high basal ATAD2 expression. Interestingly, treatment of tunicamycin on this cell line 

also resulted in decreased ATAD2 levels in parallel with CHOP and cleaved PARP 

accumulation at 12h. The dramatic decrease of ATAD2 was also observed at 24hr (Figure 11C). 

Another ER stress agent with a different mode of action (Calcium pump inhibitor) Thapsigargin 

that also tested with two different doses on cell lines. However, no consistent change in ATAD2 

levels was detected in Hep3B, HepG2, or SKBR3. 
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Figure 11: Western blot analysis of Hep3B, HepG2, and SKBR3 cell lines in response to 

different doses of Tunicamycin (Tun), Adriamycin (Adr), and Thapsigargin (Thap). 

Expression levels of ATAD2, cleaved PARP (apoptosis indicator), and CHOP (ER stress 

indicator) were demonstrated in response to drug treatments with controls in (A) Hep3B, (B) 

HepG2, and (C) SKBR3 cell lines for 12 hours and 24 hours[240]. 

4.1.5.2 Low dose Adriamycin treatment elevates ATAD2 expression in a time-dependent 

manner  

The western blot analysis performed above showed that a low dose (0.1ug/ml) of DNA 

damage agent, Adriamycin, increased the expression of ATAD2 dramatically at 24 hours in all 

tested cell lines (Figure 11). To confirm this observation, we performed the same treatment as 
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triplicates in Hep3B cells as in Figure 12. As expected, the same accumulation of ATAD2 

expression in response to low-dose adriamycin occurred at 24h. Cleaved PARP expression did 

not occur at the low dose of adriamycin at both 12h and 24h. However, a high dose of 

adriamycin (1ug/ml) increased the cleaved PARP levels at both 12h and 24h. 

 

 

Figure 12: Western blot analysis of different doses of adriamycin treatment at different time 

points on Hep3B cells. 

We performed cell cycle analysis in parallel to western blot to understand the cellular 

outcome of the accumulation of ATAD2 in response to low dose adriamycin in Hep3B at 24h. 

In addition, the same analysis was performed in parallel at Huh7 cells as well. As previously 

observed in Hep3B, ATAD2 levels were elevated in low dose treatment for 24h. Thereafter, in 

the cell cycle analysis for 24h, the cells in the G1 state dramatically increased from 31% to 84% 

with 0.1ug/ml Adriamycin treatment in Hep3B while cells in S state decreased from 23.8% to 

6.5%. Accumulation of cells in the S phase and increased cleaved-PARP were observed with 

1ug/ml adriamycin treatment in Hep3B cells. Unlike Hep3B, the low dose treatment of 

Adriamycin did not increase the ATAD2 protein expression and G1 cell distribution in Huh7. 

A high dose of Adriamycin affected neither ATAD2 nor cleaved-PARP levels while increased 

G2 phase cell distribution in Huh7 (Figure 13). 
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Figure 13: Flow cytometry and western blot analysis of Hep3B and Huh7 cells in response to 

different doses of Adriamycin (Adr) for 24h. 

To sum up, ATAD2 is highly expressed in HCC tumors compared to non-tumor patient 

liver samples. The expression of ATAD2 is highly correlated with proliferation marker Ki-67 

in HCC and rat liver regeneration samples. Moreover, ATAD2 expression changes in response 

to drug treatments which have a different mode of action, in dose- and cell-dependant manner. 

The bioinformatics analyses showed that the knockout of ATAD2 in HCC cell lines showed 

different cellular outcomes based on gene ontology functions. 

4.2 The Determination of GPR133 in HCC 

4.2.1 Determination of GPR133 as a candidate target 

In order to determine potential therapeutic targets in HCC, we planned to hunt genes from 

microarray data that were previously generated by our group using Huh7 cell line clones which 

showed pre-senescence or immortal phenotype [7]. RMA normalized expression profiles were 

compared, and 507 genes were found to be increased 2 fold or more in the immortal group 

compared to controls. 

We further analyzed these genes to narrow the list and understand the clinical 

significance. First, the list was ordered according to the geometric mean of intensities, and the 

first 200 genes were selected for further patient survival analysis (Appendix Table 2). These 

genes were analyzed individually in a web-based tool called SurvExpress [242]. Among six 
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databases under the liver cancer section, five of them were used for further analysis. One of 

them was removed from the analysis because of the small sample size of the database. Based 

on the significance (p<0.05) in patients' survival analysis among databases, 63 genes of 200 

showed one or more significant correlation. Among these, 18 genes showed significant 

correlation within 2 or more datasets as in Table 10. These significantly correlated genes were 

further examined for their cellular location and functions in GeneCards [243] and Human 

Protein Atlas portal (www.proteinatlas.org) databases. 

Table 10: The list of 18 genes upregulated in immortal phenotype. 

The list of upregulated genes that are significantly correlated with patient survival within two 

or more liver databases of SurvExpress online tool. DS:Dataset, FC: Fold Change, IMM: 

Immortal, PS: Pre-senescence

 

To further narrow down the list, we evaluated the genes based on three main criteria. 

Selected genes: I. should be receptor and located on the cell surface that can make them easily 

targetable using antibody-based approaches, II. should not be expressed in critical organs since 

the absence of protein results in vital consequences for organism and III. how promising is the 

protein in literature among listed genes. Based on these, GPR133 (ADGRD1) was selected as a 

candidate target for further analysis. We preferred GPR133 for further analysis because it fits 

into the three main criteria as being a receptor on the plasma membrane, expressing low levels 

in the critical organs, and relatively less characterized.  
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Detailed analysis of GPR133 from clinical perspective performed and illustrated in two 

different databases in Figure 14. In both databases, the risk group analysis graphs were plotted 

with expression values based on the prognostic index expression. It indicated the association of 

GPR133 expression difference between risk groups. The expression levels are higher in the 

high-risk group in comparison to the low-risk group. In addition, Kaplan-Meier survival plots 

showed the correlation of GPR133 expression with the survival of patients. High-risk group 

patients showed poor survival compared to the low-risk group.  

 

Figure 14: Gene expression and survival plots generated with SurvExpress in Liver TCGA 

datasets. 

In the upper panel, the expression of GPR133 is significantly higher in the high-risk (Red) 

group than in the low-risk (Green) group. The Kaplan–Meier survival curves indicate poor 

survival of the high-risk group of patients (red) in respect to the low-risk group (green) at the 

lower panel. The x-axis indicates the monitored days of patients.  
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4.2.2 Transcriptional expression of GPR133 in HCC cell lines and patient samples. 

The array data collected from the previous analysis were needed to be strengthened. 

Accordingly, we further checked the levels of GPR133 in liver cancer cell lines at the transcript 

level by RT-PCR. We detected mRNA expression of GPR133 with the primers designed against 

exon 21 and 22. These regions were conserved within most of the isoforms based on the 

conserved coding sequence information of Human GPR133 at USCS Genome Browser. In the 

analysis, besides 13 HCC cell lines, A542 (human pulmonary carcinoma cells) and HEK293 

(human embryonic kidney) were also used. After RNA isolation, 1ug of each RNA sample was 

converted to cDNA and equal amounts of cDNA were used in RT-PCR.  

The RT-PCR analysis showed different expression levels of GPR133/ADGRD1 among 

the HCC cell lines. Huh7 and PLC cell lines showed the highest expression among all cell lines 

tested. Hep40, Hep3B, and Mahlavu (MV) showed moderate expression, whereas HepG2, 

SKHEP1, SNU 182, 387, 398, 423, and 449 cell lines showed hardly any expression (Figure 

15). 

 

Figure 15: Expression analysis of GPR133/ADGRD1 in 13 HCC cell lines, HEK293, and 

A542. 

An equal amount of total RNAs from cell lines were converted to cDNA and used to detect 

gene expression by RT-PCR. GAPDH was used as a control for expression analysis.  

The same primer set was used to analyze cDNAs of the patient samples cohort that was 

kindly provided by Prof. Neşe Atabey. In the cohort, we tested 3 normal liver tissues, 10 pairs 

of cirrhosis and HCC tissue samples, and two additional cirrhotic samples. The RT-PCR results 
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showed GPR133/ADGRD1 was barely or not expressed in 3 normal liver samples. However, 

elevated expression of GPR133/ADGRD1 levels was detected almost in all cirrhosis and HCC 

samples. In addition, in some cases, there was an increase in GPR133/ADGRD1 expression 

when HCC samples compared with its cirrhotic pairs such as in patient 4, 10, and 13. However, 

the expression difference between all pairs of cirrhosis and HCC samples did not show an 

absolute correlation in the direction of increase or decrease (Figure 16). 

 

Figure 16: Expression analysis of GPR133/ADGRD1 by RT-PCR in patient sample cohort 

 that consists of 3 normal liver tissue (Normal), 10 pairs of cirrhosis (Cirr), and HCC tissue 

samples, and two additional cirrhotic samples without their HCC pairs. Cirrhosis and HCC 

tissue sample pairs were grouped in a rectangle for each patient (PT). 

4.2.3 The expression of two main isoforms of GPR133/ADGRD1 differs among cancers 

To evaluate the expression of GPR133/ADGRD1 isoforms at the transcriptional level in 

different cancers, we collected tumor and normal patient samples of five cancers from TCGA 

database. The phenotypes: “Primary Solid Tumor" and "Solid Tissue Normal" groups were 

collected for further analysis and other patient samples like recurrence or metastatic phenotypes 

were discarded from datasets. We mainly compared the expression of two major isoforms of 

GPR133/ADGRD1 from five of which were isoform 1: “isoform_uc001uit” and isoform 2: 

“isoform_uc010tbm”. These two isoforms were analyzed among five cancers with high sample-

sized cancers such as Liver Hepatocellular Carcinoma (LIHC), Breast Invasive carcinoma 

(BRCA), Lung Adenocarcinoma (LUAD), Prostate Adenocarcinoma (PRAD), and Colon 

Adenocarcinoma (COAD). Isoform 2, known as alternative form with additional exon at N 

terminal position 3rd was compared with main isoform 1. The Log2 values of transcript per 
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million (TPM) for each patient and significance in comparison of normal and tumor data were 

given in Figure 17. In contrast to our expectation, isoform 1 of GPR133/ADGRD1 decreased 

significantly in tumors of all cancers. Moreover, a decline of isoform 2 in tumors, was also 

observed in BRCA, LUAD, and PRAD. The statistical analysis listed in Appendix Table 3. 
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Figure 17: Comparative expression of two GPR133/ADGRD1 isoforms in normal and tumor 

samples.  

Bar plots of isoform 1 (1) and isoform 2 (2) with log2 values of each patient in normal (blue)  

and tumor (red) tissues of cancers. The significance in comparison between normal and tumor 

samples indicated as ns: p > 0.05, *p≤0.05,** p≤0.01,*** p≤0.001, and **** p≤0.0001. The 

presence of exons in five isoforms (1-5) were illustrated as dashed lines at the right bottom 

corner of the figure.  
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4.2.4 Confirmation of rabbit polyclonal amino and carboxyl GPR133 antibodies 

Our previous investigations showed the differential expression of GPR133 in cancers 

including HCC at the transcriptional level. In order to test the expression of GPR133 and further 

analysis for functional analysis at protein levels in HCC, we tested commercially available 

antibodies against both native and ectopic GPR133 protein but could not succeed. Thus, 

inadequate performance of commercial antibodies against GPR133 forced us to generate new 

antibodies against GPR133. Antibodies against both N and C terminal epitopes of GPR133 

were generated by the company called Covalab. After immunization of animals, the affinities 

were followed up by ELISA tests for each intermediate bleedings of animals at days 0, 53, and 

74 as in Figure 18. The immunoreactivity of serum was considered very good when the optical 

density (OD) reading at 450nm is above one after dilution 8000. In both cases, the 

immunoreactivities against antigens showed good performance. The final sera of each rabbit 

were collected and purified in respective columns as Amino (N-terminal) and Carboxy (C-

terminal) antibodies. 
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Figure 18: ELISA analysis of rabbit serum samples collected at different days against their 

antigen peptides.  

Absorbance at 450nm against 1/dilution was plotted in corresponding animals for Days 0, 53, 

and 74. A) The plots generated for 2 rabbits (1819043 and 1819044)  corresponds to N-terminal 

epitopes: peptide 1 and 2 B) The plots generated for 2 rabbits (1819018 and 1819022) 

corresponds to C-terminal epitopes: peptides 3 and 4. 

Before the applications of antibodies generated by Covalab, we constructed a C-terminal 

flag tagged GPR133 plasmid to use as the positive control with ectopic expression. To test the 

construct, expression was detected with flag antibody firstly. HEK293T cells were transfected 

with the plasmid for 48 hours and visualized with confocal microscopy. As expected, transiently 

transfected cells were flag positive, and the expression was localized at the cell membrane 

(Figure 19A). 
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Figure 19: The confirmation of flag tagged GPR133 plasmid in HEK293 cells.  

A) Detection of transient expression of flag tagged GPR133 in HEK293 cells with flag 

antibody. Flag antibody with green fluorescence was localized at the membrane of the cells. 

DAPI with blue fluorescence counterstained for nucleus. Cells visualized with confocal 

microscopy at 25x magnification  B) Transiently transfected HEK293 cells co-stained with flag 

and GPR133 Amino (N-Terminal) or Carboxy (C-Terminal) antibodies. Both Flag (Red) and 

GPR133 (Green) signals overlapped. Detection was performed with fluorescence microscopy 

at 10x magnification.  

