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 Abstrakt 

 

Tato disertační práce se zabývá složitou rolí signální dráhy Hedgehog (HH) v melanomu 

s cílem napomoci pochopení její úlohy v melanomagenezi a jejího potenciálu jako 

terapeutického cíle. HH je klíčovým systémem buněčné komunikace, který reguluje různé 

vývojové procesy a homeostázu tkání. Odchylky v této dráze mohou vést k vývoji různých 

onemocnění, včetně rakovin, jako je melanom, což je agresivní a smrtelná forma kožního 

karcinomu, která je známá i tím, že obsahuje subpopulaci buněk známou jako rakovinné 

kmenové buňky (CSCs). Dle dostupných dat o CSCs se předpokládá, že významně podporují 

iniciaci, progresi a odolnost nádoru vůči terapii. V této práci se zaměřujeme na roli CSCs v 

progresi nádoru a na to, jak HH přispívá k udržení fenotypu kmenových buněk. Budou 

diskutovány současné analytické a terapeutické strategie zaměřené na CSCs a HH. Naše zjištění 

naznačují, že zaměření se na CSCs a HH signální dráhu může přinést naději pro vývoj účinných 

terapií pro léčbu melanomu. 

Cílem práce bylo poskytnout nové poznatky o HH a jejích interakcích uvnitř buňky. 

Podařilo se nám identifikovat zcela nový transkripční cíl této dráhy – transkripční faktor Slug. 

Protein Slug je zapojen do vývoje neurální lišty a napomáhá udržování kmenového fenotypu 

rakovinných buněk. Zjistili jsme, jeho vnitrobuněčná koncentrace klesá při inhibici 

efektorových proteinů HH – transkripčních faktorů GLI – pomocí GANT61. Následně 

ukazujeme, že prvky signální dráhy HH jsou přítomny ve více než 50 liniích nádorových buněk. 

Dále jsme ověřili platnost takzvaného “reostatového modelu” efektu MITF 

transkripčního faktoru na rakovinný fenotyp. V minulosti bylo dokumentováno, že vysoká 

koncentrace MITF se projevuje zrychlenou diferenciací a nízkou invazivitou. Naopak nízké 

hladiny MITF jsou provázeny pomalejší diferenciací, rychlým růstem a vysokou invazivitou. 

Naše data však tomuto protiřečí, protože jsme zjistili opačné efekty snížení hladiny MITF. Také 

bylo ukázáno, že MITF přímo ovlivňuje podjednotku ligázového komplexu SCF E3 – FBXO32 

a v souhře s dalšími chromatin remodelujícím komplexem hraje významnou roli v epigenetické 

regulaci ubikvitinace v melanomech. 

 

Klíčová slova: Hedgehog signální dráha, Slug, CSC, marker 

  



 

 

Abstract 

 

This dissertation delves into the intricate role of the Hedgehog signaling pathway (HH) 

in melanoma, aiming to provide a comprehensive understanding of its involvement in 

melanomagenesis and its potential as a therapeutic target. Hedgehog signaling pathway is a 

crucial cellular communication system that regulates various developmental processes and 

tissue homeostasis. Aberrations in this pathway can lead to the development of various diseases, 

including cancers such as melanoma. This form of skin cancer is known to be aggressive and 

often deadly. It is also denoted by the presence a subpopulation of cells known as cancer stem 

cells (CSCs) within formed neoplasm. According to available data on CSCs, they are assumed 

to be crucial for tumor initiation, progression, and its resistance to therapy. In this work, we 

focus on the role of CSCs in tumor progression and how HH contributes to maintaining the 

stem cell phenotype. Current analytical and therapeutic strategies targeting CSCs and HH will 

be discussed. Our findings suggest that targeting CSCs and the Hedgehog pathway may hold 

promise for the development of effective therapies for melanoma. 

We aim to provide novel insights to HH signaling pathway and its interactions within 

the cell. We have succeeded to identify a brand-new transcriptional target of this pathway – 

Slug transcription factor. Slug protein involved in development of the neural crest and 

maintenance of the CSC phenotype. We found out that its cellular levels decrease upon the 

inhibition of HH effector proteins – the GLI transcription factors – by GANT61. Furthermore, 

we demonstrate that elements of the HH signaling pathway are present in more than 50 cancer 

cell lines. 

We also revisited the so-called “rheostat model” on Microphthalmia-associated 

transcription factor (MITF) influence on cancerous phenotype on cell lines with inducibly 

regulated MITF levels. In the past, it was documented that high-MITF levels are manifested by 

high differentiation rate and low invasiveness and the low-MITF level is associated with low 

differentiation and proliferation rates combined with high invasiveness. Our data disprove of 

this postulate as we report a contradictory effect of MITF decrease. Lastly, it was shown, that 

MITF directly targets a SCF E3 ligase complex subunit - FBXO32 and in concert with 

chromatin-remodeling complex plays a significant role in regulation of ubiquitination in 

melanoma cells on epigenetic level. 

 

Key words: Hedgehog signaling pathway, Slug, CSC, marker
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I INTRODUCTION 

CSCs are a small subpopulation of cells within a tumor with the ability to self-renew 

and differentiate into various cell types found in the tumor (Clarke et al. 2006). They are thought 

to be responsible for initiating and driving tumor growth, metastasis, and resistance to 

conventional cancer treatments. CSCs are also characterized by their capacity to regenerate the 

tumor and are believed to lay foundation to their ability to act as a driving force of the 

progressive cancerous phenotype. (Wicha 2006). 

Stem cells, in general, are defined as undifferentiated cells that are capable of 

proliferation and self-renewal. They also have the capacity to generate more than one type of 

cell within the body (Chagastelles and Nardi, 2011). Healthy stem cells are often found in a 

dormant state, resting inactive. As such, they are less susceptible to mutations and cellular 

damage, differentiating them from CSCs (Sottocornola and Lo Celso, 2012). 

One of the characteristics that distinguishes CSCs from other cells is expression of a 

specific subset of markers on their surface. These markers are now pivotal in oncology research 

because they assist in the identification and isolation of CSCs. Commonly acknowledged CSC 

markers include CD44, CD133, and ALDH1, among others, and the rate of their expression 

fluctuates depending on the type of cancer (Walcher et al., 2020). Detection of these markers 

involves techniques such as flow cytometry, immunohistochemistry, and quantitative real-time 

PCR. Understanding the regulation of these markers is essential as it offers insights into the 

maintenance and survival of CSCs. The regulatory mechanisms involve intricate networks of 

genetic and epigenetic modifications, signaling pathways, and interactions with the tumor 

microenvironment. Targeting the regulation of these markers can provide therapeutic avenues 

to potentially eradicate CSCs, thereby improving cancer treatment outcomes (Walcher et al., 

2020). 

There is still an ongoing discussion regarding the validity of the CSC model. Some 

researchers question whether CSCs are truly a distinct subpopulation or a mere result of the 

tumor's microenvironment (Monroe et al., 2011). Opposed to the CSC model is the stochastic 

model (Metz et al., 1995). In this context, "stochastic" means random or probabilistic. This 

model accounts for the inherent randomness in biological processes (Wang et al, 2014). Tumor 

growth is a complex process influenced by numerous factors including cell proliferation, death 

rates, nutrient supply, and interactions with the immune system and stochastic model of its 

development is based around the theory, that any cell within a tumor has the potential to gain 

capacities to contribute to tumor growth and progression, depending on random genetic 
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mutations and environmental interactions. These are gained through at least one, but rather 

multiple DNA-altering events. These events and subsequent incorporation of the result into the 

genome, a mutation, might happen in any cell in the body, creating cancer stemness (Wang et 

al, 2014). This allows for any cancer to gain the ability of self-renewal and subsequently 

differentiate into multiple, heterogenous lineages co-existing within the tumor (Kreso and 

Dick., 2014). 

 

A REGULATION OF EXPRESSION OF CSC MARKERS 

1 Cancer Stem Cells 

Cancer stem cells were identified for the first time by John Dick in the late 1990s. 

During his experiment, Dick reported observation of cells that were the foundation of three 

types of leukemia. He isolated leukemia cells that expressed CD34 surface marker, but not 

CD38. The resulting subset of cells was xenografted into NOD/SCID mice. Provided the donor 

and acceptor mice were histologically akin, these grafts were shown to induce tumor growth 

(Bonnet, 1997). This finding was later developed into the “cancer stem cell hypothesis”. It was 

later shown that CD34+/CD38- phenotype is similar to the human hematopoietic progenitor. 

This discovery led to formulation of the idea that leukemic stem cells originated either from an 

initial stem cell, or not fully differentiated progenitor. Further experiments analyzing various 

kinds of tissue, proved existence of cells that mimicked this behavior, described as self-renewal 

capacities and the ability to give rise to every other type of cell within the tumor, maintaining 

the high rate of neoplasm build up. These cells are also specific by their lengthy cell cycle, 

compared to the rest of the tumor cells. This novel point of view separated cellular population 

in the tumor into two subsets, which were then arranged into a hierarchy, in which the stem cell 

is the facilitator of both the formation and the expansion of cancer (Baker, 2009) and tumor cell 

is a fast dividing and proliferating mass of the tumor. In that time, this was considered a 

ground-breaking discovery (Baker, 2009). 

The credibility of existence of CSCs was later further supported with finding of a 

clonogenic, sphere-forming adult human brain glioma cell (Ignatova, 2002). Then, adult human 

glioma CSCs were able to induce tumor like the parent one, when grafted into nude mice 

cranium (Wang, 2015). This theory also explains the ineffectiveness of conventional tumor 

therapies as they mostly target fast dividing cells, and do not present much of an interference 

for slowly dividing CSCs. This therapy eradicates the mass of fast proliferating cells, but the 

CSC population often remains viable and causes a relapse of the tumor (Clarke et al. 2006).  
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The identification and isolation of CSCs often rely on functional assays that assess their 

ability to form tumors when transplanted into immunodeficient mice. These assays help confirm 

the stem cell-like properties of these cells (Walcher et al., 2020).  