After confirmation of the plasmid, we further analyzed the new N and C terminal 

antibodies against GPR133 with the same approach. HEK293 cells were transiently transfected 

with the C terminal flag tagged GPR133 vector. Cells were co-incubated with the flag (Red) 

and amino N or carboxy C terminal antibodies of GPR133 (Green). In both cases, flag and 

GPR133 antibodies were overlapped in Figure 19B as expected. Undoubtedly, the antibodies 

generated against GPR133 epitopes specifically recognized the GPR133 protein in 

immunofluorescence application. 

Further, we analyzed the antibodies of GPR133 for western blot applications. HEK293T 

cells were transiently transfected with confirmed flag tagged GPR133 plasmid or not for 
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control. Total protein lysates were subjected to incubation with capture antibodies: mouse Flag, 

N-Terminal GPR133, and C-Terminal GPR133 for immunoprecipitation (IP). Captured 

proteins with different primary antibodies and their remaining total proteins called flow-

through, were detected with rabbit secondary HRP-conjugated antibody as in Figure 20.    

At first, we performed immunoprecipitation analysis to confirm the specificity of the 

antibodies and band size of the protein. Detection was performed with rabbit secondary HRP-

conjugated antibody. We detected two specific bands around 75kD and 100kD with both flag 

and GPR133 antibodies. Besides, the band around 55kD resulted from the recognition of rabbit 

primary and secondary antibodies, in other words, overlapped hosts. As a result, our ectopically 

expressed GPR133 protein with flag tag can be captured specifically by three antibodies and 

gave two major bands in western blot as in Figure 20. 

 

Figure 20: Westernblot analysis of ectopically expressed flag tagged GPR133  

after immunoprecipitation by Flag, N-terminal, and C-terminal antibodies. Tr: Transfected, 

UnTr: Untransfected, IP: Immunoprecipitated, FT: Flow-through. 

4.2.5 Ectopic overexpression of GPR133 with Tet-inducible system in HepG2 clones 

To search for the functional outcomes of GPR133 overexpression in HCC, inducible 

HepG2 clones were used. HepG2 clones 15-1 and 15-10 were selected considering the GPR133 
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expression levels in the absence or presence of doxycycline. Clone 2-10 showing leaky 

expression in doxycycline response was used as the control because of its equal expression in 

both cases (Figure 21). 

 

Figure 21: Western blot analysis of Tet-inducible clones for HepG2-GPR133 monoclones.  

The induction of GPR133 expression was generated with Doxycycline (Tetracycline analog) 

addition. The expression in response to doxycycline absence (Dox-) on the left and presence 

(Dox+) on the right were shown for every monoclones. Clones indicated bold with “*” were 

used in the following experiments. The 100kDa of the marker is indicated in the first well. 

When we examined the results of the SRB assay, which was used to understand the effect 

of GPR133 overexpression on cell proliferation, we discovered that increasing GPR133 

expression in both clones of HepG2 cells resulted in a substantial but minor difference in cell 

proliferation. There was a decrease in the control group with leaky expression, but it was not 

significant (Figure 22A). Further research was carried out to determine the impact of GPR133 

overexpression on the ability of HepG2 clones to form colonies. The same clones were utilized 

in the colony formation experiment. Overexpression of GPR133 did not result in any notable 

changes in colony numbers (Figure 22B). 
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Figure 22: Analysis of HepG2 clones for proliferation and colony formation in response to 

GPR133 expression.  

A) The SRB analysis of HepG2-GPR133 clones treated with or without doxycycline. B) Colony 

formation assay of HepG2-GPR133 clones treated with or without doxycycline. Picture of fixed 

and crystal violet-stained clones according to the presence of doxycycline. Bar plots for colony 

numbers of clones were also given. 

To evaluate the decrease in cell proliferation with overexpression of GPR133, cell cycle 

analysis was performed with the same HepG2 clones. The accumulation of cells according to 

phases did not show any changes among clones except the slight difference in 15-1. The cell 

distribution of HepG2_15-1 clone in >4N phase increased from 16.2% to 25% and decreased 

in <2N phase from 17.4% to 8% with overexpression of GPR133, which may be an indication 

of obstacle in transition from G2 to M stage (Figure 23). 
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Figure 23: Flow cytometry analysis of DNA content in HepG2 clones with GPR133 

expression. 

 As a control, HepG2 clone 2-10 (Mock) was used. 
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Afterward, we pushed the clone to grow as a suspension to form a spheroid whether the 

induction of GPR133 in HepG2 15-1 clone has an effect. In both settings, every six wells 

showed growth at the end of 12 days. Cells in the untreated group grew more compactly, 

whereas cells in the GPR133 stimulated group grew more dispersedly. Furthermore, in the 

untreated group, the dense spheroid formation was observed in every well while the over-

expressed group showed only in two among six wells as in Figure 24. 

 

Figure 24: Images of suspension growing HepG2_15-1 clones taken on different days in 

response to presence and absence of doxycycline induction.  
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Next, spheroids were collected and embedded into paraffin for histochemical analysis. As 

shown in Figure 25, hematoxylin and eosin staining of spheroids that grew in the presence and 

absence of doxycycline were studied under a light microscope. The spheroids come from two 

different conditions showed different morphology. The spheroids from the un-induced group 

showed dense outer shell organization with a lighter and spaced core. On the contrary, spheroid 

in the induced group showed different morphology with a hollow structure and evident spaces 

between cells on the surface. The morphological changes in the structure may be due to 

differentiation of the cells, necrosis, or artificial defects so further histological analysis is 

needed. 

 

In summary, we tried to find a novel drug-targetable protein that has significance in the 

survival of HCC patients. The integration of overexpressed genes in the immortal phenotype of 

Huh7 with survival data generated GPR133 as a candidate. We confirmed its elevated 

expression in cirrhosis and HCC patient samples. In addition, its expression was also observed 

in most HCC cell lines at the transcriptional level. The ectopic expression studies revealed 

reduced spheroid formation with different spherical morphology in HepG2 cells. 

Figure 25: Hematoxylin and eosin staining of spheroids grew in the presence and absence of 

doxycycline with 4x, 10x and 20x magnifications. 
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4.3 The association of p73 expression with Hepatocellular Carcinoma  

4.3.1 The p73 isoforms differentially expressed in HCC cell lines 

The expression of TAp73, TAp73Ex2, TAp73Ex2/3, DNp73, and DΝ’p73 isoforms at 

the transcriptional levels were studied in nine HCC cell lines (Huh7, HepG2, PLC/PRF/5 

Hep3B, FOCUS, SNU475, Mahlavu, SNU398, SNU449) by RT-PCR (Figure 26). GAPDH 

was used as an internal control. The intensity of the bands corresponds to associated cell lines 

and isoforms summarized in Table 11. 

 

Figure 26: Expression of TAp73, TAp73Ex2, TAp73Ex2/3, DNp73, and DN’p73 isoforms in 

HCC cell lines.  

GAPDH was used as the internal control. 

HCC cell lines expressed varying levels of p73 isoforms. In particular, Hep3B and 

SNU398 cells strongly expressed all the isoforms of p73. Moreover, high expressions of p73 

isoforms were detected in SNU449 except DNp73. The expressions of p73 isoforms were 
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detected weakly or not at other cell lines including Huh7, HepG2, PLC/PRF/5, Focus, SNU475, 

and Mahlavu.  

 

 

 

 

 

 

 

 

 

 

4.3.2 The expression of p73 isoforms vary at the protein level in HCC cell lines 

To determine the expression of p73 isoforms at the protein level, firstly the p73 isoforms: 

TAp73 -alpha, -beta, and -gamma in pTRE vector transiently expressed in Huh7 cell line 

respectively. Ectopically expressed p73 isoforms in Huh7 cells were used to identify 

endogenously expressed p73 isoforms in HCC cell lines by comparing their relative migration. 

The bands that correspond to different isoforms were determined as shown in Figure 27A. The 

HCC cell lines were analyzed by western blot for expression of isoforms. Expressions of p73 

isoforms were detected with primary antibodies against full-length p73 (FLp73) and DNp73 

respectively (Figure 27B-C). The western blot analysis showed that Hep3B, SNU398, and 

SNU449 strongly expressed TAp73 alpha. TAp73beta and TAp73gamma isoforms were only 

detected in SNU398 cells. The rest of the cell lines displayed low or weak expression of p73 

isoforms. However, no specific signal for DNp73 expression was detected. In conclusion, high 

expressions of TAp73 isoforms were detected, while no specific expressions of DNp73 

isoforms were observed in the same set of HCC cell lines.  

Table 11: The expression of p73 isoforms in HCC cell lines.  

Expression levels indicated as null (-), low (+), moderate (++) and high (+++) 
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Figure 27: The expression of p73 isoforms in HCC cell lines.  

(A) Detection of transiently expressed TAp73 -alpha, -beta, and -gamma isoforms in Huh7 

(B) Detection of TAp73 isoforms in HCC cell lines by FLp73 antibody and (C) DNp73 

antibody. 

4.3.3 Generation of Tet-inducible TAp73beta expressing monoclones of SNU449 and 

HepG2 

Previously generated Tet-inducible SNU449-TREx and HepG2-TREx cell lines 

transfected with the pT-REx-DEST30 plasmid which contains TAp73beta insert. After 

selection with 4µg/ml Blasticidin and 400µg/ml G418 for two weeks, inducible TAp73beta 

expressing clones were picked up and screened with western blot in the presence/absence of 

doxycycline for ectopic expression of TAp73beta. We obtained different monoclones of 

SNU449 and HepG2 in number which inducibly expressing TAp73beta (Figure 28). 
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Figure 28: Western blot analysis of stable clones of HepG2 and SNU449 expressing 

TAp73beta in the presence (+) or absence (-) of doxycycline. 

4.3.4 The TAp73beta induction decreased cell proliferation and inhibitory effect 

preserved despite the removal of Doxycycline 

To test the effect of TAp73beta induction on cell proliferation, firstly we treated cells in 

the presence/absence of doxycycline for 3 days and at the end of 3 days, induction of TAp73beta 

decreased the cell proliferation in both inducible Hep3B and HepG2 clones. After that, these 

treated cells were used as seeding reserve for additional 3 days with the same treatment 

conditions. At the end of 6 days, results showed that the first 3 days of induction inhibited cell 

proliferation and subsequently, cell proliferation remained inhibited despite the absence of 

doxycycline for additional 3 days (Figure 29). 

 

Figure 29: Proliferation Assay of TAp73beta induction.  

The inhibition of proliferation via TAp73beta induction was preserved even with doxycycline 

removal. 
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4.3.5 Overexpression of TAp73beta inhibits colony formation in HCC cells 

To investigate the effect of overexpression of TAp73beta in HCC cell lines, three 

inducible monoclones of HCC were tested for colony formation ability. Cells were seeded into 

6 well plates in low density with or without doxycycline and checked for colony formation 

capacities. The crystal violet staining of fixed colonies showed that overexpression of 

TAp73beta convincingly decreased the numbers of colonies in both Hep3B and HepG2. 

However, no detectable change was observed in SNU449 (Figure 30).  

 

Figure 30: Colony formation capabilities of Hep3B, SNU449, and HepG2 cells after 

TAp73beta induction. 

4.3.6 The overexpression of TAp73beta in Hep3B and SNU449 did not induce apoptosis 

To understand the inhibitory mechanism behind proliferation and colony formation, 

firstly Hep3B and SNU449 cells were analyzed for apoptosis in response to overexpression of 

TAp73beta. The Annexin-V / 7-AAD stainings of Hep3B and SNU449 cells were analyzed to 

discriminate early and late apoptosis in response to TAp73beta overexpression. The induction 

of TAp73beta in Hep3B cell lines showed a 2% (p=0.0008) increase in early apoptosis (Q4) 

and 2.5% (p=0.105) in late apoptosis (Q2). In SNU449 cell line, the induction caused 0.5% 

(p=0.31) decrease in early apoptosis and and late apoptosis (p=0.79) (Q2). All in all, both cell 
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lines showed no significant change in apoptotic cell distributions except Hep3B in early 

apoptosis as in Figure 31. 

 

 

Figure 31: The analysis of TAp73beta induction in Hep3B and SNU449 for apoptosis. 

 No significant early or late apoptosis observed in response to TAp73beta induction in (A) 

Hep3B and (B) SNU449 cells 
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4.3.7 The effect of TAp73beta induction on the cell cycle of Hep3B, HepG2, and SNU449 

cell lines. 

To test the inhibitory effect of TAp73beta induction on cell proliferation in Hep3B, 

HepG2, and SNU449, cell cycle analysis was performed. The overexpression of TAp73beta in 

Hep3B cells increased the cell accumulation in the G1 phase from 50% to 64% (p=0.0002). 

Likely, the percent of the cells accumulated in the G1 phase raised from 44% to 53% (p=0.0079) 

in HepG2. However, barely (3.5%) and not significant (p=0.0873) increase was detected in 

SNU449. 
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Figure 32: Cell cycle analysis of (A) Hep3B, (B) SNU449, and (C) HepG2 clones in response 

to TAp73beta induction for 72h. 
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4.3.8 Overexpression of TAp73beta increased p21 levels in Hep3B and HepG2 

The overexpression of TAp73beta caused a decrease in cell proliferation and arrested 

transition from G1 to the S phase in the cell cycle. According to these previous findings, we 

checked the expression of p21 which is known as a key cell cycle regulator. The induction of 

TAp73beta for 48h and 72h resulted in the accumulation of p21 in both Hep3B and HepG2. 

 

Figure 33: The effect of TAp73beta induction on p21 expression levels.  

In both Hep3B and HepG2, overexpression of TAp73beta upregulated p21. 