CSCs differentiate into various cell types found within the tumor, which then becomes 

quite heterogenous, containing both CSCs and non-CSCs. Heterogeneity in tumors amplifies 

over time as CSCs acquire more genetic or epigenetic alterations over time. Within the tumor 

microenvironment, CSCs presence leads to an uncontrolled formation of DNA mutation prone 

neoplasm. (Plaks et al., 2015) 

CSCs are thought to be responsible for tumor initiation and maintenance. Non-CSCs 

make up the bulk of the tumor and do not possess the same self-renewal and tumorigenic 

properties. They have been linked to specific types of cancer, including acute myeloid leukemia, 

breast cancer, and central nervous system tumors. It was also proposed that cancer stem cells 

may play a specific role in tumor metastasis (Oskarsson et al., 2014).  

Tumor cells are also able to undergo molecular and phenotypic changes during cancer 

progression, known as cellular plasticity. These changes can result from various factors, 

including microenvironmental cues, genetic and epigenetic alterations, and selective pressures 

from treatments. These alterations allow CSCs to differentiate into various cell types, 

contributing to the diversity of cells within the tumor. Recent research has revealed multiple 

other examples of cellular plasticity in cancer, each with its functional consequences 

(Thankamony et al., 2020). Historically, phenotypic plasticity in adult somatic cells has been 

associated with dedifferentiation and transdifferentiation, primarily in the context of tissue 

regeneration and wound healing. Dedifferentiation, a component of phenotypic plasticity, is 

essential for tissue repair and maintaining stemness but can also pose a risk of cancer initiation. 

Phenotypic plasticity represents a new paradigm for comprehending various aspects of cancer, 

including its initiation, progression, and resistance to therapeutic interventions (Thankamony 

et al., 2020). 

Other cellular plasticity-related programs can involve changes in cell phenotype, 

behavior, and response to therapy. One of the examples is Epithelial-Mesenchymal Transition 

(EMT). EMT is a well-known manifestation of cellular plasticity in cancer. It involves 

transitions between epithelial and mesenchymal states and can contribute to tumor 

aggressiveness and metastasis. Understanding and targeting cellular plasticity holds promise 

for developing novel anticancer treatments. Strategies that inhibit or manipulate plasticity 

programs could enhance the effectiveness of therapies and reduce resistance (Wang et al., 

2014). 
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1. Stem cell model 

There are currently two models that are considered relevant in regard of description of 

tumor growth and heterogeneity. The former model, called the stochastic model is based on 

premise that all the tumor cells are equipotent, and it is through their random interactions that 

differentiation is achieved (Metz et al., 1995). This means that all the cells are collectively 

responsible for the tumor growth (Beck and Blanpain, 2013). 

On the other hand, according to the CSC model, a small percentage of tumor cells, the 

CSCs, are responsible for the upkeep the tumor progression. Although the resulting cell lineages 

usually lack the self-renewal capacity, the result of extensive proliferation is that they make up 

most of the mass of the tumor (Shackleton et al., 2009). In this scenario, the selective clones 

compound genetic alterations both on primary structure and epigenetic levels. If these mutations 

provide improvements of clone´s “fitness” this might lead to a formation of a strong 

subpopulation (Greaves and Maley, 2012). 

Figure 1 Stochastic and hierarchical models of carcinogenesis 

(a) According to the stochastic model, all cancer cells have equal ability to initiate tumors 
and their evolution depends exclusively on stochastic influences. (b) The hierarchical model 
postulates that cancer stem cells (CSCs) are the only ones able to initiate, maintain and seed new 
tumors. (Carvalho et al., 2021, licensed under Creative Commons Attribution license  
(http://creativecommons.org/licenses/by/4.0/)) 
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The abundance of tumor activity, which is on a steady rise for decades now, which does 

not correlate with a constant, relatively low occurrence of stem cells within an organism. 

Although this might be ascribed to the CSCs long lifespan and slow cell cycle, allowing the 

cumulation of mutations (Rajaraman et al., 2006), this suggests that there is supposedly a 

superposition of multiple modes of tumor origin, including one that initiates from fully 

differentiated, non-stem cell. These are, however, thought to be less aggressive tumors, which 

tend to be more responsive to conventional treatment (Martens et al., 2014). 

 

2. Birth of cancer stem cell as a part of cancer onset 

Various hypotheses have been proposed to explain the origin of CSCs, including events 

occurring in both stem cells and differentiated cells. These events may involve factors such as 

genomic instability, inflammatory microenvironments, cell fusion, and lateral gene transfer. 

Epigenetic changes and deregulation are key factors in the acquisition of CSC features, both in 

tumor initiation and maintenance. Epigenetic modifications can favor the transition of cancer 

cells into CSCs. Additionally, nontumorigenic cancer cells can dedifferentiate into CSCs, 

further contributing to tumor heterogeneity. However, the precise origin remains unclear. 

Various signaling pathways are implicated in the formation and maintenance of CSCs. These 

pathways can be influenced by external factors and contribute to CSC generation (Walcher et 

al., 2020).  

The CSC tumor origin was observed during studies performed on epithelial SCs. Wnt 

pathway-induced tumor activity was correlated with the detection of myoepithelial and luminal 

cell markers, indicating that they are modified SCs. Contrarily, these epithelial markers are not 

found in tumors that are created by Neu, or H-Ras mutations. This is in accordance with the 

discovery of an increase of CD24+CD29hi stem cell population in Wnt-1 transgene mice, not 

in Neu transgene mice. (Lynch et al., 2006). 

A cell lineage hierarchy would be most of the time comprised of a limited number of 

spontaneously dividing pluripotent SCs, rapidly proliferating progenitor cells and lastly of 

terminally differentiated cells that have entered their postmitotic phase. This hierarchy ensures 

that any progenitor genetic mutation is eradicated from the tissue, as these cells do not possess 

self-renewal capacities. This suggests that most tumor-inducing mutations happen within a SC, 

rather than progenitor cell, although the letter case was also identified. (Jordan et al., 2006) 

There are, however, theories that describe an event of tumorigenesis given rise from a 

progenitor cell. This might happen due to compounding progenitor mutations, which alter its 

genome to the extent that it is able to perform self-renewal. Or due to fact that the progenitor 
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cell contained a cancer predisposition inherited from its parent stem cell. This predisposition is 

then unleashed by subsequent mutation. As is the case of Acute myeloid leukemia (AML) M3, 

which is based off a progenitor cell, that regained the ability to self-renew via the expression of 

a fusion protein PML/RARα (Lynch et al., 2006). This distinguishes this type of AML from the 

other ones, which are thought to be of a CSC origin. Last mode of incorporating a mutation 

through progenitor genotype is progenitor dedifferentiation to a SC. This phenomenon was 

observed in breast tissue during a repeated pregnancy, when differentiated cells that had been 

created during the first pregnancy regained their self-renewal abilities and the ability to 

differentiate into alveolar cells during the subsequent pregnancy. These dedifferentiated cells 

were observed to give rise to tumors in transgene mice. (Lynch et al., 2006) 

 

3. The Niche element 

Stem cell niches, or microenvironments are specialized surroundings found in adult 

somatic tissues. They provide essential signals to maintain normal stem cells and prevent 

tumorigenesis. These signals include both inhibitory and proliferative cues, which help regulate 

the balance between stem cell maintenance and tissue regeneration (Oskarsson et al., 2014).  

A tumor microenvironment (TME) is the complex cellular and non-cellular milieu 

surrounding cancer cells. It consists of various cell types, extracellular matrix components, 

vesicles and signaling molecules. The TME plays a pivotal role in tumor progression and 

therapy response. Recent data suggest that targeting CSCs alone may not be sufficient for 

effective cancer therapy, especially in high-grade cancers. Instead, strategies that aim to disrupt 

the interplay between CSCs and the TME are proposed for achieving durable remission (Plaks 

et al., 2015). 

Normal, healthy stem cells also rely on signals from their niches for regulation. The 

molecular mechanisms that normal stem cells use to interact with and respond to their niches 

can be exploited by cancer stem cells for invasion and metastasis. This hijacking of the niche 

machinery may facilitate cancer progression. Cancer stem cells that might arise through 

intrinsic mutations that result in self-sufficient proliferation, but also through alterations in the 

niche, such as the dominance of proliferation-promoting signals, may also contribute to the 

development of cancer stem cells (Hicks and Pyle, 2023). 

Loss of the niche can lead to the loss of the respective stem cells, highlighting the 

dependence of these cells on niche signals. The interplay between CSCs and the TME is 

bidirectional and dynamic. The TME can influence the properties and behavior of CSCs, and 

CSCs can, in turn, shape the TME. This communication is partly mediated through the means 
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of exosomes. Exosomes, a type of extracellular vesicle, participate in cell-cell communication 

by transmitting signaling molecules, including proteins, nucleic acids, and lipids. They play 

critical roles in both physiological and pathological processes. This interaction contributes to 

tumor growth and therapeutic resistance (Kreso and Dick, 2014). 

Scientists suspect the existence of a dynamic equilibrium between cancer stem cells and 

other cancer cells within the TME. This equilibrium suggests that targeting the transformation 

of cancer stem cells and cancer cells, rather than solely focusing on cancer stem cells, may be 

a more effective therapeutic strategy than conventional therapy. Exosomes engage in regulating 

the transformation of cancer cells within the dynamic equilibrium of cancer stem cells and other 

cancer cells. This marks them as a potential therapeutic target since their inhibition could 

potentially disrupt the formation of cancer stem cells (Cabarcas et al., 2011). 

As was mentioned earlier tumors are not uniform masses of cells; instead, they exhibit 

dynamic heterogeneity. The cells at the tumor edge are described as more quiescent (less 

actively dividing), invasive (with the ability to spread to surrounding tissues), and resistant (less 

responsive to treatment). These features can make them challenging to target with therapies. In 

contrast, cells in the core of the tumor exhibit higher rates of proliferation (cell division), 

leading to increased cellular density. This increased rate contributes to the neoplasm growth of 

the tumor (Eun et al., 2017). 

Hypoxia, or low oxygen levels, is a significant factor highlighting the difference 

between the two groups. Tumor growth often outpaces the ability of blood vessels to supply 

oxygen to all cells, leading to hypoxic regions within the tumor. Hypoxia-inducible factors 

(HIFs), including HIF-1α and HIF-2α, are proteins that play a leading role in cellular responses 

to low oxygen levels. Targeting these factors may hold promise for high-stage tumors, as they 

are associated with adaptation to hypoxic conditions. combining therapies that target both 

HIF-1α and HIF-2α represents a potential strategy to address high-stage tumors. However, this 

hypothesis requires further research and validation to determine its efficacy and safety (Yun 

and Lin, 2013). 

As our knowledge on CSCs deepened, it became increasingly apparent, that to establish 

a “prosperous” tumor lineage, its microenvironment must be regulated. It was then discovered 

that the tumor is comprised of a variety of stroma cells, like fibroblasts, vascular endothelial 

cells, or inflammation components. The presence of these cell types initially evaded scientific 

interest, but recently it was shown that their occurrence lays foundation for the niche and thus 

plays a vital role in tumor development. The importance of this niche foundation is now widely 

recognized. The niche provides a favorable environment for diffusion of specific factors, which 
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coordinate the disproportionation of life force put into self-renewal, differentiation and cellular 

junctions’ construction. The existence of the niche microenvironment was further solidified, 

when it was discovered that niche cells, unlike the CSC, are responsible for the production of a 

differentiation factor BMP antagonist, Gremlin1 and thus preventing the differentiation of the 

SCs (Sneddon and Werb, 2007). 

 

2 CSC markers and their detection 

Various cell surface and enzymatic markers have been identified and characterized to 

help identify and isolate CSCs within the heterogeneous tumor cell population. Specific cell 

surface markers have been associated with CSCs in distinct types of cancer. For example, 

CD44, CD47, CD133, aldehyde dehydrogenases, EpCAM (Epithelial cell adhesion molecule), 

ATP-binding cassette subfamily G member 2, SOX2 (SRY-box transcription factor 2), or 

Nestin are commonly used markers. However, the markers can vary among different cancer 

types and even within the same cancer type (Walcher et al., 2020, Zhao et al., 2017)). 

Many of the surface markers used to identify CSCs are derived from healthy stem cells, 

including human embryonic stem cells (hESCs) and adult stem cells. These markers are 

believed to be associated with self-renewal and tumorigenic potential. To properly decipher the 

code of cancer developments, it is essential to understanding their expression patterns in 

different cell types (Valent et al.,2019).  

Approximately 70% of current CSC surface markers are also found on embryonic or 

adult stem cells. Especially the surface markers on hESCs serve as an attractive source for 

finding novel surface markers on CSCs. These markers may play a role in CSC identification 

and targeted therapies. Either of these Stem cell markers are rarely expressed on normal tissue 

cells (Monk and Holding, 2001). 

Some CSC surface markers are expressed even in normal tissue cells. However, they 

have been extensively validated as specific CSC markers by research groups (Walcher et al., 

2020). 

 

CD44 

CD44 is a cell surface glycoprotein that binds to hyaluronic acid (HA) and is found to 

be overexpressed in nearly all tumors of epithelial origin. Its significance lies in its involvement 

in tumor initiation and metastasis, making it a valuable marker for cancer stem cells in various 

solid malignancies. Moreover, the interaction between hyaluronic acid and CD44 can activate 
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pathways mediated by the epidermal growth factor receptor (EGFR), which contributes to 

tumor cell growth, migration, and resistance to chemotherapy in solid cancers. Research has 

shown that specific CD44 isoforms are particularly involved in the signaling pathways 

associated with HA-CD44 interactions, but the choice of isoform appears to depend on the type 

of tumor cells and the stage of cancer progression. CD44 is in the scope of scientists regarding 

the development of a potential drug delivery system for targeting cancer cells that overexpress 

marker, which is commonly found in various cancers, including colon, breast, pancreas, and 

head and neck cancers (Wang et al., 2017). 

The actual cell type determines the CD44 isoform. For example, the cleaved 

intracellular domain (CD44ICD) in regulating mammosphere formation and cancer stemness 

characteristics in breast cancer cells. The research found that CD44ICD plays an active role in 

regulating mammosphere formation, which is associated with cancer stem cells. The cleavage 

of CD44ICD is mediated by γ-secretase, allowing its translocation into the nucleus, where it 

regulates transcriptional activation through factors such as CBP/p300 and STAT3. CD44ICD 

was found to share characteristics with other stemness factors, like Nanog, Sox2, and Oct4, in 

maintaining pluripotency and preventing differentiation in stem cells (Weng et al., 2019).  

Furthermore, the findings suggest that targeting CD44, particularly its cleaved 

intracellular domain, could have therapeutic potential in breast cancer treatment. Inhibition of 

the cleavage of CD44ICD, using for example γ-secretase inhibitors, could be explored as a 

strategy to target cancer stem cells (Weng et al., 2019). 

Another study utilized a specific RNA aptamer called Apt1, which had previously been 

selected against CD44. Aptamers are single-stranded DNA or RNA molecules that can bind to 

specific target molecules with high affinity and specificity. Apt1 was successfully conjugated 

to the surface of PEGylated liposomes using the thiol-maleimide click reaction. This 

conjugation allowed Apt1 to attach to the liposome surface. The successful conjugation of Apt1 

to liposomes was confirmed through several methods, including changes in liposome size and 

zeta potential, as well as migration in agarose gel electrophoresis. The binding affinity of Apt1 

was found to be improved after conjugation to liposomes compared to free Apt1. This suggests 

that the conjugation process enhanced the ability of Apt1 to bind to its target, CD44. The study 

evaluated the cellular uptake of Apt1-conjugated liposomes (Apt1-Lip) using CD44-positive 

cell lines, such as human lung cancer cells (A549) and human breast cancer cells (MDA-MB-

231), as well as a CD44-negative cell line, mouse embryonic fibroblast cells (NIH/3T3). The 

results demonstrated that Apt1-Lip exhibited higher sensitivity and selectivity for 

CD44-expressing cancer cells compared to blank liposomes (Mal-Lip). The findings suggest 



 

21 |  

 

that Apt1-Lip has the potential to serve as a specific drug delivery system for targeting 

CD44-expressing cancer cells. This approach could potentially improve the precision and 

effectiveness of cancer treatments by delivering therapeutic agents directly to cancer cells while 

minimizing damage to healthy tissues (Wei et al., 2022).  

In conclusion, the successful conjugation of an anti-CD44 aptamer to the surface of 

liposomes holds promise as a potential strategy for targeted drug delivery in cancer therapy 

(Wei et al., 2022). 

CD44 has also been implicated in the progression and metastasis of malignant 

melanoma (MM). In animal models, MM cell lines expressing high levels of CD44 have shown 

an increased capacity for hematogenous metastasis compared to those with low CD44 levels. 

Relation between the level of CD44 expressed by primary melanoma tumors (PMM) to their 

metastatic potential in vivo was assessed in a study conducted on 92 patients categorized by 

their metastatic risk based on the vertical tumor thickness (VT). Population was low-risk PMM 

(VT ≤ 0.7 mm), intermediate-risk PMM (VT = 0.71–1.4 mm), and high-risk PMM (VT > 1.4 

mm). Immunohistochemical staining with a panCD44 monoclonal antibody was used to 

analyze CD44 expression on PMM. The level of CD44 expression was assessed semi-

quantitatively, using epidermal CD44 staining as an internal standard. Results showed that 

elevated levels of CD44 were detected in 58.3% of high-risk PMM, 40.6% of intermediate-risk 

PMM, 36.7% of low-risk PMM, and 16.7% of in situ PMM. 74% of patients who developed 

and/or died from MM metastasis had high CD44 expression, including some patients initially 

considered to have low metastatic risk based on VT measurements. Subsequent Kaplan-Meier 

analysis demonstrated that patients with high CD44 expression on PMM had a significantly 

reduced 5-year survival rate compared to those with low CD44 expression. In this patient 

population, high CD44 expression on PMM was associated with an increased risk of metastasis 

and reduced survival. These findings suggest that CD44 expression levels could serve as a 

useful indicator for assessing the metastatic potential and prognosis of malignant melanoma 

(Dietrich et al., 1997). 

 

CD47 

Integrin-associated protein, also known as CD47, is a widely expressed protein in the 

body. It plays several important roles, including stimulating T cells, aiding in the movement of 

white blood cells, and inhibiting the function of scavenger cells called macrophages. 

Macrophages play a crucial role in clearing pathogens and damaged or aging cells from the 

bloodstream through a process called phagocytosis. A key player in this process is a cell-surface 
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protein called CD47, which interacts with its receptor on macrophages, known as SIRPα, to 

prevent the phagocytosis of normal and healthy cells. The interaction between CD47, a protein 

on target cells, and the inhibitory receptor SIRPα on macrophages serves to prevent 

macrophage-mediated phagocytosis of host cells that express CD47 (Lian et al., 2019). This 

mechanism has implications for the regulation of platelet turnover and the clearance of platelets 

in a condition called immune thrombocytopenic purpura (ITP). Researchers conducted 

experiments in CD47 knockout (CD47-/-) mice and found that these mice experienced mild 

spontaneous thrombocytopenia, a condition characterized by low platelet levels. Interestingly, 

the reduced platelet counts in CD47-/- mice was not due to a decrease in platelet lifespan but 

rather related to increased expression of specific markers on the platelet surface, including 

P-selectin, CD61, and phosphatidylserine. When CD47-/- platelets were transfused into CD47+/+ 

(normal) recipients, they were rapidly cleared from the circulation. However, CD47+/- platelets, 

which have one functional CD47 allele, had a nearly normal lifespan in CD47+/+ mice under 

nonautoimmune conditions (Kaur et al., 2020; Lian et al., 2019). 