4.3.9 The induction of TAp73beta leads to deep changes in gene expression that affect a 

variety of downstream processes in Hep3B 

To evaluate the mechanism behind the inhibition of proliferation in Hep3B cells with 

overexpression of TAp73beta, we performed microarray analysis. Hep3B cells were induced 

with doxycycline up to 48 h and samples were collected from induced/uninduced cells at 

different time points such as 12h, 24h, and 48h. The two-fold or more differentially expressed 

genes at least one-time point were collected. The analysis was performed in combination with 

array data collected from different time points and revealed 877 differentially expressed genes 

consisting of 578 up- and 299 down-regulated. 

Next, differentially expressed genes were collected from induced and un-induced 

conditions of 48h subjected to GSEA. The analysis performed under “Hallmark Gene Sets” 

collection and nominal p values (p<0.001) and the false discovery rate (FDR <0.25) were used 

as thresholds. According to the enrichment analysis, 26 gene sets were repressed while 5 gene 

sets were induced in response to TAp73beta. The gene set enrichment analysis showed that 
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different cellular processes were affected via TAp73beta induction. As expected, genes 

involved in the p53 pathway and related networks induced. While it repressed growth signaling 

factors such as MYC targets and cell cycle associated regulators, it induced the gene sets mostly 

related to development, growth signaling, metabolism, immune response, and stress response 

(Table 12). 

Table 12: Gene sets enriched in response to TAp73beta overexpression in Hep3B cells 

 

As a result, p73 differentially expressed among HCC cell lines and overexpression 

TAp73beta isoform decreased cell proliferation in Hep3B cells with increased G1 arrest. The 

overexpression of TAp73beta in Hep3B cells seemed in association with various cellular 

signaling responses.    

 

 

GENE SETS Cellular Process Role of TAp73beta SIZE NOM p-val FDR q-val

HALLMARK_ADIPOGENESIS Development Induction 184 0 0.13

HALLMARK_APICAL_JUNCTION Development Induction 193 0 0.18

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION Development Induction 192 0 0.16

HALLMARK_MYOGENESIS Development Induction 196 0 0.14

HALLMARK_HEDGEHOG_SIGNALING Development Induction 35 0 0.17

HALLMARK_ANGIOGENESIS Development Induction 34 0 0.15

HALLMARK_ALLOGRAFT_REJECTION Immune response Induction 191 0 0.15

HALLMARK_IL2_STAT5_SIGNALING Immune response Induction 182 0 0.17

HALLMARK_INTERFERON_ALPHA_RESPONSE Immune response Induction 88 0 0.14

HALLMARK_INTERFERON_GAMMA_RESPONSE Immune response Induction 187 0 0.19

HALLMARK_TNFA_SIGNALING_VIA_NFKB Immune response Induction 185 0 0.16

HALLMARK_BILE_ACID_METABOLISM Metabolism Induction 110 0 0.15

HALLMARK_GLYCOLYSIS Metabolism Induction 186 0 0.13

HALLMARK_XENOBIOTIC_METABOLISM Metabolism Induction 194 0 0.17

HALLMARK_E2F_TARGETS Cell cycle Repression 173 0 0.18

HALLMARK_G2M_CHECKPOINT Cell cycle Repression 178 0 0.11

HALLMARK_MITOTIC_SPINDLE Cell cycle Repression 185 0 0.14

HALLMARK_MYC_TARGETS_V1 Growth signaling Repression 173 0 0.16

HALLMARK_MYC_TARGETS_V2 Growth signaling Repression 47 0 0.19

HALLMARK_ESTROGEN_RESPONSE_EARLY Growth signaling Induction 183 0 0.12

HALLMARK_ESTROGEN_RESPONSE_LATE Growth signaling Induction 194 0 0.16

HALLMARK_KRAS_SIGNALING_UP Growth signaling Induction 192 0 0.19

HALLMARK_MTORC1_SIGNALING Growth signaling Induction 183 0 0.24

HALLMARK_P53_PATHWAY Stress response Induction 182 0 0.16

HALLMARK_COAGULATION Stress response Induction 133 0 0.17

HALLMARK_HYPOXIA Stress response Induction 188 0 0.15

HALLMARK_INFLAMMATORY_RESPONSE Stress response Induction 189 0 0.22

HALLMARK_PEROXISOME Stress response Induction 98 0 0.16

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY Stress response Induction 46 0 0.16

HALLMARK_UV_RESPONSE_DN Stress response Induction 135 0 0.15
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5 DISCUSSION 

Hepatocellular carcinoma is the most common kind of primary liver cancer with a poor 

prognosis and high recurrence rate. The diagnosis of this cancer at early stages is challenging 

and includes restricted curative options like resection, liver transplantation, and local ablative 

therapies. However, most patients miss the chance to undergo surgery when their cancer is 

already late stage when is diagnosed [244]. At this point, conservative chemotherapy remains 

an important component of a complete treatment for these patients. The treatment options 

advanced with the approval of sorafenib, a multikinase inhibitor that increased median survival. 

More recently, the approval of regorafenib and nivolumab came after, and further positive 

emerging studies are still on the table to cope with advanced HCC [245]. However, there is still 

an emerging need for new advancements in systemic therapy options for HCC to be met by 

identifying new drug targets. Since the chemotherapy frequently results in poor response and 

mostly causes relapse of the tumor in a more aggressive and less chemosensitive way [246]. 

In our studies, we mainly evaluated 3 different genes for their potential in HCC treatment. 

Their functions and significance in cancer progression and treatment, especially in HCC 

discussed below. 

5.1 Evaluation of ATAD2 in liver malignancy 

After ATAD2 was reported as being involved in tumor occurrence and development 

[168], relevant studies have been published, highlighting the growing interest in the prognostic 

impact of high ATAD2 expression in different tumor types [179]. As one of the earliest studies, 

our group reported ATAD2 as a member of the 15-signature gene panel for classifying 

hepatocellular carcinoma from cirrhosis with high accuracy [7]. Hence, ATAD2 was studied 

previously by Haluk Yüzügüllü in his dissertation to interpret its potential role in senescence 

bypass and HCC malignancy [8]. In this part of the study, ATAD2 was evaluated for its 

potential as a disease biomarker and therapeutic target for HCC [240]. 

According to previous studies of our group, ATAD2 protein expression was found low 

or undetectable in both normal liver and freshly isolated human hepatocytes. On the other hand, 

there was an upregulation of ATAD2 protein in both HCC cell lines and tumor tissue cohorts 

[7,8]. Thereafter, we performed comparative bioinformatics analysis in the liver dataset of The 

Cancer Genome Atlas (TCGA) composed of 371 HCC and 50 non-tumor liver samples. It was 

observed clearly that there was a significant elevation of ATAD2 transcript levels in tumor 
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tissues compared to normal. Our findings were consistent with other studies showing increased 

expression of ATAD2 in HCC compared to normal liver samples [178,181,247,248]. 

The further analysis with the TCGA dataset provided us the expression of ATAD2 in 

normal and HCC samples correlate with expression of Ki-67 which is known to express in 

proliferating cells at the G1, S, G2, and M stages of the cell cycle but not in resting (G0) state 

[249,250], and also a well-known biomarker to evaluate proliferation index in HCC tumors 

[249]. In line with these findings, we deemed ATAD2 as a proliferation biomarker. Following 

this novel correlation data, we tested to see whether ATAD2 expression is specific to liver 

malignancy. To test this, we analyzed the expression of ATAD2 levels in parallel to MKI-67 

and CCND1 in regenerating liver of rats after partial hepatectomy. When we examined the 

dataset of regenerating liver tissues collected at different time points from mice that had 

undergone partial hepatectomy, we observed that the corresponding RNA levels of these three 

genes showed a similar expression pattern. The expressions of three genes were steady up to 12 

hours. After the initial phase of liver regeneration, which covers about the first 12 hours, 

ATAD2, MKI-67, and CCND1 RNA levels dramatically increased until 36h. After this pick, 

expressions were gradually decreased and reached initial levels at the end. 

In support of previous studies, DNA synthesis peaks in rats following liver hepatectomy 

at 22–24 h, followed by mitosis at 28–30 h [251]. Also, in hepatocytes, the transition from G1 

to S phase occurs with the help of D-type cyclins (D1, D2, and D3) whose transient expression 

triggers hepatocyte proliferation and liver growth in vivo [252]. Another equally important point 

is the expression of MKI-67. In parallel to our observations, MKI-67 expression increased after 

partial hepatectomy at early 16-17h with DNA synthesis, peaked at 36h, and kept its upsurged 

levels for 96 hours [253]. According to the clinical point of view of Ki-67, eight normal and ten 

inactive cirrhosis patients had average labeling indexes lower than 2.5, whereas higher index 

mean values were observed in mild and moderate-severe chronic hepatitis patients with mean 

index 29 and 41 respectively. With 71, the maximum mean index was obtained from eight 

patients with HCC [249]. Considering mentioned expression profiles of Ki-67 above, highly 

similar expression profiles were observed with ATAD2. Since, low expression in normal liver, 

whereas increased expression in regenerating rat liver, as well in the malignant liver as a 

function of tumor progression was also observed in ATAD2. In addition to that, our in vitro 

study with HCC cell lines confirmed that ATAD2 may be considered as a specific nuclear 

marker like Ki-67 for proliferating cells. Nearly all tested HCC cell lines showed positive 
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staining, which correlated with Ki-67 staining. Indeed, the specificity of the staining was also 

confirmed with siRNAs that abolished the homogenous nuclear signal of ATAD2. 

In order to function properly, proteins need to be folded into the right conformations; 

otherwise, unfolded or misfolded proteins can be destructive to cells. ER is the place where this 

process occurs, and various physiological and pathological conditions may impair protein 

folding in the ER, which is collectively known as ER stress [254]. ER stress can be induced by 

tunicamycin, which activates the unfolded protein response (UPR) in response to extensive 

protein misfolding via preventing N-linked glycosylation of the proteins [255]. Besides, cells 

respond to UPR by exiting from the cell cycle by inhibiting Cyclin D1 expression [241]. In the 

termination of liver regeneration, hepatocytes need Cyclin D1 degradation to exit from the cell 

cycle in mice [256]. As a hallmark of cancer, one of the characteristics of tumor cells is to 

proliferate uncontrollably. Here we treated cell lines with tunicamycin to trigger UPR which 

exits cells from the cell cycle. The treatment of Hep3B cells with tunicamycin resulted in 

accumulation of CHOP at 12h with low cleaved PARP and without change in ATAD2. With 

the abolishment of CHOP and strong induction of PARP cleavage at 24h, ATAD2 levels were 

reduced dramatically. This result can be considered as cell cycle arrest as well as apoptosis 

induction in response to tunicamycin treatment in Hep3B. In HepG2, accumulation of CHOP 

was detected at both 12h and 24h with slightly increasing PARP cleavage. However, more 

ATAD2 downregulation was detected for 12h than 24h that suggesting slight apoptosis and 

obvious cell cycle exit. In SKBR3, CHOP levels increased at 12h and diminished at 24h. 

Cleaved PARP accumulation was observed slightly for both 12h and 24h with strong ATAD2 

downregulation in both cases. 

Adriamycin (Doxorubicin) is a member of anthracycline antibiotics used for cancer 

treatment. Different mechanisms are shown to be responsible for the mode of actions, such as 

DNA intercalation, DNA binding, and alkylation as well as topoisomerase II inhibition [257]. 

Hence, these cytotoxic effects cause DNA damage in relation to antiproliferation. Double strand 

DNA breaks especially with topoisomerase II inhibition, trigger DNA repair mechanisms. 

Failure of repair mechanism mostly concludes with apoptosis [258]. In our previous study, 

ATAD2 expression was downregulated with Adriamycin-induced senescence arrest in Huh7 

cells [7]. Our recent finding showed that ATAD2 levels in Hep3B cells upregulated with low 

dose treatment of Adriamycin for 24h. Hence, this upregulation affected the distribution of cells 

according to cell cycle phases, substantially G0/G1 phase (Figure 10). Probably, low dose 
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Adriamycin delayed G1 to S transition of Hep3B cells. Considering adriamycin with various 

cytotoxic mechanisms, which might differ with dose and exposure time, it is not surprising that 

there will be different cellular responses. In support of this observation, Adriamycin can induce 

progression arrests at different cell cycle phases as at G0-G1 transition or during G1 [259]. 

Moreover, ATAD2 was appeared to be one of the significantly downregulated genes in G0 cells 

compared to G1 cells based on microarray analysis [260]. Our findings and other reports 

suggest that ATAD2 may be a biomarker of non-resting (non-G0) states. 

Cellular outcomes in response to ATAD2 silencing with RNAi-based approaches 

indicated varying associations with tumorigenic abilities of cancer cells. Depletion of ATAD2 

inhibited cell growth, colony formation as well as the invasive and migratory capacity of 

different cancer cell lines [172,173,181,248]. In contrast, Ciro M. et al. (2009) [170] reported 

that ATAD2 silencing in TIG3-T and U2OS cells did not result in a noticeable difference in 

proliferation rate or cell cycle profile while showing decreasing colony-forming abilities. 

Similarly, some HCC cell lines were also not responded to ATAD2 silencing according to our 

previous studies [8]. Thus, we performed comparative gene expression analysis in three 

different cell lines of HCC to evaluate the difference. The number of genes, in other words, 

cellular responses, altered with ATAD2 silencing extremely varied from few genes to hundreds 

among HCC cell lines. Not only gene set enrichment analysis but also cluster analysis indicated 

extreme heterogeneity in response to ATAD2 deficiency in tested cell lines. This heterogeneity 

in response to ATAD2 silencing suggested that its involvement in tumorigenic behaviors 

probably depends on cellular context. Thus, our comparative analysis taken together with our 

previous studies implied that expression of ATAD2, especially in HCC cell lines, was not 

essential to survive or ATAD2 was not the only responsible factor but also may need additional 

partners for the cellular outcomes.    

5.2 The potential of GPR133 in HCC 

G-protein coupled receptors modulate a wide range of biological functions via 

heterotrimeric guanine nucleotide-binding proteins (G proteins). GPCRs manage almost all 

physiological activities through G proteins, and their dysregulation is linked to a variety of 

human disease states like cancer [261]. Multiple aspects of GPCR-G protein signaling 

contribute to hallmarks of cancer including proliferation, tumor angiogenesis, invasion, 

metastasis, immune evasion, and deregulation of cellular energetics [262]. Thus, adhesion 

GPCRs, which is the second largest subfamily with 33 members and most of which are orphan 
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receptors with unknown physiological functions, were also in association with many cancers 

including lung, breast, colorectal, prostate, and gastric cancer [261,263]. 

Our comparative analysis in previously described Huh7 clones [7] lead us to focus on 

upregulated genes in immortal phenotype, and subsequent integration of clinical data revealed 

GPR133 as a potential drug target with significant poor prognostic impact in HCC. GPR133 

can be classified as an understudied receptor in the literature. Not only its canonical function 

but also the ligand of the receptor is still not identified clearly. Thus, it has only been linked in 

just three cancer with very few studies such as glioblastoma [10,11] acute myeloid leukemia 

[196], and gastric cancer [197]. Here, we showed firstly in the literature that our patient survival 

analysis in TCGA liver datasets with SurvExpress showed GPR133 elevation may associate 

with poor prognosis of HCC. Our findings supported this observation with increasing 

transcripts of GPR133 in patient sample pairs of cirrhosis and HCC while very low expression 

of normal liver. In liver malignancies, chronic liver injury leads to an abnormal liver blood 

system, and unmet blood supply in the liver causes hypoxia. Besides blood supply, high 

proliferation of cells may also induce hypoxia locally in HCC [264]. Moreover, it was reported 

in glioblastoma that GPR133 expression was seen in the regions expressing hypoxic markers, 

and GPR133 was found the transcriptional target of one of these markers: hypoxia-inducible 

transcription factor 1 alpha (HIF-1a) [11]. Thus, the reason behind this overexpression may be 

due to hypoxia-driven tumor progression in HCC. 

In addition, epithelial cell lines such as Hep3B, Huh7, Hep40, and PLC showed high 

expression while mesenchymal cells like SNU182, 387, 398, 423, 449, and SKHEP1 showed 

barely expression. Although HepG2 is among epithelial-like cell lines, expression was not 

detected. This subset expression of GPR133 in HCC cell lines needs further investigation to 

elucidate the potential linkage between phenotype and expression. Likewise in glioblastoma, 

GPR133 is selectively expressed in CD133+ cells especially in hypoxic areas [10].  

Even if the GPR133 transcripts elevated in HCC cell lines and patient samples, our 

comparative analysis also showed that GPR133 expression levels may vary between normal 

and tumor samples of different cancers in terms of isoforms. Although different putative 

isoforms have been identified, the long isoform of GPR133 is the predominant form detected 

in glioblastoma [10]. In addition, GPR133 was downregulated by long non-coding RNA in 

gastric cancer that shows the expression of GPR133 may be regulated differently in malignancy 

dependent [197]. 
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Our preliminary data with HepG2 showed the overexpression of GPR133 resulted in the 

decreased spheroid formation and different morphology of the sphere. However, the studies 

were performed with only one cell line and the receptor activation was not confirmed. All these 

considered, it is hard to emphasize the role of GPR133 in HCC at this level. Further extensive 

analysis is needed with different cell lines with additional positive controls to eliminate the bias 

and false positivity. 

5.3 The p73 involvement in HCC 

As the guardian of the cell, p53 suppresses tumor growth by regulating the expression of 

many genes which affect cell survival at the transcriptional level [265,266]. The p73, one of 

two homologs of p53, shows high structural and functional similarity to p53, especially in terms 

of its DNA binding site.[198,267]. Thus, cell cycle arrest, apoptosis, and cellular senescence 

can be induced by p73 binding to p53-responsive DNA-binding sites [199,267,268].  

In many cancer types, including HCC, it has been shown that p53 has mutations, 

particularly in its DNA binding motif, thus making p53 unable to function [269,270]. However, 

p73 is rarely or not mutated in cancers [13]. Although p73 mutations have not been identified 

in HCC, abnormal expression of p73 has been shown in HCC patients [17,233,271]. 

The in vivo studies with p53 and its homolog p73 showed different consequences as a 

result of gene knockout. Mice, deficient in p53, developed normal and spontaneous tumor 

formation, and null mice developed tumors faster against heterozygous mice [272]. In p73 

deficiency, neurological and immunological defects were observed in mice, and spontaneous 

tumors were not observed [219]. The difference between p53 and p73 deficiency in vivo, 

especially in tumor formation and developmental defects, shows the difference in target genes 

regulated by p73 and p53 despite high homology. Considering these functional different 

outcomes, determining the function and target genes of p73 in cancer, especially in HCC, may 

be important in finding new target mechanisms. Moreover, given the rarity of p73 mutations in 

cancer, pharmacological stimulation of p73's tumor-suppressive effects might be an appealing 

alternative technique for treating cancer cells, particularly those lacking or mutant p53. 

In our study, we firstly determined N terminal isoforms of p73 in HCC cell lines at the 

transcriptional level and C terminal isoforms of full-length p73 at the protein level. We 

observed strong protein expression of TAp73alpha isoform in Hep3B, SNU398, and SNU449 

while low or null expression in other cell lines. Thus, the determination of the presence and 

levels of isoforms among HCC cell lines may give clues in understanding the significance of 
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isoforms. Since, differential expression of p73 isoforms is in relation with different cellular 

outcomes that are important in cancer such as chemosensitivity [273], stemness [274], 

epithelial-mesenchymal transition (EMT) [275], and tumor suppression/progression [276]. We 

decided to ectopically express TAp73beta in cell lines lacking its basal expression like Hep3B, 

HepG2, and SNU449. Previous studies claimed the upregulation of TAp73beta was associated 

with apoptosis [17] or stimulation of apoptosis and cell cycle arrest as well [277]. In line with 

these, our findings suggested a decrease in cell proliferation due to cell cycle arrest at G1/S in 

a cell-dependent context 

This cell dependency in proliferation may be stemmed from the antagonist effect of other 

isoforms which are already expressed at basal levels in these cells. Because, while TAp73 

isoforms act as pro-apoptotic, DNp73 isoforms may inhibit the apoptotic response by 

competing p53 or TAp73 for their target gene activation [278,279]. In addition to this, this arrest 

may also be caused due to deregulation of cell cycle regulators. Since it was shown that TAp73 

may contribute to genomic stability, and TAp73alpha interaction with Bub1 and Bub3 which 

are kinetochore proteins deregulates mitotic checkpoints and TAp73 in cancer [220,280]. 

Moreover, we also showed that overexpression of TAp73beta in Hep3B and HepG2 cells 

resulted in decreased colony formation. This anti-oncogenic effect of TAp73beta 

overexpression was also indicated in different cancer cell lines such as human non-small cell 

lung carcinoma cell line (H1299) [281] and human osteosarcoma cell (SAOS-2) [282]. 

To decipher the significance of TAp73beta in the malignancy of HCC, we performed 

microarray analysis and subsequently GSEA. The analysis performed in Hep3B cells 

specifically reflected the cellular consequences of TAp73beta overexpression since the effect 

of its homologs was eliminated in a way under p53 mutation [269] and low p63 expression in 

these cells [283]. The GSEA revealed that the overexpression of TAp73beta de-regulated a 

wide range of cellular processes, including growth control, stress response, immunological 

response, metabolism, and development. In support of the gene set analysis, p73 isoforms were 

shown to regulate the autophagy and lipid metabolism by ATG5 gene in the liver [284]. 

Additionally, depletion of p73 in vivo resulted in deregulated lysine metabolism, glycolysis, 

and abnormal lipid accumulation in the liver [285]. Besides, TAp73 also take a role in opposing 

tumor progression and angiogenesis via the recruitment of mouse double minute 2 homolog 

(MDM2) in HIF-1 alpha degradation and repression of pro-angiogenic and pro-inflammatory 

cytokines [286,287]. 
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The presence of developmental gene sets in GSEA analysis and upregulation of yes-

associated protein (YAP) as well as its target genes in response to TAp73beta overexpression 

in Hep3B lead us to turn our focus on the development and differentiation of the hepatocytes. 

The further study published by Iscan E. et. al 2021 [288] suggested the overexpression of 

TAp73beta in Hep3B cells may promote malignant dedifferentiation. The analysis on specific 

markers showed that induction of TAp73beta in Hep3B cells upregulated cholangiocyte-

promoting genes (JAG1, NOTCH1, ZO-1) while inhibiting hepatocyte fate indicators 

(CYP3A4, AFP, HNF4, ALB) without altering hepatic stem/progenitor markers like EpCAM 

and LGR5. In addition to these, TAp73beta overexpression in 3D cultured Hep3B cells showed 

different patterns of immunohistochemical staining for CK19 and AFP which suggest the 

switch from hepatocyte-like phenotype to cholangiocyte-like. In the same study, we 

demonstrated the relevance of p73 isoforms with poor prognosis. The analysis in TCGA Splice 

Variant database (TSVdb) showed that no significant expression of any p73 isoform in normal 

liver samples. Additionally, in support of enrichment in epithelial-mesenchymal transition gene 

set from GSEA analysis, induction of TAp73beta increased the metastatic ability of Hep3B 

cells. 
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6 CONCLUSION AND FUTURE PERSPECTIVES 

The development of HCC occurs as a multistep process with the acquisition of many 

genetic/molecular actors over many years. This complicated multifactorial process is mostly 

diagnosed at later stages and tumor resection ceases to be a solution. Until a few years ago, 

sorafenib was the only systemic proven drug available for patients have unresectable HCC. In 

the lead of clinical studies after sorafenib approval, regorafenib join the game in the second-

line setting. The first- and second-line alternatives were accelerated recently with phase studies 

and these advancements in new drugs shifted the studies to new drug targets with combination 

strategies. However, the challenges with the war against advanced HCC are still present in terms 

of drug resistance, metastasis, and relapse. The recent developments in the field of HCC show 

the importance of emerging roles of new novel targets for molecular therapies.       

In this study, we evaluated the potential of different genes as a therapeutic target, that 

may take a role at different stages of HCC progression. As a study model, different clones of 

Huh7 cells were used that reflect the HCC progression including premalignant, cirrhosis, and 

HCC phenotypes. The bioinformatics analysis in parallel with functional studies that we carried 

out reflected the potentially responsible genes during this transition. 

One of the genes gathered from previous bioinformatics studies was ATAD2. The 

aberrant expression of ATAD2 was previously investigated in HCC by our group and showed 

elevation in HCC progression. The suppression of ATAD2 inhibited HCC progression in some 

of HCC cell lines in vitro and in vivo. While the inhibition of ATAD2 induced apoptosis and 

decreased cell proliferation, some of the cell lines did not respond to ATAD2 depletion in the 

same way. In this study, we confirmed that the expression of ATAD2 elevates in tumors of 

HCC patients compared to normal liver tissues. The heterogeneity in response to ATAD2 

suppression in HCC cell lines in previous studies of our group implied that an increase in 

malignancy may be due to malignant proliferation. To test this, we performed the comparative 

analysis of ATAD2 in parallel to the well-known proliferation marker Ki-67. We realized that 

the correlation between ATAD2 and Ki-67 expression was not only in patient samples but also 

in regenerating liver, which strengthens the evidence towards elevation due to proliferation. 

The depletion of ATAD2 also did not change the proliferation status of tested HCC cell lines 

in regards to positive Ki67 staining. The microarray analysis with different HCC cell lines 

revealed different phenotypes as a result of ATAD2 depletion. Moreover, our drug-based 

studies also showed dissimilar consequences due to drug mode of actions, concentrations, and 
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cell lines. All together, we realized high heterogeneity in the response of HCC cell lines against 

ATAD2 depletion and elevation in normal cell proliferation especially in regenerating liver. 

This heterogeneity suggested considering ATAD2 as a proliferation biomarker rather than a 

therapeutic target. However, the heterogeneity in response to depletion of ATAD2 suggests that 

different mechanisms may be in charge. To understand the underlying mechanisms in cell lines 

under the control of ATAD2 expression, RNAseq and CHIP-seq analysis may be performed to 

understand the regulatory function. Furthermore, aberrant expression in regenerating liver also 

indicates that the expression of ATAD2 changes in a time-dependent manner. Thus, the 

regulation of ATAD2 expression should be considered, and further time course experiments are 

needed in the evaluation of ATAD2. The conditional knock-out system of ATAD2 may also 

contribute to the understanding of the mechanism and investigation of its targets. The functional 

analysis of ATAD2 with cell cycle regulators such as cyclins and their kinases may provide 

new insights in understanding the role of ATAD2 in proliferation. To evaluate its significance 

in cancer, it may be investigated in patient samples by immunostaining in parallel to different 

biomarkers for its prognostic or predictive potential.    