In the context of ITP, CD47-/- mice were more susceptible to the condition compared to 

CD47+/+ mice. In laboratory experiments, it was observed that macrophage phagocytosis of 

CD47-/- platelets, which were opsonized with immunoglobulin G (IgG), was significantly 

higher than that of equally opsonized CD47+/+ platelets. However, when SIRPα, the receptor 

for CD47 on macrophages, was blocked, the phagocytosis of CD47+/+ platelets increased to a 

level like that of CD47-/- platelets. Additionally, CD47+/- platelets exhibited intermediate levels 

of phagocytosis compared to CD47+/+ and CD47-/- platelets, suggesting a gene-dose effect of 

CD47 in this system (Willingham et al., 2012). 

The level of CD47 expression appears to be a crucial indicator for determining whether 

immune cells will survive or be eliminated by the body's immune system. Comparison of the 

effects of T cells with normal CD47 levels (CD47+/+) to those lacking CD47 (CD47-/-) when 

transplanted into recipients with differing immune conditions. The results showed that CD47-/- 

T cells significantly reduced the lethality of graft-versus-host disease, a condition where the 

transplanted immune cells attack the host. Interestingly, CD47-/- T cells had difficulty 

engrafting in immunodeficient recipients. Similarly, CD47-/- marrow cells could not effectively 

reconstitute the immune systems of heavily irradiated recipients. These findings suggested that 

CD47-/- T cells and marrow cells were being eliminated by the innate immune system. This was 

confirmed when researchers labeled CD47-/- and CD47+/+ immune cells and marrow cells with 

a dye and then tracked their clearance in vivo. They found that CD47-/- cells were rapidly 

engulfed and cleared by splenic dendritic cells and macrophages, leading to the elimination of 
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nearly all CD47-/- immune cells within one day after infusion. In contrast, when phagocytes 

(cells that engulf and digest other cells) were depleted in CD47+/+ recipients, they were more 

accepting of transplanted CD47-/- T cells. This suggests that dendritic cells and macrophages 

play a critical role in clearing lymphohematopoietic cells that have reduced CD47 levels (Caras, 

2020). 

Another study suggests that CD47 may serve as a valuable surface marker in 

endometriosis-associated ovarian cancer (EAOC). Endometriosis is a condition that is known 

to increase the risk of developing ovarian carcinoma, particularly clear cell and endometrioid 

malignancies. The exact mechanism through which EAOC evades the body's immune 

surveillance by macrophages is not very well understood. However, CD47 is an important 

immune checkpoint that plays a role in preventing macrophage-mediated phagocytosis. 

Additionally, targeting CD47 could offer a novel therapeutic approach for the treatment of 

ovarian cancer. a study was conducted involving 36 clinical ovarian samples. The researchers 

assessed the expression of the CD47 protein using immunohistochemistry and analyzed its 

correlation with clinical and pathological features using statistical analysis. The study found 

that CD47 expression was notably higher in patients with EAOC compared to a normal control 

group. High CD47 expression was positively and significantly associated with specific 

histological characteristics (P = 0.007) and tumor grade (P = 0.002). Furthermore, the study 

explored the functional role of CD47 in cancer progression. It was discovered that the 

overexpression of CD47 promoted cancer cell growth and motility in the TOV-112D and TOV-

21G cell lines. Conversely, when CD47 was silenced or targeted with anti-CD47 monoclonal 

antibodies (mAb), it inhibited cancer cell growth and motility in these cell lines (Luo et al., 

2023). 

The upregulation of CD47 is a critical mechanism that protects normal hematopoietic 

stem cells (HSCs) during inflammation-induced mobilization. Leukemic progenitor cells 

exploit this mechanism to evade destruction by macrophages, highlighting the significance of 

CD47 in the context of immune response and disease progression. Research has revealed that 

when certain cytokines and inflammatory stimuli are present, CD47 levels are temporarily 

increased on HSCs and their progenitors in mice. This upregulation occurs just before and 

during their migratory phase. Importantly, the level of CD47 on these cells influences the 

likelihood of them being engulfed by macrophages in vivo. Furthermore, CD47 is consistently 

upregulated on both mouse and human myeloid leukemias. When CD47 is overexpressed on a 

myeloid leukemia cell line, it enhances the disease's pathogenicity by allowing it to evade 

macrophage-mediated phagocytosis (Jaiswal et al., 2009). 
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CD133 

CD133 (also labeled prominin-1), originally associated with hematopoietic precursor 

cells, has been found on the surface of various adult tissue cells, both epithelial and non-

epithelial. In the context of solid tumors, including breast cancer, CD133 has garnered attention 

as a surface marker associated with CSCs. However, the significance of CD133 in breast cancer 

remains a subject of limited and sometimes conflicting research. Breast cancer is the most 

common malignancy among women in developed countries, making understanding CD133's 

role in this context crucial (Glumac and LeBeau, 2018). 

In a study performed in vitro on a mouse model, the presence of neural CD133+Nestin+ 

cells, which are thought to harbor CSCs, is correlated with proximity of special type of 

endothelial cells that excrete factors responsible for self-renewal maintenance and 

differentiation reduction. (Neradil and Veselska, 2015) 

 

Aldehyde dehydrogenase 

ALDHs are a superfamily of enzymes that detoxify a variety of endogenous and 

exogenous aldehydes. They are also required for the biosynthesis of retinoic acid (RA) and 

other molecular regulators of cellular function. This detoxification role is essential for 

protecting cells from harmful substances, contributing to the survival and resilience of CSCs 

(Clark and Palle, 2016). 

The ALDH family consists of 19 isozymes, each playing a role in the oxidation of 

aldehydes to carboxylic acids. ALDH enzymes have been identified as robust CSC markers in 

gynecologic and other types of malignancies. ALDHs are crucial for the maintenance and 

differentiation of stem cells, as well as for normal development. They are involved in vital 

biological processes and contribute to cellular and tissue homeostasis. There is growing 

evidence that ALDH expression increases in response to cancer therapy. This increase in 

expression is associated with the promotion of chemoresistance and survival mechanisms in 

CSCs, making it a challenging aspect of cancer treatment. Specifically, the ALDH1A1 enzyme 

has emerged as a useful therapeutic target in CSCs, especially in tissue types that normally do 

not express high levels of ALDH1A1. These tissue types include breast, lung, esophagus, colon, 

and stomach cancers (Toledo-Guzmán et al., 2019). 

 

Epithelial cellular adhesion molecule 
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EpCAM is recognized for its significant role in cancer biology, particularly as a marker 

for CSCs. Recent research has made significant strides in understanding the structure, molecular 

functions, pathophysiological mechanisms, and clinical applications of EpCAM in cancer. This 

encompasses its role in cell adhesion, proliferation, and signaling in cancer cells. EpCAM 

expression is not exclusive to CSCs; however, its frequent expression in CSCs from cancers 

like breast, colon, pancreas, and prostate is noteworthy. This broad expression profile 

underscores the importance of EpCAM in different cancer types and stages (Gires et al., 2009). 

In liver cancer cell lines, cells expressing EpCAM showed higher levels of certain 

proteins like ERK, RSK, and PEP-CTERM system histidine kinase, which are associated with 

cancer progression. This suggests a potential link between EpCAM expression and enhanced 

pro-oncogenic activities in these cells (Yamashita et al., 2013). 

In primary hepatocellular carcinoma (HCC), EpCAM and CD90 are independently 

expressed. Gene-expression analysis indicated that EpCAM-positive cells had characteristics 

of epithelial cells, while CD90-positive cells resembled vascular endothelial cells. This finding 

highlights the distinct roles these markers play in liver cancer (Sun et al., 2016). 

 

ATP-binding cassette subfamily G member 2 

The ABCG2 plays a significant role in cancer biology, particularly as a marker for 

CSCs. ABCG2 serves as a key marker for CSCs in various cancers, contributing significantly 

to drug resistance mechanisms. Its role in different types of cancers, especially in lung and 

pancreatic cancers, makes it a vital focus in cancer research and treatment strategies. The 

ongoing research into its specific functions and mechanisms in different cancer types highlights 

the complexity and importance of this protein in oncology. ABCG2 is noted for its role in 

chemotherapy drugs efflux out of the cell, a characteristic of CSCs. This feature is utilized in 

selecting CSCs by flow cytometry, where side population cells that rapidly efflux DNA-binding 

fluorescent dyes are isolated. The widespread expression of ABCG2 in various cancers 

highlights its potential as a therapeutic target, especially in combating drug resistance (Ding et 

al., 2010). 

 ABCG2 expression is linked to tumorigenic CSCs in several types of cancers. However, 

its specific effects on CSC-related malignant characteristics in pancreatic ductal 

adenocarcinoma (PDAC) are still being explored. This indicates an ongoing effort to understand 

the complete role of ABCG2 in the context of different cancers (Sasaki et al., 2018). 
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Nestin 

Nestin, a class VI intermediate filament protein, has been identified as a significant 

marker in the study of CSCs. Recent research has focused on understanding nestin expression 

in CSCs, particularly regarding its role in CSC phenotypes. This includes its potential 

involvement in the self-renewal capacity of CSCs, which is a hallmark trait of these cells. Such 

studies aim to elucidate the utility of nestin as a putative marker for identifying and 

characterizing CSCs in various malignancies (Neradil and Veselska, 2015). 

Originally detected in neural stem cells during development, nestin has expanded its 

significance in the field of cancer research. Its crucial role in the pathology of malignant 

diseases, especially as a marker of CSCs, has been extensively studied over the past decade. 

This highlights the evolving understanding of nestin from a neural-specific marker to one that 

is broadly relevant in cancer biology (Zhao et al., 2017). 

In addition to its role in CSCs, nestin is a specific marker of neural stem/progenitor cells. 

This indicates its relevance not only in cancer but also in developmental biology and 

neurobiology. Embryonic nestin-positive cells have the capability to differentiate into neurons 

and glial cells, underscoring its role in the nervous system's development (Macas et al., 2014). 

Studies have also investigated the clinical value of nestin, especially in conjunction with 

other CSC markers like CD133. In the context of glioma, research has focused on determining 

the prognostic value of nestin, either independently or in combination with other markers. Such 

studies aim to integrate CSC markers like nestin into clinical decision-making processes, 

particularly in prognostic evaluations (Jin et al., 2013). 

 

3 CSC Markers and their regulation 

The expression of CSC markers is regulated at 4 main levels – transcriptional, 

epigenetic, posttranscriptional, and posttranslational (Bao et al., 2013). In this part of the thesis, 

I will elaborate on each of the modes of the control. 

 

Transcriptional Regulation: 

Transcriptional control of CSC marker expression is pivotal mean of their regulation, 

and is exercised in multiple ways, with various players and mechanisms contributing to the 

upkeep of the CSC phenotype. Understanding the transcriptional mechanisms that regulate CSC 

marker expression can offer insights into tumor heterogeneity, progression, and therapeutic 

resistance. This mode of regulation is facilitated by a variety of transcription factors and 
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signaling pathways. The activity of specific transcription factors can induce or repress the 

expression of CSC markers. Several transcription factors have been identified that directly or 

indirectly modulate the expression of CSC markers (Bao et al.,2013). Among identified factors, 

we list: 

 

- SOX2 (SRY-box transcription factor 2) is a member of the SOX family of transcription 

factors that play pivotal roles in embryonic development and cellular differentiation. SOX2, 

which is key factor in maintaining pluripotency, has been linked to the regulation of multiple 

CSC markers across various tumor types. SOX2 stands at the crossroads of stemness, 

tumorigenesis, and therapeutic resistance. Understanding its intricate regulation and its role in 

CSC marker expression is crucial for devising strategies to target CSCs more effectively, 

potentially leading to improved cancer treatment outcomes. In the context of cancer, SOX2 has 

emerged as a crucial regulator of stemness, aiding in the maintenance and function of CSCs 

(Al-Mamun et al., 2018).  

SOX2 is considered a core factor in maintaining the pluripotency of embryonic stem 

cells alongside other transcription factors like OCT4 and NANOG. In cancer, SOX2 is often 

found overexpressed in various tumor types, where it contributes to stemness maintenance. 

Overexpression of SOX2 can enhance the self-renewal capacity of CSCs and maintain their 

undifferentiated state. Elevated SOX2 levels have been linked to tumorigenesis promotion, 

increased tumor initiation, growth, and metastasis. CSCs are often more resistant to 

chemotherapeutic and radiation therapies than their differentiated counterparts, an ability 

ascribed to the SOX2 overexpression (Lu et al., 2010). 

SOX2 can directly or indirectly modulate the expression of CD44, a prominent CSC 

marker, thus affecting cell adhesion, migration, and the stem-like properties of cancer cells. 

SOX2 has also been linked to the expression of ALDH1, an enzyme associated with stemness 

and drug resistance in several cancer types. Apart from these, SOX2 can influence the 

expression of a range of other markers, either by direct transcriptional regulation or through its 

interaction with other signaling pathways and transcriptional regulators (Martinez-Cruzado et 

al., 2016). 

The actual expression and activity of SOX2 can itself be regulated at various levels, like 

transcriptional Regulation via signaling pathways, such as the Notch, Wnt/β-catenin, and Sonic 

Hedgehog pathways, can influence SOX2 transcription. Also, on epigenetic level when DNA 

methylation and histone modifications can affect the expression of the SOX2 gene. Further, 

various miRNAs have been identified that can target SOX2 mRNA, leading to its degradation 
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and thereby affecting SOX2 levels as a part of post-transcriptional regulation and finally – 

post-translational modifications - phosphorylation, ubiquitination, and other post-translational 

modifications can affect SOX2's stability and activity (He et al., 2017). 

Targeting SOX2 directly or its associated pathways offers a promising avenue for cancer 

therapy. This is achieved through use of small molecule inhibitors or antagonists that target 

SOX2 or disrupt its interaction with other proteins leading to reduction of its function in CSCs. 

Employment of gene therapy approaches has also been recorded. These strategies knock down 

or modulate the expression of SOX2 using siRNA, shRNA, or CRISPR/Cas systems. Lastly, 

SOX2 upstream Pathways can also be targeted. Inhibiting these pathways regulate SOX2 

expression and indirectly diminish CSC properties. For instance, the Wnt/β-catenin signaling 

pathway is one of the examples of mode of this regulation. The Wnt signaling pathway is central 

to the maintenance of CSCs and the regulation of associated markers. Understanding the 

nuances of its regulation and its influence on CSC biology provides significant opportunities 

for therapeutic intervention, potentially transforming the landscape of cancer treatment (Lu et 

al., 2021). 

 

- OCT4 (Octamer-binding transcription factor 4), also known as POU5F1, is a POU 

domain transcription factor indispensable for maintaining the pluripotency and self-renewal of 

embryonic stem cells (ESCs). As such, it stands as a key player in the regulation of stemness, 

both in embryonic development and in the oncogenic domain. Its role in CSC marker regulation 

signifies its importance in tumor biology. Targeting OCT4 or its associated pathways offers a 

promising strategy for cancer therapeutics, potentially curbing tumor growth, metastasis, and 

recurrence (Zhang et al.,2020). 

OCT4, in concert with other factors like SOX2 and NANOG, forms the core regulatory 

network ensuring the maintenance of ESC identity. OCT4's extensive transcriptional network 

means it can regulate a myriad of other proteins and pathways, potentially influencing the 

expression of multiple CSC-associated markers. It is also commonly overexpressed in various 

tumor types. Its elevated expression is often correlated with tumor initiation, progression, 

therapeutic resistance, and poor prognosis. OCT4 can enhance the expression of CD44, a 

discussed CSC marker, promoting the stem-like characteristics of cancer cells. Furthermore, 

the expression of ALDH1, a functional marker for CSCs in several cancer types, is influenced 

by OCT4. Enhanced ALDH activity is often associated with increased tumorigenicity and drug 

resistance. In some tumors, OCT4 regulates the expression of Nestin, a type VI intermediate 
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filament protein, which is a marker for neural stem cells and has been associated with CSCs in 

various malignancies (Zhang et al., 2020).  

OCT4 expression can be modulated by upstream signaling pathways, including the 

JAK/STAT, PI3K/AKT, and TGF-β pathways. Its gene expression is regulated also on an 

epigenetic level by means of DNA methylation, histone modifications, and chromatin 

remodeling at the OCT4 promoter region. For the purposes of CSC phenotype maintenance, the 

epigenetic silencing of OCT4 is often reversed in CSCs, leading to gene activation. Once the 

gene is transcribed, miRNAs, such as miR-145 and miR-34a, have been shown to target OCT4, 

affecting its expression post-transcriptionally (Ruan et al., 2018; Zhang et al., 2020). 

Epigenetic drugs or RNA interference techniques could be employed to downregulate 

OCT4 expression, affecting the CSC pool. Targeting OCT4 in combination with standard 

therapies might enhance therapeutic efficacy by targeting both the bulk tumor and the CSC 

population (Zeng et al., 2023). 

 

- NANOG: Essential for self-renewal and pluripotency, NANOG also contributes to the 

transcriptional activation of certain CSC markers. NANOG is a homeobox-containing 

transcription factor that plays a fundamental role in the maintenance of pluripotency and 

self-renewal in ESCs. Beyond embryogenesis, NANOG has emerged as a key player in the field 

of oncology due to its association with the properties of CSCs (Gong et al., 2015). 

In concert with transcription factors like OCT4 and SOX2, NANOG forms the core 

regulatory circuitry that upholds the pluripotent identity of ESCs. Owing to its extensive 

transcriptional network, NANOG may influence multiple proteins and pathways, indirectly 

modulating the expression of several CSC-associated markers. Increased levels of NANOG are 

found in various tumor types and are frequently linked with increased tumor initiation, 

aggressive progression, therapeutic resistance, and worse clinical outcomes (Zeng et al., 2023). 

NANOG has been shown to upregulate the expression of CD133, a widely acknowledged CSC 

marker, particularly in tumors such as glioblastoma and colorectal cancer (Ghorbani et al., 

2023). Similarly to OCT4, NANOG regulates the expression of ALDH1 and CD44. By 

modulating ALDH1 expression, NANOG plays a role in the regulation of detoxifying enzymes 

associated with stemness and drug resistance in various malignancies. By regulating the 

expression of CD44, NANOG contributes to improvement of cell adhesion, migration, and the 

stem-like properties of cancer cells (Zhang  

et al., 2016). 
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Recent data report that signaling pathways like PI3K/AKT, MEK/ERK, and STAT3 

have been associated with NANOG expression, influencing its transcriptional activity. 

Epigenetic alterations, such as DNA methylation and histone modifications, can dynamically 

regulate NANOG expression. In certain cancers, epigenetic reprogramming leads to NANOG 

gene reactivation. Several miRNAs have been shown to target NANOG mRNA, like miR-296 

and miR-134, and are associated with post-transcriptional regulation of its expression (Yoon et 

al., 2021). 

Employing small molecules, inhibitors, or antibodies to target NANOG directly could 

impede the function and maintenance of CSCs. Other therapeutic approaches include epigenetic 

modulators, RNA interference techniques, or CRISPR/Cas-based methods. Treating NANOG 

in cooperation with standard cancer therapies may enhance therapeutic outcomes by targeting 

both the differentiated tumor cells and the CSCs (Gong et al., 2015). 