In the scope of finding new novel drug targets in HCC, we investigated the gene sets 

previously collected by microarray analysis. The comparative analysis especially the genes 

increased in the immortal phenotype of the same cell line may give birth to new candidates. To 

narrow the list and increase the significance in the treatment approach, we integrated clinical 

datasets collected from liver patients. In parallel to significance in patient survival and increased 

expression in HCC, we added different filters in terms of the location and function of the 

protein. In our perspective, a protein in the membrane of the cell can be easily targetable 

especially with an antibody-based approach. Furthermore, the expression of the protein in other 

organs especially in essential ones should be low which suppression of the protein should not 

produce lethal side effects. Our literature search also added some clues in terms of the 

functionality of the protein with its novelty. All together, we focused on GPR133/ADGRD1 as 

a candidate drug target. It was a double-edged sword with high novelty that there were only a 

few studies restricted with glioma. In addition, GPCRs were highly popular in approved drug 

targets. However, functional studies were very limited. Our study was the first study that 

brought the GPR133/ADGRD1 and HCC together. At the first stage, we tried to confirm our 

hypothesis in terms of elevated expression in HCC and showed its increased expression in both 

patient samples and HCC cell lines at the transcriptional level. However, at the protein level, 
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we faced obstacles in finding positive controls and functional antibodies previously proved. 

Because of this insufficiency, we focused on the generation of study tools including expression 

vectors for ectopic expression and specific antibodies which recognizes receptor from different 

terminals. At this stage, we generated doxycycline-inducible GPR133 expressing HepG2 cell 

clones and performed some preliminary functional assays. Although, we showed the induction 

of GPR133 receptor protein, could not prove the functionality of the receptor in terms of 

elevated levels of cAMP which is the seconder messenger of the active receptor. Our 

preliminary data may lead to show the impact of GPR133/ADGRD1 in HCC with additional 

experiments. If the obstacles in the determination of basal expression of GPR133 as positive 

control can be overcome, the depletion studies of GPR133 with RNAseq and functional studies 

may shed light on new impacts of GPR133 in HCC. Moreover, in vivo studies with conditional 

expression of functional GPR133 receptor may reveal new aspects in tumorigenesis of HCC.     

The importance of the tumor suppressor gene p53 is widely accepted in cancer. As a 

member of the p53 family, dysregulation of genes by p73 has potential oncogenic relevance in 

cancer progression including HCC. Our findings with p73 are important in terms of defining 

the transcriptional activating role of p73 and its isoforms in HCC. Our studies with HCC cell 

lines revealed the presence of varying N and C terminal p73 isoforms at the transcriptional 

level. Because of its complicated structure, translated proteins were close to each other in amino 

acid sequence. Thus, it is very hard to generate isoform-specific antibodies against these 

isoforms which makes studies tough at the protein level. In our study, we specifically focused 

on the TAp73beta isoform and showed that the TAp73beta isoform arrests the G1/S cell cycle 

in HCC cell lines, and this is performed by regulating the expression of genes that promote cell 

cycle progression. The microarray analysis by ectopic expression of TAp73beta also revealed 

the downstream signaling pathways. To elucidate these pathways in association with 

TAp73beta overexpression may guide further studies in terms of identification of new possible 

drug targets. As a transcriptional regulator, ChIP-sequencing studies may reveal the direct target 

genes regulated in these pathways. Besides, it may be meaningful to study isoforms that differ 

among HCC cells as well as consensus isoforms. From this point of view, isoform-specific 

deletions or over-expression studies will be meaningful in different cell lines. 

In conclusion, here we evaluated and identified new candidate genes which may give 

some insights in terms of potentials in therapeutic targeting of HCC. Although it is obvious that 

no single target can meet all the requirements of therapeutic advancement in HCC treatment, 
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the contribution of these genes may intersect within the multistage progression of HCC. In 

addition to this, the potential of these genes may contribute to approved drugs in combination 

therapies or be considered as biomarkers that discriminate patient prognosis in terms of the 

progression of the disease. 
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8 APPENDIX 

8.1 Appendix Tables 

Appendix Table 1: Full list of related GO terms for Hep3B 

 

ID Description GeneRatioBgRatio pvalue p.adjustqvalue geneID

GO:0051592 response to calcium ion 8/80 148/18670 2E-07 5E-04 0.00044 FOS/THBS1/DUSP1/CAV1/SYT15/FGA/NEDD4/FGG

GO:0010038 response to metal ion 10/80 364/18670 3E-06 0.004 0.00325 FOS/THBS1/DUSP1/CAV1/SYT15/SLC30A1/FGA/ABAT/NEDD4/FGG

GO:0051896 regulation of protein kinase B signaling 8/80 244/18670 1E-05 0.006 0.00494 THBS1/IGFBP5/IAPP/AREG/KLF4/AKR1C2/FGF1/EREG

GO:0051897 positive regulation of protein kinase B signaling 7/80 176/18670 1E-05 0.006 0.00494 THBS1/IGFBP5/IAPP/AREG/AKR1C2/FGF1/EREG

GO:1901654 response to ketone 7/80 193/18670 2E-05 0.007 0.00562 GLB1/FOS/THBS1/DUSP1/CAV1/KLF4/AKR1C2

GO:0043491 protein kinase B signaling 8/80 269/18670 2E-05 0.007 0.00562 THBS1/IGFBP5/IAPP/AREG/KLF4/AKR1C2/FGF1/EREG

GO:0030193 regulation of blood coagulation 5/80 79/18670 2E-05 0.007 0.00562 THBS1/CAV1/FGA/ABAT/FGG

GO:1900046 regulation of hemostasis 5/80 80/18670 2E-05 0.007 0.00562 THBS1/CAV1/FGA/ABAT/FGG

GO:0050818 regulation of coagulation 5/80 84/18670 3E-05 0.008 0.00633 THBS1/CAV1/FGA/ABAT/FGG

GO:0051384 response to glucocorticoid 6/80 146/18670 4E-05 0.008 0.00673 GLB1/FOS/DUSP1/PAPPA/STC1/AREG

GO:0048545 response to steroid hormone 9/80 385/18670 4E-05 0.008 0.00673 GLB1/FOS/THBS1/DUSP1/CAV1/PAPPA/STC1/NEDD4/AREG

GO:0043271 negative regulation of ion transport 6/80 157/18670 6E-05 0.011 0.00876 THBS1/CAV1/SLC30A1/STC1/ABAT/NEDD4

GO:0051591 response to cAMP 5/80 97/18670 6E-05 0.011 0.00876 FOS/IGFBP5/DUSP1/STC1/AREG

GO:0031960 response to corticosteroid 6/80 162/18670 7E-05 0.011 0.00921 GLB1/FOS/DUSP1/PAPPA/STC1/AREG

GO:0030195 negative regulation of blood coagulation 4/80 53/18670 8E-05 0.011 0.00921 THBS1/FGA/ABAT/FGG

GO:0031638 zymogen activation 4/80 53/18670 8E-05 0.011 0.00921 THBS1/ASPH/FGA/FGG

GO:1900047 negative regulation of hemostasis 4/80 54/18670 8E-05 0.011 0.00933 THBS1/FGA/ABAT/FGG

GO:0007596 blood coagulation 8/80 336/18670 1E-04 0.012 0.00955 THBS1/VAV3/CAV1/LMAN1/FGA/ABAT/TFPI2/FGG

GO:0050819 negative regulation of coagulation 4/80 57/18670 0.0001 0.012 0.00955 THBS1/FGA/ABAT/FGG

GO:0007599 hemostasis 8/80 341/18670 0.0001 0.012 0.00955 THBS1/VAV3/CAV1/LMAN1/FGA/ABAT/TFPI2/FGG

GO:0050817 coagulation 8/80 342/18670 0.0001 0.012 0.00955 THBS1/VAV3/CAV1/LMAN1/FGA/ABAT/TFPI2/FGG

GO:1902041 regulation of extrinsic apoptotic signaling pathway via death domain receptors4/80 58/18670 0.0001 0.012 0.00955 THBS1/ATF3/FGA/FGG

GO:1903034 regulation of response to wounding 6/80 179/18670 0.0001 0.012 0.0098 THBS1/CAV1/FGA/ABAT/FGG/KLF4

GO:0015850 organic hydroxy compound transport 7/80 262/18670 0.0001 0.012 0.01024 TMF1/SCP2/CAV1/SYT15/SLC16A1/SLC22A3/ABAT

GO:0034113 heterotypic cell-cell adhesion 4/80 61/18670 0.0001 0.012 0.01024 DSC2/FGA/FGG/KLF4

GO:0031639 plasminogen activation 3/80 25/18670 0.0002 0.014 0.01139 THBS1/FGA/FGG

GO:0072012 glomerulus vasculature development 3/80 25/18670 0.0002 0.014 0.01139 EGR1/HES1/IL6R

GO:0034114 regulation of heterotypic cell-cell adhesion 3/80 26/18670 0.0002 0.015 0.01238 FGA/FGG/KLF4

GO:0061437 renal system vasculature development 3/80 27/18670 0.0002 0.016 0.01296 EGR1/HES1/IL6R

GO:0061440 kidney vasculature development 3/80 27/18670 0.0002 0.016 0.01296 EGR1/HES1/IL6R

GO:0042730 fibrinolysis 3/80 28/18670 0.0002 0.017 0.014 THBS1/FGA/FGG

GO:0046887 positive regulation of hormone secretion 5/80 131/18670 0.0002 0.018 0.01467 TMF1/TM7SF3/FGA/ABAT/FGG

GO:0046683 response to organophosphorus 5/80 134/18670 0.0003 0.019 0.01572 FOS/IGFBP5/DUSP1/STC1/AREG

GO:1903522 regulation of blood circulation 7/80 297/18670 0.0003 0.019 0.01572 CACNA2D3/ASPH/CAV1/DSC2/FGA/STC1/FGG

GO:0061045 negative regulation of wound healing 4/80 76/18670 0.0003 0.021 0.01713 THBS1/FGA/ABAT/FGG

GO:0022407 regulation of cell-cell adhesion 8/80 403/18670 0.0003 0.021 0.01723 HES1/CAV1/FGA/ABAT/SOX2/IL6R/FGG/KLF4

GO:0045907 positive regulation of vasoconstriction 3/80 32/18670 0.0003 0.021 0.01754 CAV1/FGA/FGG

GO:0046879 hormone secretion 7/80 312/18670 0.0004 0.023 0.01894 TMF1/SLC16A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0097191 extrinsic apoptotic signaling pathway 6/80 224/18670 0.0004 0.023 0.01912 THBS1/CAV1/ATF3/FGA/IL6R/FGG

GO:0034109 homotypic cell-cell adhesion 4/80 81/18670 0.0004 0.023 0.01912 DSC2/FGA/ABAT/FGG

GO:0032642 regulation of chemokine production 4/80 82/18670 0.0004 0.024 0.01955 EGR1/CXCL6/IL6R/KLF4

GO:0061041 regulation of wound healing 5/80 148/18670 0.0004 0.024 0.01962 THBS1/CAV1/FGA/ABAT/FGG

GO:0014074 response to purine-containing compound 5/80 149/18670 0.0004 0.024 0.01975 FOS/IGFBP5/DUSP1/STC1/AREG

GO:0009914 hormone transport 7/80 322/18670 0.0005 0.024 0.01975 TMF1/SLC16A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0008625 extrinsic apoptotic signaling pathway via death domain receptors 4/80 86/18670 0.0005 0.026 0.02109 THBS1/ATF3/FGA/FGG

GO:0016485 protein processing 7/80 328/18670 0.0005 0.026 0.02109 THBS1/ASPH/SNX12/ADAMTS3/FGA/CPM/FGG

GO:0050673 epithelial cell proliferation 8/80 434/18670 0.0005 0.026 0.0212 THBS1/HES1/IGFBP5/CAV1/SOX2/AREG/FGF1/EREG

GO:2001236 regulation of extrinsic apoptotic signaling pathway 5/80 155/18670 0.0005 0.026 0.0212 THBS1/CAV1/ATF3/FGA/FGG

GO:0032602 chemokine production 4/80 89/18670 0.0006 0.027 0.02232 EGR1/CXCL6/IL6R/KLF4

GO:1903035 negative regulation of response to wounding 4/80 90/18670 0.0006 0.028 0.02282 THBS1/FGA/ABAT/FGG

GO:0030072 peptide hormone secretion 6/80 250/18670 0.0007 0.032 0.02643 SLC16A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0090277 positive regulation of peptide hormone secretion 4/80 96/18670 0.0008 0.033 0.02676 TM7SF3/FGA/ABAT/FGG

GO:0021983 pituitary gland development 3/80 42/18670 0.0008 0.033 0.02676 HES1/TBX19/SOX2

GO:0022409 positive regulation of cell-cell adhesion 6/80 255/18670 0.0008 0.033 0.02676 HES1/CAV1/FGA/SOX2/IL6R/FGG

GO:0048660 regulation of smooth muscle cell proliferation 5/80 169/18670 0.0008 0.033 0.02676 THBS1/IGFBP5/IL6R/KLF4/EREG

GO:0072124 regulation of glomerular mesangial cell proliferation 2/80 10/18670 0.0008 0.033 0.02676 EGR1/IL6R

GO:0023061 signal release 8/80 462/18670 0.0008 0.033 0.02676 TMF1/SLC16A1/SLC30A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0086004 regulation of cardiac muscle cell contraction 3/80 43/18670 0.0008 0.033 0.02689 CAV1/DSC2/STC1

GO:0048659 smooth muscle cell proliferation 5/80 171/18670 0.0008 0.033 0.02689 THBS1/IGFBP5/IL6R/KLF4/EREG

GO:0090257 regulation of muscle system process 6/80 259/18670 0.0009 0.033 0.027 IGFBP5/CAV1/DSC2/STC1/ABAT/KLF4