 

Epigenetic Regulation: 

Epigenetics refers to heritable changes in gene expression that do not involve alterations 

to the underlying DNA sequence. In the context of cancer, epigenetic modifications play a 

crucial role in tumorigenesis, progression via the regulation of CSC markers. Modifications of 

DNA or histones, such as DNA methylation or histone acetylation, can influence their 

expression. For example, hypermethylation of promoter regions might silence genes associated 

with CSC characteristics. Unraveling these intricate layers of regulation offers a deeper 

understanding of tumor biology and unveils novel therapeutic targets for more effective cancer 

treatments as CSCs have been implicated in tumor initiation, metastasis, and resistance to 

therapy (French and Pauklin., 2020). 

DNA Methylation which involves the addition of a methyl group to the 5-position of 

the cytosine ring, typically at CpG dinucleotides. DNA methylation usually leads to gene 

silencing. As such, hypomethylation can activate oncogenes or CSC markers, while 

hypermethylation can silence tumor suppressor genes or genes that inhibit CSC properties. 

DNA hypomethylation at the CD44 promoter is reported in association with CSC (Huang et al., 

2020). 

Histone Modifications impose various post-translational modifications to histones 

including acetylation, methylation, phosphorylation, and ubiquitination (Völker-Albert et al., 

2020). The combination of these modifications creates a "histone code" that can activate or 

repress gene expression. This way, histone deacetylation and certain histone methylation 

patterns (e.g., trimethylation of histone H3 at lysine 27) are commonly associated with 
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repression of genes that suppress CSC properties (Witt et al., 2016). The promoters of 

pluripotency-associated genes, such as OCT4, SOX2, NANOG often undergo DNA 

demethylation and specific histone modifications to enhance their expression in CSCs. Histone 

modifications, especially histone deacetylation, around the ALDH1 gene locus can influence 

its expression in various malignancies (Toh et al., 2017). 

Agents like azacitidine and decitabine can reverse aberrant DNA methylation patterns, 

reactivating silenced genes that counteract CSC properties (Zeng et al., 2023). Other 

therapeutics, like Histone Deacetylase Inhibitors (HDACi) can be employed. Drugs like 

vorinostat (Bubna et al., 2015) and romidepsin (Zeng et al., 2023) can modulate histone 

acetylation levels, affecting gene expression patterns in CSCs. 

Epitranscriptomic changes, such as N6-methyladenosine (m^6A) modifications, 

influence mRNA stability, splicing, and translation. The m^6A “writers”, “readers”, and 

“erasers” have been associated with CSC marker regulation, indicating the complexity of RNA 

modification in stemness maintenance (Jiang et al., 2017). 

 

 

Post-transcriptional Regulation:  

Posttranscriptional regulation provides a rapid and efficient mechanism for cells to 

adjust protein levels in response to various cues. In the context of CSCs, this regulation ensures 

a fine balance between stemness and differentiation. Subcellular localization of CSC marker 

mRNAs can influence their translation efficiency, contributing to spatial heterogeneity within 

tumors (Berabez et al., 2019; Bryl et al., 2022). 

Non-Coding RNAs, such as long non-coding RNAs (lncRNAs) and microRNAs 

(miRNAs) can regulate gene expression post-transcriptionally by targeting the transcripts of 

CSC markers, influencing their stability and translation (Chen et al., 2021). lncRNAs can 

modulate both transcriptional and post-transcriptional processes. Acting as sponges for 

miRNAs or interact with RBPs, indirectly modulating CSC marker expression. The lncRNA 

HOTAIR, for example, has been implicated in the posttranscriptional regulation of several CSC 

markers (Wang et al., 2022). 

miRNAs typically function by binding to target mRNAs, leading to their degradation or 

translational inhibition thus regulating CSC marker expression rate (Divisato et al., 2021). 

These small non-coding RNAs can bind to the 3’ untranslated region (UTR) of mRNAs, often 

leading to mRNA degradation or translational repression (Divisato et al., 2021). For instance, 

miR-34 has been found to target CD44 mRNA (Li et al., 2021). Certain miRNAs and lncRNAs 
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are differentially expressed in CSCs and can regulate the expression of CSC markers or 

modulate pathways that maintain CSC properties. Targeting posttranscriptional regulators 

presents a novel avenue for cancer therapy. For instance, miRNA mimics or inhibitors can 

modulate CSC marker levels, potentially impacting the CSC population (Divisato et al., 2021).  

RNA-binding proteins (RBPs) are pivotal in mRNA stability, localization, and 

translation. RNA binding proteins provide an added layer of post-transcriptional regulation that 

significantly impacts the phenotype and marker expression of Cancer Stem Cells (Jiang et al., 

2017). Recognizing the pivotal roles these RBPs play offers novel insights into tumor biology 

and opens the door to innovative therapeutic strategies that target the elusive CSC population. 

RBPs interact with RNA molecules to regulate their post-transcriptional fate, including 

splicing, transport, stability, and translation (Jiang et al., 2017). In the context of cancer, RBPs 

have emerged as critical regulators of tumor progression, metastasis, and the phenotypic 

attributes of CSCs. Their role in modulating the expression and function of CSC markers 

underscores their importance in tumor biology. RBPs can bind to specific sequences or 

structures on the target mRNA, leading to either stabilization or degradation. In other cases, 

through interacting with translation initiation complexes or modulating miRNA-binding, RBPs 

can enhance or inhibit the translation of specific mRNAs (Newman et al., 2015). RBPs can also 

alter alternative splicing patterns, producing isoforms that may have different, even opposing, 

functions in CSCs (Ebrahimie et al., 2021). 

Musashi (MSI) is RBP, that is found in two isoforms - MSI1 and MSI2. Both are RBPs 

that have been implicated in various cancers and are known to maintain stemness. MSI proteins 

can regulate the translation of mRNAs encoding for pivotal factors like Notch and Phosphatase 

and Tensin Homolog deleted on Chromosome 10 (PTEN), influencing the CSC phenotype 

(Bley et al., 2021). 

Lin28 along with its homolog Lin28B are associated with pluripotency and are 

overexpressed in numerous malignancies. Lin28 inhibits the biogenesis of the let-7 family of 

miRNAs, which are known to target multiple oncogenes and CSC markers (Balzeau et al., 

2017). 

Human antigen R (HuR) also called ELAVL1 stabilizes and modulates the translation 

of its target mRNAs. By stabilizing the mRNA of various oncogenes and cell cycle regulators, 

HuR can indirectly modulate the CSC phenotype (Schultz et al., 2020). 
QKI has been recognized as a tumor suppressor in certain contexts. QKI can influence 

CSC marker expression through its role in mRNA splicing and stabilization (Chen et al., 2021). 
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RBPs, with their vast implications in CSC marker regulation present a promising target 

for therapeutic treatment. This can be achieved through the exposure to small molecules, 

peptides, or antisense oligonucleotides. All of these can be developed to inhibit the function of 

oncogenic RBPs or enhance the function of tumor suppressive RBPs (Hong., 2017). Given the 

interplay between RBPs and miRNAs, strategies to restore tumor-suppressive miRNAs like let-

7 in the case of Lin28 can be employed to target CSCs (Ma et al., 2021). 
Variants of CSC markers can arise due to alternative splicing, potentially leading to 

functionally distinct proteins. This adds another layer of complexity to the CSC phenotype. 

Given the role of RBPs in splicing, splicing modulators can be used to target aberrant splicing 

events promoted by RBPs in CSCs (Jiang et al., 2017). 
Posttranscriptional regulation is a dynamic and intricate process governing CSC marker 

expression. Dissecting these mechanisms further can not only enhance our understanding of 

cancer biology but also pave the way for innovative therapeutic strategies. 

 

Post-translational Regulation 

Protein stability, degradation, and modifications can influence the levels and 

functionality of CSC markers at the protein level. Post-translational modifications provide fast 

and reversible mechanisms to regulate the function and stability of CSC markers. These 

modifications, driven by a complex network of enzymes, offer potential therapeutic targets in 

the battle against cancer by aiming at the very stemness properties that make CSCs so elusive 

and resilient (Wang et al., 2023). While transcriptional and post-transcriptional regulations play 

crucial roles in maintaining CSC attributes, post-translational modifications (PTMs) offer an 

additional, swift mode of regulating CSC marker functions and stability (Wang and Tong, 

2023). 

Addition of a phosphate group, generally by kinases, can activate or inactivate proteins. 

Phosphorylation can modulate ALDH1 enzymatic activity, influencing the detoxification 

pathways and thus, stemness (Clark et al., 2016). Phosphorylation modulates OCT4, SOX2, 

NANOG transcriptional activity and stability. For instance, phosphorylation can enhance the 

stability of OCT4, promoting stemness (Zhu et al., 2020). 

Further, process of ubiquitination molecules to proteins, often targeting them for 

proteasomal degradation regulates the turnover and degradation of CD44, influencing cell 

adhesion and migration properties (Chen et al., 2018).  
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Attachment of an acetyl group, commonly influencing protein stability or interaction 

capabilities influences OCT4, SOX2, NANOG DNA-binding ability and interaction with other 

transcriptional regulators (Liu et al., 2022). 

Attachment of sugar moieties can also affect protein stability, localization, and 

interactions. Variations in glycosylation patterns can influence CD44's interactions and 

functions, including its ability to bind hyaluronan (Liao et al., 2022). 

Modulating the activity of kinases, ubiquitin ligases, or deacetylases can influence the 

post-translational landscape of CSC markers, presenting a potential therapeutic strategy (Wang 

and Tong, 2023). 

Different approach involves interference peptides that mimic the PTM sites on proteins 

can be utilized to competitively inhibit the modification, thereby affecting the function of the 

target protein. Changes in the post-translational modification patterns of CSC markers can be 

utilized as potential diagnostic or prognostic biomarkers (Zhu et al., 2022). 

 

B EXPRESSION AND ACTIVITY OF GLI TRANSCRIPTION 

FACTORS 

1 Hedgehog signaling pathway 

HH is a fundamental signaling cascade that is intertwined in the regulation of cell 

differentiation, tissue patterning, and organogenesis during embryonic development (Bürglin 

2008). Initially discovered in Drosophila, its conservation across species underscores its 

importance in cell-to-cell communication, stem cell maintenance, and tissue repair. The 

pathway is named after its ligand, the Hedgehog protein, which, upon binding to its receptor, 

initiates a cascade of intracellular events crucial for proper cell fate determination (Ingham, 

2022). Central to this pathway are the Hedgehog ligands, a family of secreted proteins that 

initiate and regulate HH signaling and the HH receptors to which they bind. To finish, 

intracellular components transduce the signal from the cell membrane to the nucleus, ensuring 

accurate gene expression responses (Bürglin 2008).  

While the HH is well-known for its critical role in embryonic development, it continues 

to function in adult tissues, influencing cell proliferation, tissue maintenance, and regeneration 

(Jia et al., 2015).  

Dysregulation of this pathway has been implicated in a variety of human diseases, 

including congenital disorders, and neurodegenerative conditions. Its aberrations are also linked 

to the initiation and progression of various cancers, with a particularly pronounced impact on 
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the behavior of CSCs. Thus, understanding the mechanisms that regulate this pathway is vital 

for developing therapeutic interventions (Neumann, 2005).  

 

Components of the Hedgehog Signaling Pathway 

Hedgehog ligands are a group of signaling proteins that share a conserved structure and 

function across various species. In mammals, there are three main types of Hedgehog ligands: 

Sonic Hedgehog (Shh), Indian Hedgehog (Ihh), and Desert Hedgehog (Dhh). Each has distinct 

and overlapping roles in development (Bürglin 2008). 

Shh is the most widely studied and characterized member it plays crucial roles in neural 

development, limb patterning, and organogenesis. Ihh is essential for chondrocyte 

differentiation, endochondral ossification, and the regulation of stem cell niches. And lastly 

Dhh is involved in gonadal development and peripheral nerve sheath formation (Heussler, 

2003). 

Shh ligand is initially synthesized as precursor protein (Shh-P), comprising an 

N-terminal signaling domain and a C-terminal autoprocessing domain. This precursor then 

undergoes a series of PTMs to become an active signaling molecule. First PTM of this sequence 

is autoproteolysis, a process that splits Shh-P into two parts. This process generates the 

N-terminal signaling domain (Shh-N), to whose C-terminus is covalently attached a cholesterol 

molecule. This modification is essential for future activity and gradient formation. The 

N-terminal domain is also modified by means of palmitoylation, a modification where a 

palmitic acid molecule is added. Palmitoylation enhances the solubility and signaling potency 

of Shh. This dual lipidation of Shh is essential for its long-range signaling capabilities. These 

modifications also allow Shh to associate with lipoprotein particles, ensuring its distribution 

and concentration gradient creations, features essential for HH to be able to facilitate proper 

developmental patterning (Heussler, 2003). 

Ligands then undergo the process of multimerization, which is a crucial one their release 

from producing cells. This complex formation with additional soluble proteins, and associations 

with components of the extracellular matrix such as heparan sulfate. These aspects of the 

pathway are essential for its proper functioning and regulation. 

The PTMs of Shh are essential for its interaction with its receptor Patched-1 (PTCH1) 

and co-receptors, such as Cell adhesion molecule-related/down-regulated by oncogenes (CDO), 

Brother of CDO (BOC), and Hedgehog-interacting protein (HHIP). These interactions are 

critical for continuing the Hedgehog signaling cascade. PTCH1 is a 12-pass transmembrane 

protein that acts as the primary HH receptor. In the absence of HH ligands, PTCH1 inhibits the 
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activity of Smoothened (SMO), maintaining the pathway in a repressed state. Shh binding to 

the PTCH1 receptor triggers its conformational changes and relieves its inhibition on SMO, a 

seven-transmembrane protein and initiating intracellular signaling. SMO is a seven-pass 

transmembrane protein crucial for HH signal transduction. In its active state, SMO initiates a 

cascade of intracellular events leading to the activation of Gli transcription factors. Gli proteins 

are the final effectors of the HH pathway, modulating the expression of HH target genes. In 

response to HH signaling, Gli proteins undergo post-translational modifications that regulate 

their activity and localization. The activity and localization of SMO are tightly regulated by 

PTCH1, as well as by various post-translational modifications and interacting proteins. In the 

absence of HH ligands, PTCH1 keeps SMO in an inactive state, leading to the repression of HH 

target gene expression (Heussler, 2003). 

Suppressor of Fused (SUFU), is another pivotal player in the cascade. This cytoplasmic 

protein binds Gli transcription factors in the repressed state, sequestering them in the cytoplasm 

and preventing their activation and nuclear translocation. Hedgehog signaling leads to the 

activation of Gli, converting it into a form that can enter the nucleus. Kinesin and dynein motors 

then play crucial roles in the intracellular trafficking of HH signaling components, including 

Gli proteins, ensuring their proper localization and function. Functionality is also largely 

modified by various protein kinases, including Protein Kinase A (PKA), Glycogen Synthase 

Kinase-3 (GSK-3), and Casein Kinase 1 (CK1), which engage in the phosphorylation of Gli 

proteins, influencing their stability, activity, and subcellular localization. Dispatched RND 

Transporter Family Member 1 (DISP1) and Signal peptide, CUB domain, EGF-like domain 

(SCUBE) proteins also come into play in the release and spread of Shh (Carballo et al., 2018). 

The final effectors of the Hedgehog signaling pathway are the GLI family of 

transcription factors, consisting of Gli1, Gli2, and Gli3. Gli1 acts primarily as a transcriptional 

activator, while Gli2 and Gli3 can function as both activators and repressors, depending on their 

post-translational modifications and the cellular context. In response to Hedgehog signaling, 

GLI proteins translocate to the nucleus, where Gli binds to specific regions of DNA, regulating 

the transcription of target genes involved in cell proliferation, differentiation, and survival 

(Heussler, 2003). 

 

Role in Development and Disease 

The Hedgehog pathway is crucial for patterning and morphogenesis during embryonic 

development. This includes establishing the body plan of an organism, including limb 

development and neural patterning and segmentation. The latter is achieved by providing 
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guiding signals triggering the growth of nerve fibers during neural development. The pathway 

also plays a vital role in organogenesis, the formation of organs, such as the lungs, liver, and 

pancreas (Carballo et al., 2018). 

HH retains its power to influence these tissues into adulthood, when it is involved in 

their cell type homeostasis and regeneration processes like following muscle injury, promoting 

the proliferation of hepatocytes and other liver cell types, or maintenance of lung tissue and the 

regulation of respiratory epithelial cells. Besides that, HH plays a role in tissue repair and 

regeneration, particularly in tissues with high turnover rates, such as the skin and 

gastrointestinal tract. HH is also involved the maintenance of hair follicles and sebaceous 

glands. Its relation to wound healing and the regeneration of the epidermis has also been 

reported. In the adult brain, Hedgehog signaling participates in maintaining neural stem cells, 

influencing their proliferation and differentiation. Involvement in the formation of blood 

vessels is also reported (Carballo et al., 2018). 

Mutations in Hedgehog signaling components are associated with developmental 

disorders such as holoprosencephaly, a condition characterized by the failure of the forebrain 

to properly divide into two hemispheres, and ciliopathies, which are diseases related to defects 

in cilia (where Hedgehog signaling components are localized), impacting various organs and 

systems. Other developmental disorders related to HH mutations include fibrosis, in conditions 

like liver fibrosis (Klein et al., 2019). 

Aberrant activation of the Hedgehog pathway has been linked to the development of 

several types of cancer, including basal cell carcinoma, which is the most common association 

off HH in relation with cancer. Next, medulloblastoma, glioblastoma, and pancreatic cancer. 

Mutations in pathway components, leading to constitutive activation of the pathway, are often 

implicated in these cancers. Recent data also suggest association with neurodegenerative 

diseases like Alzheimer’s and Parkinson’s (Klein et al., 2019). 

 

Regulatory Mechanisms and the repressed state 

The expression of Hedgehog ligands is tightly regulated at the transcriptional level, 

governed by a variety of transcription factors, and signaling pathways responsive to 

developmental cues and cellular context. The activity of the actual components in the HH 

pathway is regulated by various post-translational modifications, including phosphorylation, 

ubiquitination, and SUMOylation. These modifications influence the stability, localization, and 

activity of HH signaling proteins, impacting the repressed state of the pathway. HH also 
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employs negative feedback loops to fine-tune its activity. This loop consists of several 

components of the pathway, including PTCH1 and Gli proteins, being transcriptionally 

regulated by HH signaling itself. PTCH1 is a target gene of HH signaling, and its upregulation 

in the presence of HH ligands helps establish said negative feedback loop, ensuring that the 

pathway is tightly regulated. PTCH1 is a transmembrane protein that plays a central role in 

maintaining the repressed state of the HH pathway. In the absence of HH ligands, PTCH1 

inhibits SMO, preventing the activation of downstream signaling components. Another 

interaction crucial for maintaining the repressed state of HH target genes is one between SUFU 

and GLI proteins. This binding restricts them in the cytoplasm and prevents their translocation 

to the nucleus. Kinases, such as PKA, GSK-3, and CK1 phosphorylate GLI proteins in the 

absence of HH signaling, targeting them for partial degradation and converting them into 

transcriptional repressors (Carballo et al., 2018). 

The HH pathway does not operate in isolation; it interacts with other signaling 

pathways, such as Wnt, Notch, and BMP, to coordinate cellular responses. The interactions 

between the HH pathway and other signaling cascades are critical in embryonic development, 

organogenesis, and tissue repair. Dysregulation of these interactions can lead to developmental 

disorders and contribute to the pathogenesis of diseases, including cancer (Sigafoos et al., 

2021). 

The HH pathway often intersects with the Wnt signaling pathway, particularly in 

developmental processes and cancer. Both pathways can have synergistic or antagonistic 

interactions depending on the cellular context. For example, in some instances, HH signaling 

can enhance Wnt signaling by stabilizing β-catenin (Tang et al., 2010). 