GO:0048661 positive regulation of smooth muscle cell proliferation 4/80 101/18670 0.0009 0.034 0.02765 THBS1/IGFBP5/IL6R/EREG

GO:0032570 response to progesterone 3/80 45/18670 0.0009 0.034 0.02765 FOS/THBS1/CAV1

GO:0032102 negative regulation of response to external stimulus 7/80 365/18670 0.001 0.034 0.02765 THBS1/DUSP1/FGA/ABAT/FGG/KLF4/NT5E

GO:0072110 glomerular mesangial cell proliferation 2/80 11/18670 0.001 0.034 0.02765 EGR1/IL6R

GO:0090193 positive regulation of glomerulus development 2/80 11/18670 0.001 0.034 0.02765 EGR1/IL6R

GO:0046883 regulation of hormone secretion 6/80 266/18670 0.001 0.034 0.02765 TMF1/SLC16A1/TM7SF3/FGA/ABAT/FGG

GO:0034766 negative regulation of ion transmembrane transport 4/80 103/18670 0.001 0.034 0.02765 THBS1/CAV1/SLC30A1/NEDD4

GO:0060443 mammary gland morphogenesis 3/80 46/18670 0.001 0.034 0.02765 IGFBP5/CAV1/AREG

GO:0030198 extracellular matrix organization 7/80 368/18670 0.001 0.034 0.02765 THBS1/MATN3/ADAMTS3/FGA/FGG/HAS3/PTX3

GO:1903115 regulation of actin filament-based movement 3/80 47/18670 0.0011 0.035 0.02895 CAV1/DSC2/STC1

GO:0042136 neurotransmitter biosynthetic process 4/80 106/18670 0.0011 0.036 0.02967 CAV1/ABAT/KLF4/PTX3

GO:0090331 negative regulation of platelet aggregation 2/80 12/18670 0.0012 0.037 0.03052 ABAT/FGG

GO:0050678 regulation of epithelial cell proliferation 7/80 378/18670 0.0012 0.037 0.03052 THBS1/HES1/CAV1/SOX2/AREG/FGF1/EREG

GO:2001238 positive regulation of extrinsic apoptotic signaling pathway 3/80 49/18670 0.0012 0.038 0.03092 THBS1/CAV1/ATF3

GO:0006012 galactose metabolic process 2/80 13/18670 0.0014 0.041 0.03366 GLB1/PGM2L1

GO:0014745 negative regulation of muscle adaptation 2/80 13/18670 0.0014 0.041 0.03366 IGFBP5/KLF4

GO:0021984 adenohypophysis development 2/80 13/18670 0.0014 0.041 0.03366 HES1/SOX2

GO:0015872 dopamine transport 3/80 52/18670 0.0014 0.042 0.03487 SYT15/SLC22A3/ABAT

GO:0042035 regulation of cytokine biosynthetic process 4/80 114/18670 0.0015 0.043 0.0349 EGR1/THBS1/KLF4/EREG

GO:0051604 protein maturation 7/80 397/18670 0.0016 0.044 0.03633 THBS1/ASPH/SNX12/ADAMTS3/FGA/CPM/FGG

GO:0090287 regulation of cellular response to growth factor stimulus 6/80 292/18670 0.0016 0.044 0.03633 THBS1/HES1/CAV1/ADAMTS3/NEDD4/FGF1

GO:1901722 regulation of cell proliferation involved in kidney development 2/80 14/18670 0.0016 0.044 0.03633 EGR1/IL6R

GO:1902043 positive regulation of extrinsic apoptotic signaling pathway via death domain receptors2/80 14/18670 0.0016 0.044 0.03633 THBS1/ATF3

GO:0045785 positive regulation of cell adhesion 7/80 403/18670 0.0017 0.047 0.03826 VAV3/HES1/CAV1/FGA/SOX2/IL6R/FGG

GO:0034111 negative regulation of homotypic cell-cell adhesion 2/80 15/18670 0.0018 0.049 0.04034 ABAT/FGG

GO:0090192 regulation of glomerulus development 2/80 15/18670 0.0018 0.049 0.04034 EGR1/IL6R

GO:0042089 cytokine biosynthetic process 4/80 123/18670 0.0019 0.049 0.0406 EGR1/THBS1/KLF4/EREG

GO:0060326 cell chemotaxis 6/80 304/18670 0.0019 0.049 0.0406 THBS1/VAV3/DUSP1/CXCL6/IL6R/FGF1

GO:0019229 regulation of vasoconstriction 3/80 58/18670 0.002 0.049 0.0406 CAV1/FGA/FGG

GO:0042107 cytokine metabolic process 4/80 124/18670 0.002 0.049 0.0406 EGR1/THBS1/KLF4/EREG

GO:0090276 regulation of peptide hormone secretion 5/80 208/18670 0.002 0.049 0.0406 SLC16A1/TM7SF3/FGA/ABAT/FGG

GO:0070527 platelet aggregation 3/80 59/18670 0.0021 0.049 0.0406 FGA/ABAT/FGG

GO:2000351 regulation of endothelial cell apoptotic process 3/80 59/18670 0.0021 0.049 0.0406 THBS1/FGA/FGG

GO:0097529 myeloid leukocyte migration 5/80 210/18670 0.0021 0.049 0.0406 THBS1/VAV3/DUSP1/CXCL6/IL6R

GO:0034116 positive regulation of heterotypic cell-cell adhesion 2/80 16/18670 0.0021 0.049 0.0406 FGA/FGG

GO:0042448 progesterone metabolic process 2/80 16/18670 0.0021 0.049 0.0406 EGR1/AKR1C2

GO:0072109 glomerular mesangium development 2/80 16/18670 0.0021 0.049 0.0406 EGR1/IL6R

GO:0045667 regulation of osteoblast differentiation 4/80 126/18670 0.0021 0.049 0.0406 IGFBP5/CEBPD/IL6R/AREG
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ID Description GeneRatioBgRatio pvalue p.adjustqvalue geneID

GO:0051592 response to calcium ion 8/80 148/18670 2E-07 5E-04 0.00044 FOS/THBS1/DUSP1/CAV1/SYT15/FGA/NEDD4/FGG

GO:0010038 response to metal ion 10/80 364/18670 3E-06 0.004 0.00325 FOS/THBS1/DUSP1/CAV1/SYT15/SLC30A1/FGA/ABAT/NEDD4/FGG

GO:0051896 regulation of protein kinase B signaling 8/80 244/18670 1E-05 0.006 0.00494 THBS1/IGFBP5/IAPP/AREG/KLF4/AKR1C2/FGF1/EREG

GO:0051897 positive regulation of protein kinase B signaling 7/80 176/18670 1E-05 0.006 0.00494 THBS1/IGFBP5/IAPP/AREG/AKR1C2/FGF1/EREG

GO:1901654 response to ketone 7/80 193/18670 2E-05 0.007 0.00562 GLB1/FOS/THBS1/DUSP1/CAV1/KLF4/AKR1C2

GO:0043491 protein kinase B signaling 8/80 269/18670 2E-05 0.007 0.00562 THBS1/IGFBP5/IAPP/AREG/KLF4/AKR1C2/FGF1/EREG

GO:0030193 regulation of blood coagulation 5/80 79/18670 2E-05 0.007 0.00562 THBS1/CAV1/FGA/ABAT/FGG

GO:1900046 regulation of hemostasis 5/80 80/18670 2E-05 0.007 0.00562 THBS1/CAV1/FGA/ABAT/FGG

GO:0050818 regulation of coagulation 5/80 84/18670 3E-05 0.008 0.00633 THBS1/CAV1/FGA/ABAT/FGG

GO:0051384 response to glucocorticoid 6/80 146/18670 4E-05 0.008 0.00673 GLB1/FOS/DUSP1/PAPPA/STC1/AREG

GO:0048545 response to steroid hormone 9/80 385/18670 4E-05 0.008 0.00673 GLB1/FOS/THBS1/DUSP1/CAV1/PAPPA/STC1/NEDD4/AREG

GO:0043271 negative regulation of ion transport 6/80 157/18670 6E-05 0.011 0.00876 THBS1/CAV1/SLC30A1/STC1/ABAT/NEDD4

GO:0051591 response to cAMP 5/80 97/18670 6E-05 0.011 0.00876 FOS/IGFBP5/DUSP1/STC1/AREG

GO:0031960 response to corticosteroid 6/80 162/18670 7E-05 0.011 0.00921 GLB1/FOS/DUSP1/PAPPA/STC1/AREG

GO:0030195 negative regulation of blood coagulation 4/80 53/18670 8E-05 0.011 0.00921 THBS1/FGA/ABAT/FGG

GO:0031638 zymogen activation 4/80 53/18670 8E-05 0.011 0.00921 THBS1/ASPH/FGA/FGG

GO:1900047 negative regulation of hemostasis 4/80 54/18670 8E-05 0.011 0.00933 THBS1/FGA/ABAT/FGG

GO:0007596 blood coagulation 8/80 336/18670 1E-04 0.012 0.00955 THBS1/VAV3/CAV1/LMAN1/FGA/ABAT/TFPI2/FGG

GO:0050819 negative regulation of coagulation 4/80 57/18670 0.0001 0.012 0.00955 THBS1/FGA/ABAT/FGG

GO:0007599 hemostasis 8/80 341/18670 0.0001 0.012 0.00955 THBS1/VAV3/CAV1/LMAN1/FGA/ABAT/TFPI2/FGG

GO:0050817 coagulation 8/80 342/18670 0.0001 0.012 0.00955 THBS1/VAV3/CAV1/LMAN1/FGA/ABAT/TFPI2/FGG

GO:1902041 regulation of extrinsic apoptotic signaling pathway via death domain receptors4/80 58/18670 0.0001 0.012 0.00955 THBS1/ATF3/FGA/FGG

GO:1903034 regulation of response to wounding 6/80 179/18670 0.0001 0.012 0.0098 THBS1/CAV1/FGA/ABAT/FGG/KLF4

GO:0015850 organic hydroxy compound transport 7/80 262/18670 0.0001 0.012 0.01024 TMF1/SCP2/CAV1/SYT15/SLC16A1/SLC22A3/ABAT

GO:0034113 heterotypic cell-cell adhesion 4/80 61/18670 0.0001 0.012 0.01024 DSC2/FGA/FGG/KLF4

GO:0031639 plasminogen activation 3/80 25/18670 0.0002 0.014 0.01139 THBS1/FGA/FGG

GO:0072012 glomerulus vasculature development 3/80 25/18670 0.0002 0.014 0.01139 EGR1/HES1/IL6R

GO:0034114 regulation of heterotypic cell-cell adhesion 3/80 26/18670 0.0002 0.015 0.01238 FGA/FGG/KLF4

GO:0061437 renal system vasculature development 3/80 27/18670 0.0002 0.016 0.01296 EGR1/HES1/IL6R

GO:0061440 kidney vasculature development 3/80 27/18670 0.0002 0.016 0.01296 EGR1/HES1/IL6R

GO:0042730 fibrinolysis 3/80 28/18670 0.0002 0.017 0.014 THBS1/FGA/FGG

GO:0046887 positive regulation of hormone secretion 5/80 131/18670 0.0002 0.018 0.01467 TMF1/TM7SF3/FGA/ABAT/FGG

GO:0046683 response to organophosphorus 5/80 134/18670 0.0003 0.019 0.01572 FOS/IGFBP5/DUSP1/STC1/AREG

GO:1903522 regulation of blood circulation 7/80 297/18670 0.0003 0.019 0.01572 CACNA2D3/ASPH/CAV1/DSC2/FGA/STC1/FGG

GO:0061045 negative regulation of wound healing 4/80 76/18670 0.0003 0.021 0.01713 THBS1/FGA/ABAT/FGG

GO:0022407 regulation of cell-cell adhesion 8/80 403/18670 0.0003 0.021 0.01723 HES1/CAV1/FGA/ABAT/SOX2/IL6R/FGG/KLF4

GO:0045907 positive regulation of vasoconstriction 3/80 32/18670 0.0003 0.021 0.01754 CAV1/FGA/FGG

GO:0046879 hormone secretion 7/80 312/18670 0.0004 0.023 0.01894 TMF1/SLC16A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0097191 extrinsic apoptotic signaling pathway 6/80 224/18670 0.0004 0.023 0.01912 THBS1/CAV1/ATF3/FGA/IL6R/FGG

GO:0034109 homotypic cell-cell adhesion 4/80 81/18670 0.0004 0.023 0.01912 DSC2/FGA/ABAT/FGG

GO:0032642 regulation of chemokine production 4/80 82/18670 0.0004 0.024 0.01955 EGR1/CXCL6/IL6R/KLF4

GO:0061041 regulation of wound healing 5/80 148/18670 0.0004 0.024 0.01962 THBS1/CAV1/FGA/ABAT/FGG

GO:0014074 response to purine-containing compound 5/80 149/18670 0.0004 0.024 0.01975 FOS/IGFBP5/DUSP1/STC1/AREG

GO:0009914 hormone transport 7/80 322/18670 0.0005 0.024 0.01975 TMF1/SLC16A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0008625 extrinsic apoptotic signaling pathway via death domain receptors 4/80 86/18670 0.0005 0.026 0.02109 THBS1/ATF3/FGA/FGG

GO:0016485 protein processing 7/80 328/18670 0.0005 0.026 0.02109 THBS1/ASPH/SNX12/ADAMTS3/FGA/CPM/FGG

GO:0050673 epithelial cell proliferation 8/80 434/18670 0.0005 0.026 0.0212 THBS1/HES1/IGFBP5/CAV1/SOX2/AREG/FGF1/EREG

GO:2001236 regulation of extrinsic apoptotic signaling pathway 5/80 155/18670 0.0005 0.026 0.0212 THBS1/CAV1/ATF3/FGA/FGG

GO:0032602 chemokine production 4/80 89/18670 0.0006 0.027 0.02232 EGR1/CXCL6/IL6R/KLF4

GO:1903035 negative regulation of response to wounding 4/80 90/18670 0.0006 0.028 0.02282 THBS1/FGA/ABAT/FGG

GO:0030072 peptide hormone secretion 6/80 250/18670 0.0007 0.032 0.02643 SLC16A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0090277 positive regulation of peptide hormone secretion 4/80 96/18670 0.0008 0.033 0.02676 TM7SF3/FGA/ABAT/FGG

GO:0021983 pituitary gland development 3/80 42/18670 0.0008 0.033 0.02676 HES1/TBX19/SOX2

GO:0022409 positive regulation of cell-cell adhesion 6/80 255/18670 0.0008 0.033 0.02676 HES1/CAV1/FGA/SOX2/IL6R/FGG

GO:0048660 regulation of smooth muscle cell proliferation 5/80 169/18670 0.0008 0.033 0.02676 THBS1/IGFBP5/IL6R/KLF4/EREG

GO:0072124 regulation of glomerular mesangial cell proliferation 2/80 10/18670 0.0008 0.033 0.02676 EGR1/IL6R

GO:0023061 signal release 8/80 462/18670 0.0008 0.033 0.02676 TMF1/SLC16A1/SLC30A1/TM7SF3/MYO5A/FGA/ABAT/FGG

GO:0086004 regulation of cardiac muscle cell contraction 3/80 43/18670 0.0008 0.033 0.02689 CAV1/DSC2/STC1

GO:0048659 smooth muscle cell proliferation 5/80 171/18670 0.0008 0.033 0.02689 THBS1/IGFBP5/IL6R/KLF4/EREG

GO:0090257 regulation of muscle system process 6/80 259/18670 0.0009 0.033 0.027 IGFBP5/CAV1/DSC2/STC1/ABAT/KLF4

GO:0048661 positive regulation of smooth muscle cell proliferation 4/80 101/18670 0.0009 0.034 0.02765 THBS1/IGFBP5/IL6R/EREG

GO:0032570 response to progesterone 3/80 45/18670 0.0009 0.034 0.02765 FOS/THBS1/CAV1

GO:0032102 negative regulation of response to external stimulus 7/80 365/18670 0.001 0.034 0.02765 THBS1/DUSP1/FGA/ABAT/FGG/KLF4/NT5E

GO:0072110 glomerular mesangial cell proliferation 2/80 11/18670 0.001 0.034 0.02765 EGR1/IL6R

GO:0090193 positive regulation of glomerulus development 2/80 11/18670 0.001 0.034 0.02765 EGR1/IL6R

GO:0046883 regulation of hormone secretion 6/80 266/18670 0.001 0.034 0.02765 TMF1/SLC16A1/TM7SF3/FGA/ABAT/FGG

GO:0034766 negative regulation of ion transmembrane transport 4/80 103/18670 0.001 0.034 0.02765 THBS1/CAV1/SLC30A1/NEDD4

GO:0060443 mammary gland morphogenesis 3/80 46/18670 0.001 0.034 0.02765 IGFBP5/CAV1/AREG

GO:0030198 extracellular matrix organization 7/80 368/18670 0.001 0.034 0.02765 THBS1/MATN3/ADAMTS3/FGA/FGG/HAS3/PTX3

GO:1903115 regulation of actin filament-based movement 3/80 47/18670 0.0011 0.035 0.02895 CAV1/DSC2/STC1

GO:0042136 neurotransmitter biosynthetic process 4/80 106/18670 0.0011 0.036 0.02967 CAV1/ABAT/KLF4/PTX3

GO:0090331 negative regulation of platelet aggregation 2/80 12/18670 0.0012 0.037 0.03052 ABAT/FGG

GO:0050678 regulation of epithelial cell proliferation 7/80 378/18670 0.0012 0.037 0.03052 THBS1/HES1/CAV1/SOX2/AREG/FGF1/EREG

GO:2001238 positive regulation of extrinsic apoptotic signaling pathway 3/80 49/18670 0.0012 0.038 0.03092 THBS1/CAV1/ATF3

GO:0006012 galactose metabolic process 2/80 13/18670 0.0014 0.041 0.03366 GLB1/PGM2L1

GO:0014745 negative regulation of muscle adaptation 2/80 13/18670 0.0014 0.041 0.03366 IGFBP5/KLF4

GO:0021984 adenohypophysis development 2/80 13/18670 0.0014 0.041 0.03366 HES1/SOX2

GO:0015872 dopamine transport 3/80 52/18670 0.0014 0.042 0.03487 SYT15/SLC22A3/ABAT

GO:0042035 regulation of cytokine biosynthetic process 4/80 114/18670 0.0015 0.043 0.0349 EGR1/THBS1/KLF4/EREG

GO:0051604 protein maturation 7/80 397/18670 0.0016 0.044 0.03633 THBS1/ASPH/SNX12/ADAMTS3/FGA/CPM/FGG

GO:0090287 regulation of cellular response to growth factor stimulus 6/80 292/18670 0.0016 0.044 0.03633 THBS1/HES1/CAV1/ADAMTS3/NEDD4/FGF1

GO:1901722 regulation of cell proliferation involved in kidney development 2/80 14/18670 0.0016 0.044 0.03633 EGR1/IL6R

GO:1902043 positive regulation of extrinsic apoptotic signaling pathway via death domain receptors2/80 14/18670 0.0016 0.044 0.03633 THBS1/ATF3

GO:0045785 positive regulation of cell adhesion 7/80 403/18670 0.0017 0.047 0.03826 VAV3/HES1/CAV1/FGA/SOX2/IL6R/FGG

GO:0034111 negative regulation of homotypic cell-cell adhesion 2/80 15/18670 0.0018 0.049 0.04034 ABAT/FGG

GO:0090192 regulation of glomerulus development 2/80 15/18670 0.0018 0.049 0.04034 EGR1/IL6R

GO:0042089 cytokine biosynthetic process 4/80 123/18670 0.0019 0.049 0.0406 EGR1/THBS1/KLF4/EREG

GO:0060326 cell chemotaxis 6/80 304/18670 0.0019 0.049 0.0406 THBS1/VAV3/DUSP1/CXCL6/IL6R/FGF1

GO:0019229 regulation of vasoconstriction 3/80 58/18670 0.002 0.049 0.0406 CAV1/FGA/FGG

GO:0042107 cytokine metabolic process 4/80 124/18670 0.002 0.049 0.0406 EGR1/THBS1/KLF4/EREG

GO:0090276 regulation of peptide hormone secretion 5/80 208/18670 0.002 0.049 0.0406 SLC16A1/TM7SF3/FGA/ABAT/FGG

GO:0070527 platelet aggregation 3/80 59/18670 0.0021 0.049 0.0406 FGA/ABAT/FGG

GO:2000351 regulation of endothelial cell apoptotic process 3/80 59/18670 0.0021 0.049 0.0406 THBS1/FGA/FGG

GO:0097529 myeloid leukocyte migration 5/80 210/18670 0.0021 0.049 0.0406 THBS1/VAV3/DUSP1/CXCL6/IL6R

GO:0034116 positive regulation of heterotypic cell-cell adhesion 2/80 16/18670 0.0021 0.049 0.0406 FGA/FGG

GO:0042448 progesterone metabolic process 2/80 16/18670 0.0021 0.049 0.0406 EGR1/AKR1C2

GO:0072109 glomerular mesangium development 2/80 16/18670 0.0021 0.049 0.0406 EGR1/IL6R

GO:0045667 regulation of osteoblast differentiation 4/80 126/18670 0.0021 0.049 0.0406 IGFBP5/CEBPD/IL6R/AREG
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Appendix Table 2: Fırst 200 genes upregulated in immortal phenotype ordered according to 

the geometric mean of intensities (GMI) 

 

ProbeSet Symbol GMI in IMMORTAL GMI in PRESENESCENT Fold-change (IMM/PS) Parametric p-value FDR

204987_at ITIH2 5038.9 2491.64 2.02 0.0054188 0.0434

208693_s_at GARS 2702.37 1347.97 2 0.0000814 0.00245

205047_s_at ASNS 2633.39 752.82 3.5 0.0000077 0.00053

220892_s_at PSAT1 2453.47 892.91 2.75 0.0000321 0.00133

205040_at ORM1 1901.67 781.39 2.43 0.0000799 0.00242

205719_s_at PAH 1799.32 880.22 2.04 < 1e-07 < 1e-07

200692_s_at HSPA9 1519.37 678.93 2.24 0.0000196 0.000965

223579_s_at APOB 1397.03 288.7 4.84 0.000253 0.00527

225285_at BCAT1 1317.57 454.19 2.9 0.0031533 0.03

212160_at XPOT 1200.72 604.94 1.98 0.0001692 0.00403

201014_s_at PAICS 1186.48 607.87 1.95 0.0000307 0.0013

200946_x_at GLUD1 1150.71 490.02 2.35 0.0000004 0.000079

208815_x_at HSPA4 1138.41 572.66 1.99 0.000002 0.000224

212048_s_at YARS 1121.14 554.51 2.02 0.0000194 0.000961

1554375_a_at NR1H4 1012.8 458.54 2.21 < 1e-07 < 1e-07

204602_at DKK1 993.86 476.3 2.09 0.0099938 0.0655

233878_s_at XRN2 906 441.62 2.05 0.0009256 0.0129

218782_s_at ATAD2 872.91 382.61 2.28 0.0000002 0.000048

204551_s_at AHSG 869.25 348.85 2.49 0.0113836 0.0709

200755_s_at CALU 865.65 428.72 2.02 0.0000003 6.38E-05

211955_at IPO5 852.23 429.1 1.99 0.0000071 0.000505

202887_s_at DDIT4 806.14 223.36 3.61 0.000082 0.00246

225424_at GPAM 761.89 360.24 2.11 0.0000035 0.000323

210529_s_at TCAF1 741.39 316.53 2.34 0.0188427 0.1

202847_at PCK2 714.08 348.78 2.05 0.0031296 0.0298

212698_s_at SEPT10 705.23 332.52 2.12 0.0000007 0.000117

204143_s_at ENOSF1 692.93 292.94 2.37 0.0000002 0.000048

215794_x_at GLUD2 631.36 238.22 2.65 < 1e-07 < 1e-07

201139_s_at SSB 596.1 269.35 2.21 0.0002485 0.0052

201833_at HDAC2 589.79 301.42 1.96 0.0103662 0.067

222559_s_at RPRD1A 574.53 288.34 1.99 0.0000128 0.000741

203358_s_at EZH2 565.05 224.97 2.51 0.0000003 6.38E-05

216320_x_at MST1 560.77 267.36 2.1 0.0000407 0.00154

213380_x_at MST1P9 555.21 211.76 2.62 0.000001 0.000144

205105_at MAN2A1 554.7 273.7 2.03 0.000047 0.0017

203706_s_at FZD7 547.83 273.32 2 0.0000761 0.00234

212295_s_at SLC7A1 542.25 263.48 2.06 0.0001609 0.00389

210139_s_at PMP22 542.05 191.4 2.83 < 1e-07 < 1e-07

201195_s_at SLC7A5 520.65 155.15 3.36 0.0000032 0.000306

202174_s_at PCM1 519.99 250 2.08 0.0003892 0.00702

204033_at TRIP13 518.27 244.37 2.12 0.0000005 9.27E-05

222427_s_at LARS 516.62 184.01 2.81 < 1e-07 < 1e-07

201635_s_at FXR1 516.48 240.43 2.15 0.0037798 0.0339

209990_s_at GABBR2 515.87 112.54 4.58 0.0003832 0.00693

1555788_a_at TRIB3 513.23 182.41 2.81 0.0014447 0.0175

210049_at SERPINC1 512.34 184.1 2.78 0.000004 0.000352

227059_at GPC6 507.24 259.99 1.95 0.0042885 0.0371

201617_x_at CALD1 501.84 194.94 2.57 0.0004456 0.0077

236140_at GCLM 496.96 206.35 2.41 0.0001804 0.00418

210587_at INHBE 462.44 98.76 4.68 0.0000017 0.000201

220651_s_at MCM10 461.42 211.94 2.18 0.0000002 0.000048

227752_at SPTLC3 457.2 217.45 2.1 0.0000015 0.000186

211450_s_at MSH6 443.83 209.95 2.11 0.0063894 0.0484

215177_s_at ITGA6 437.74 149.05 2.94 0.0000466 0.00169

203095_at MTIF2 430.56 218.5 1.97 0.0000014 0.000179

214323_s_at UPF3A 422.4 192.31 2.2 0.0001462 0.00364

48808_at DHFR 417.54 201.32 2.07 0.0000142 0.000794

205672_at XPA 414.49 179.87 2.3 0.000028 0.00123

226438_at SNTB1 413.12 207.29 1.99 0.0000002 0.000048

202447_at DECR1 403.98 159.28 2.54 < 1e-07 < 1e-07

203196_at ABCC4 402.96 170.05 2.37 < 1e-07 < 1e-07

221781_s_at DNAJC10 399.71 200.27 2 0.000522 0.00863

217127_at CTH 399.29 122.51 3.26 0.0000228 0.00106

203344_s_at RBBP8 399.09 192.41 2.07 0.0000016 0.000193

202444_s_at ERLIN1 392.86 194.17 2.02 0.0147724 0.0848

242093_at SYTL5 391.52 199.81 1.96 0.0000162 0.000857

204162_at NDC80 384.01 177.48 2.16 0.0001189 0.00317

218663_at NCAPG 379.9 176.98 2.15 0.000118 0.00315

214701_s_at FN1 379.24 88.92 4.26 0.000092 0.00266

212454_x_at HNRPDL 375.61 132.74 2.83 0.0000609 0.00203

201711_x_at RANBP2 373.03 186.63 2 0.0116407 0.0721

233827_s_at SUPT16H 372.3 140.32 2.65 0.0100364 0.0656

208931_s_at ILF3 369.84 182.66 2.02 0.0000478 0.00172

200665_s_at SPARC 368.47 153.43 2.4 0.0000003 6.38E-05

227759_at PCSK9 365.93 173.7 2.11 0.0000335 0.00137

205774_at F12 364.48 163.92 2.22 0.0104269 0.0673

205822_s_at HMGCS1 362.2 171.86 2.11 0.0402048 0.165

201450_s_at TIA1 358.76 170.33 2.11 0.0001698 0.00404

212093_s_at MTUS1 355.34 145.96 2.43 0.0000722 0.00226

226329_s_at MITD1 355.24 137.76 2.58 0.0000002 0.000048

216733_s_at GATM 354.34 112.29 3.16 0.0000006 0.000106

222846_at RAB8B 350.78 164.33 2.13 0.0020048 0.022

1554878_a_at ABCD3 348.98 125.12 2.79 0.0000002 0.000048

212008_at UBXN4 347.19 172.49 2.01 0.0016142 0.0189

204646_at DPYD 345.55 143.02 2.42 0.0000054 0.000425

202976_s_at RHOBTB3 344.67 132.56 2.6 0.000096 0.00273

238021_s_at CRNDE 339.47 121.9 2.78 0.0001098 0.003

225855_at EPB41L5 338.88 104.9 3.23 0.0000002 0.000048

222728_s_at TAF1D 336.6 161.74 2.08 0.0001631 0.00393

200841_s_at EPRS 336.14 147.31 2.28 0.0047664 0.0398

230029_x_at UBR3 326.66 165.78 1.97 0.000089 0.0026

209421_at MSH2 319.84 160.32 2 0.0000012 0.000162

203438_at STC2 318.45 138 2.31 0.0007654 0.0112

222122_s_at THOC2 312.79 156.82 1.99 0.0028728 0.0281

201911_s_at FARP1 311.42 145.5 2.14 0.0028355 0.0279

209937_at TM4SF4 309.64 115.99 2.67 0.003809 0.0341

213092_x_at DNAJC9 309.06 158.12 1.95 0.0000015 0.000186

225610_at UHRF2 304.55 154.85 1.97 0.0028412 0.0279

222754_at TRNT1 302.75 147.82 2.05 0.0000021 0.000232



132 
 

 

1569106_s_at SETD5 299.85 87.61 3.42 0.0000018 0.000209

221760_at MAN1A1 299.43 62.15 4.82 0.0022816 0.024

241682_at KLHL23 297.78 107.27 2.78 0.0011991 0.0154

225107_at HNRNPA2B1 289.55 146 1.98 0.0000047 0.000389

219525_at SLC47A1 289.26 93.27 3.1 0.0000062 0.000466

212406_s_at PCMTD2 288.23 136.11 2.12 0.0000076 0.000527

217678_at SLC7A11 286.03 92.01 3.11 0.0000784 0.00239

201559_s_at CLIC4 285.16 136.49 2.09 0.0033681 0.0314

212690_at DDHD2 284.78 139.5 2.04 0.0000509 0.00179

227198_at AFF3 282.96 114.61 2.47 0.0003219 0.00617

203492_x_at CEP57 282.6 141.46 2 0.0000021 0.000232

215037_s_at BCL2L1 281.76 140.34 2.01 0.0258752 0.124

212298_at NRP1 281.45 139.39 2.02 0.0103235 0.0668

212514_x_at DDX3X 281.35 144.45 1.95 0.0058079 0.0455

209337_at PSIP1 280.58 142.05 1.98 0.0000797 0.00242

221039_s_at ASAP1 280.18 132.06 2.12 0.0000184 0.00093

1558093_s_at MATR3 280.01 115.83 2.42 0.0017643 0.0201

230078_at RAPGEF6 280 128.11 2.19 0.0000006 0.000106

1555434_a_at SLC39A14 277.71 111.85 2.48 0.0052301 0.0424

218842_at RPAP3 276.27 133.95 2.06 0.0023488 0.0245

218645_at ZNF277 272.91 133.69 2.04 0.0000012 0.000162

228329_at DAB1 268.95 133.91 2.01 0.0009071 0.0127

203428_s_at ASF1A 266.6 131.44 2.03 0.0011254 0.0147

218781_at SMC6 265.39 126.29 2.1 0.0000001 3.05E-05

204993_at GNAZ 265.11 71.7 3.7 < 1e-07 3.05E-05

200935_at CALR 262.08 113.06 2.32 0.0064498 0.0487

205227_at IL1RAP 252.5 127.81 1.98 0.0005092 0.00848

222848_at CENPK 252.44 90.7 2.78 0.0000036 0.000327

204128_s_at RFC3 252.24 109.03 2.31 < 1e-07 < 1e-07

229905_at RAP1GDS1 246.61 118.96 2.07 0.0023173 0.0243

219972_s_at PCNX4 246.18 94.18 2.61 0.0001154 0.00311

218397_at FANCL 245.83 96.41 2.55 0.0000321 0.00133

225144_at BMPR2 245.72 125.29 1.96 0.0006339 0.00987

209209_s_at FERMT2 244.95 122.74 2 0.0000186 0.000936

202627_s_at SERPINE1 242.43 117.2 2.07 0.0004297 0.00752

202906_s_at NBN 242.04 81.04 2.99 < 1e-07 < 1e-07

242517_at KISS1R 241 114.51 2.1 0.0000152 0.000821

213346_at TEX30 240.8 121.14 1.99 0.0000002 0.000048

203712_at PUM3 240 114.92 2.09 0.0000001 3.05E-05

213677_s_at PMS1 239.54 106.38 2.25 0.0000088 0.000574

229061_s_at SLC25A13 230.15 107.87 2.13 0.0110079 0.0694

207098_s_at MFN1 230.08 108.78 2.12 0.000211 0.00468

226881_at GRPEL2 229.69 89.87 2.56 0.0000016 0.000193

206535_at SLC2A2 228.77 72.42 3.16 0.0009753 0.0133

203584_at EMC2 227.59 94.56 2.41 0.0000024 0.000254

212233_at MAP1B 225.9 68.2 3.31 0.00001 0.000624

214499_s_at BCLAF1 225.58 112.56 2 0.0228767 0.114

228841_at LYRM7 224.77 112.01 2.01 0.000036 0.00142

209310_s_at CASP4 224.63 111.89 2.01 0.0000014 0.000179

237215_s_at TFRC 223.52 61.78 3.62 0.0107584 0.0685

225396_at RBBP4 221.53 95.38 2.32 0.0000003 6.38E-05

1559954_s_at DDX42 220.88 94.55 2.34 0.0045788 0.0388

206204_at GRB14 219.09 112.25 1.95 0.0017835 0.0203

209654_at ICE1 217.63 108.65 2 0.0000008 0.000126

209055_s_at CDC5L 217.59 103.11 2.11 0.0001254 0.00328

205394_at CHEK1 217.46 99.25 2.19 0.0000064 0.000475

212785_s_at LARP7 216.11 107.66 2.01 0.0000002 0.000048

1558214_s_at CTNNA1 214.99 68.8 3.13 0.0054116 0.0434

205112_at PLCE1 213.17 98.03 2.17 0.0010411 0.0139

210892_s_at GTF2I 210.35 88.99 2.36 0.0099802 0.0654

213374_x_at HIBCH 206.13 75.82 2.72 0.0000307 0.0013

218013_x_at DCTN4 204.93 97.44 2.1 0.0000036 0.000327

232267_at ADGRD1 202.37 64.19 3.15 0.0000002 0.000048

227105_at CSPP1 201.8 100.57 2.01 0.0012469 0.0158

203049_s_at TTC37 201.59 91.34 2.21 0.0003839 0.00694

201624_at DARS 200.5 102.24 1.96 0.000334 0.00631

224589_at XIST 199.36 78.36 2.54 0.0004412 0.00766

211563_s_at URI1 197.93 66.81 2.96 0.0000053 0.000422

219306_at KIF15 197.77 95.97 2.06 0.0000682 0.00218

214934_at ATP9B 197.07 96.67 2.04 0.0005883 0.00939

234915_s_at DENR 196.96 96.6 2.04 0.0041713 0.0364

207819_s_at ABCB4 196.48 83.64 2.35 0.0000017 0.000201

216205_s_at MFN2 194.65 74.67 2.61 0.0048747 0.0404

225782_at MSRB3 193.43 72.19 2.68 0.0002102 0.00467

218893_at ISOC2 191.62 96.22 1.99 0.0002986 0.00585

202717_s_at CDC16 191.07 90.52 2.11 0.0028471 0.0279

219558_at ATP13A3 189.47 76.82 2.47 0.003045 0.0293

233924_s_at EXOC6 189.38 91.05 2.08 0.000012 0.000706

214336_s_at COPA 186.99 84.19 2.22 0.0242838 0.119

212179_at SFRS18 186.86 89.12 2.1 0.0000027 0.000273

1555564_a_at CFI 185.54 89.36 2.08 0.0000002 0.000048

205042_at GNE 183.79 91.76 2 0.0000425 0.00158

203310_at STXBP3 181.92 89.68 2.03 0.0004754 0.00808

225633_at DPY19L3 181.52 86.65 2.09 0.0000777 0.00237

212512_s_at CARM1 180.38 80.77 2.23 0.0021978 0.0234

212142_at MCM4 179.03 83.78 2.14 0.0022067 0.0235

203355_s_at PSD3 178.48 59.31 3.01 0.000045 0.00165

229229_at AGXT2 178.33 48.99 3.64 0.000001 0.000144

209822_s_at VLDLR 178.23 53.54 3.33 0.0004035 0.00721

1554433_a_at ZNF146 177.67 79.81 2.23 0.0000994 0.0028

226654_at MUC12 176.77 64.16 2.76 0.0000026 0.000268

213022_s_at UTRN 176.46 83.87 2.1 0.0002355 0.00501

211300_s_at TP53 176.14 84.8 2.08 0.0110369 0.0695

219270_at CHAC1 174.83 85.35 2.05 0.0123273 0.075

34031_i_at KRIT1 173.54 85.52 2.03 0.0101924 0.0663

202422_s_at ACSL4 172.84 84.97 2.03 0.0097745 0.0645

234660_s_at DIS3 169.85 81.9 2.07 0.000007 0.000502

223805_at OSBPL6 169.47 58.58 2.89 0.0000008 0.000126

212579_at SMCHD1 169.29 86.6 1.95 0.0001012 0.00284

221989_at RPL10 168.65 83.15 2.03 0.0001456 0.00362
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Appendix Table 3 Statistical analyses of differential expression of two GPR133 isoforms in 

different cancers 

  

 

 

 

 

 

 

 

 

 

 

Cancer type ADGRD1 isoform Normal Median (IQR) Tumor Median (IQR) Mean Rank(N-T) p  value

LICH isoform_uc001uit 62.2 (78) 16.04 (119.2) 253.16-205.32 *0.009

isoform_uc010tbm 0.0 (36) 0.0 (30.2) 208.45-211.34 0.86

BLCA isoform_uc001uit 412.0 (1806.9) 2.1 (12.4) 395.3-205.5 *0.00000000002463

isoform_uc010tbm 8.4 (40.5) 0.0 (3.2) 272.0-211.3 *0.01

BRCA isoform_uc001uit 247.4 (369.9) 10.1 (32.7) 1048.9-557.3 *4.1323E-46

isoform_uc010tbm 0.0 (0.0) 0.0 (6.5) 515.9-611.9 *0.001

PRAD isoform_uc001uit 151.8 (494.2) 38.4 (81.9) 376.87-264.34 *0.000001

isoform_uc010tbm 0.0 (19.8) 0.0 (7.2) 317.33-270.57 *0.014

STAD isoform_uc001uit 168.8 (523.1) 33.1 (145.1) 329.17-216.76 *0.00000088324

isoform_uc010tbm 0.0 (11.7) 14.4 (63.9) 158.4-231.16 *0.000837

LUAD isoform_uc001uit 1246.1 (517.3) 166.5 (369.9) 509.00-262.12 *2.4464E-27

isoform_uc010tbm 109.5 (79.3) 70.1 (179.8) 329.67-282.67 *0.039

LUSC isoform_uc001uit 1388.9 (740.8) 16.4 (42.7) 526.84-251.02 *4.9694E-32

isoform_uc010tbm 172.8 (120.3) 6.0 (24.3) 503.34-253.41 *1.9991E-28

COAD isoform_uc001uit 100.4 (137.5) 5.4 (22.5) 276.0-147.31 *2.0159E-16

isoform_uc010tbm 0.0 (10.0) 0.0 (19.3) 139.33-166.98 0.053

ESCA isoform_uc001uit 715.9 (1209.6) 8.9 (40.6) 181.09-93.03 *0.0000004676

isoform_uc010tbm 235.5 (683.0) 0 (18.4) 148.36-94.99 *0.000431

M:Median, IQR: Interquartile Range, Mean-Rank: Normal vs Tumor, *p≤0.05

isoform_uc001uit             Isoform 1 

isoform_uc010tbm           Isoform 2    Alternative form with additional Exon at N term position 3rd
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