The interaction between the HH and Notch signaling pathways is crucial in the 

regulation of cell fate determination, stem cell maintenance, and differentiation. In many types 

of cancer, these pathways collaboratively promote tumor growth and survival (Tang et al., 

2010). 

The Transforming Growth Factor Beta (TGF-β) and Bone Morphogenetic Protein 

(BMP) pathways can either cooperate with or oppose HH signaling. This interaction is 

particularly important in embryonic development and in the maintenance of stem cell niches 

(Guo and Wang., 2008). 

The crosstalk between HH signaling and the PI3K/AKT/mTOR pathway is significant 

in cancer biology. The HH pathway can activate the PI3K/AKT pathway, promoting cell 

survival and growth, and contributing to chemoresistance in cancer cells (Larsen and Møller., 

2020). 
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The Mitogen-Activated Protein Kinase (MAPK)/Extracellular Signal-Regulated Kinase 

(ERK) pathway can be influenced by HH signaling. This interaction is often observed in the 

context of cancer, where it can contribute to uncontrolled cell proliferation and tumor 

progression (Liu et al., 2018). 

HH signaling intersects with cell cycle regulators like cyclins and cyclin-dependent 

kinases (CDKs). This interaction can influence cell cycle progression and is a critical aspect of 

how HH signaling controls cell proliferation (Kenney and Rowitch., 2000). 

Under hypoxic conditions, HH signaling can be modulated through HIF-1α. This 

interaction is particularly relevant in the tumor microenvironment, affecting tumor growth and 

metastasis (Roy et al., 2020). 

 

Therapeutic Interventions 

Given its role in cancer and developmental disorders, the Hedgehog pathway is an 

attractive target for therapeutic intervention, particularly in regenerative medicine (Piccioni et 

al., 2014). Various inhibitors of the pathway have been developed, some of which have been 

approved for clinical use in treating specific types of cancer. However, vast roles in tissue 

homeostasis, therapeutic targeting of this pathway requires careful consideration and precise 

modulation (Carpenter et al., 2019). 

On one hand, inducing a lagging Hedgehog signaling has potential in promoting tissue 

repair and regeneration in conditions such as neurodegenerative diseases, muscle degeneration, 

and liver cirrhosis (Edwards et al., 2004). 

On the other side, inhibiting aberrantly hyperactive Hedgehog signaling is a strategy in 

treating cancers associated with this pathway. Several inhibitors targeting components of the 

Hedgehog pathway  have been developed and approved for treating certain types of cancer (e.g., 

Smoothened inhibitors Sonidegib and Vismodegib for treatment of basal cell carcinoma) 

(Carpenter et al., 2019). 

 

Outlook 

The Hedgehog signaling pathway is a complex and highly regulated cascade that plays 

critical roles in development, tissue maintenance, and disease. Hedgehog signaling retains its 

importance well beyond embryonic development, playing crucial roles in the maintenance, 

repair, and regeneration of adult tissues. Its dysregulation is implicated in a wide array of 

diseases, particularly cancers, making it a critical target for therapeutic intervention (Bürglin 
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2008). Ongoing research continues to unravel its complexities, with the aim of developing more 

effective and precise therapies to modulate this pathway. 

The influence of HH on regenerative processes positions it as a key player in the field 

of regenerative medicine, though its dual role in cancer necessitates a nuanced approach in 

therapeutic applications (Carballo et al., 2018). Hedgehog signaling plays a double-edged 

sword in human health, being crucial for normal development and tissue maintenance, while its 

dysregulation is implicated in a plethora of diseases. Understanding the intricacies of this 

pathway is vital for developing targeted therapies, offering hope for patients suffering from 

Hedgehog-related diseases and paving the way for precision medicine in these conditions. 

Research continues to unveil the complexities of Hedgehog signaling in disease, seeking safer 

and more effective therapeutic strategies (Giammona et al., 2023). 

 

 

2 Hedgehog signaling pathway in CSC 

Hedgehog signaling has gained attention for its association with CSCs, a subpopulation 

of cells within tumors that possess the ability to self-renew and differentiate, contributing to 

tumor heterogeneity and therapeutic resistance (Tang et al., 2011; Liu et al., 2022). The 

Hedgehog pathway is here reported to be crucial for maintaining the stemness of CSCs and 

their pluripotency (Tang et al., 2011). In CSCs, this pathway often becomes constitutively 

activated, either through mutations in pathway components or through external cues from the 

tumor microenvironment. HH is via its effect on CSCs implicated in promotion of 

tumorgenicity by supporting tumor initiation, progression, and metastasis in various types of 

cancer, including glioblastoma, breast cancer, and colorectal cancer. Inhibiting Hedgehog 

signaling in these cells has been shown to reduce their tumorigenic potential and stemness 

characteristics (Tang et al., 2011). 

The Hedgehog signaling pathway also plays a crucial role in drug resistance of CSCs. 

Targeting this pathway represents a promising therapeutic strategy in oncology, though 

challenges remain in effectively and safely modulating Hedgehog signaling in the clinical 

setting. Further research is required to better understand the intricacies of this pathway in CSCs 

and to develop novel strategies to overcome the associated therapeutic challenges (Lu et al., 

2021). 
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Mechanisms of Hedgehog Signaling in CSCs 

Hedgehog signaling activates various survival and anti-apoptotic pathways in CSCs, 

which are central to the pathogenic success of the CSCs enhancing their viability. Not only does 

it promote the proliferation of CSCs, but it also enhances their survival capabilities (Cochrane 

et al., 2015). This is particularly alarming as CSCs are notoriously resistant to conventional 

therapies, contributing to treatment failure and cancer relapse. Activation of the HH pathway 

in CSCs upregulates the expression of anti-apoptotic genes such as BCL-2 (B-cell lymphoma 

2) (Cochrane et al., 2015) and myeloid cell leukemia sequence 1 (MCL-1) (Barakat et al., 2010), 

which provide a survival advantage to CSCs in the hostile tumor microenvironment and under 

stress conditions such as chemotherapy. 

BCL-2 and MCL-1 belong to the BCL-2 family of proteins, which includes both pro-

apoptotic and anti-apoptotic members (Wu et al., 2017). By binding to and neutralizing pro-

apoptotic proteins such as BAX and BAK, BCL-2 and MCL-1 prevent the release of 

cytochrome c from the mitochondria, thereby inhibiting the apoptotic cascade. In CSCs, the 

expression of these proteins is often dysregulated, contributing to the evasion of apoptosis and 

the facilitation of tumor progression. BCL-2 and MCL-1 are integral to the survival strategy of 

CSCs, conferring resistance to apoptosis and contributing to the daunting challenges of cancer 

treatment (Safa, 2022). Their roles in sustaining CSC populations and promoting therapeutic 

resistance underscore the potential benefit of developing targeted therapies against these 

proteins. CSCs exploit elevated levels of BCL-2 and MCL-1 to avoid cell death triggered by 

various stressors, including hypoxia, nutrient deprivation, and chemotherapy. By maintaining 

mitochondrial integrity and preventing the activation of the apoptotic machinery, BCL-2 and 

MCL-1 enable CSCs to survive and repopulate the tumor after treatment. These proteins are 

also implicated in the self-renewal and differentiation of CSCs, affecting the long-term 

dynamics of tumor cell populations. The HH pathway, through the action of Gli transcription 

factors, can directly or indirectly enhance the expression of BCL-2 and MCL-1, thus promoting 

cell survival and resistance to apoptosis. This regulation ensures the persistence of CSCs within 

the tumor niche, contributing to the challenge of eradicating cancers, particularly those resistant 

to conventional therapies (Safa, 2022). 

As our understanding of the intricate networks regulating BCL-2 and MCL-1 in CSCs 

expands, so too will our capacity to design innovative approaches for the eradication of these 

resilient cells from the tumor hierarchy (Castelli et al., 2021). The interplay between HH 

signaling and apoptotic regulation presents an attractive target for cancer therapy, offering a 

potential route to undermine CSC resilience and improve patient outcomes. Ongoing research 
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into this interaction will be critical in guiding the development of more effective and durable 

cancer treatment strategies (Bisht et al., 2022). Targeting HH signaling may need to be 

combined with other targeted therapies to counteract compensatory. Additionally, the 

identification of biomarkers that can predict the response to HH inhibitors remains a significant 

challenge and an area for future research (Bisht et al., 2022). 

The HH pathway contributes to the expression of stemness-related genes like SOX2, 

OCT4 and NANOG, which are crucial for maintaining the self-renewal capacity of CSCs (Lu 

et al., 2021). 

HH also influences the tumor microenvironment, promoting a niche that supports CSC 

maintenance and activity. The TME plays a pivotal role in cancer progression, influencing the 

behavior of cancer cells, including CSCs. This crosstalk between CSCs and their niche is 

partially facilitated by the HH pathway, which is now recognized as a crucial regulator of 

multiple cellular and non-cellular components of the TME (Takabatake et al., 2019). It 

orchestrates a supportive tumor microenvironment by regulating the secretion of factors that 

foster angiogenesis and immune evasion. HH signaling can also induce the secretion of factors 

that promote angiogenesis, thus enhancing nutrient supply and CSC sustenance (Bausch et al., 

2020). Furthermore, it can influence immune cells to adopt a tumor-promoting phenotype, 

contributing to immune evasion. This pathway influences CSCs directly by affecting their cell 

cycle and indirectly by shaping the TME to support CSC growth and survival (Takabatake et 

al., 2019). 

Next, Hedgehog signaling is implicated in EMT, a process associated with increased 

stemness, migration, and invasion of cancer cells. EMT is a reversible cellular program that is 

critical for embryogenesis, tissue remodeling, and wound healing (Islam et al., 2015). When 

co-opted by cancer cells, it facilitates metastasis. This key event in cancer progression and 

metastasis endows epithelial (cancer stem) cells with mesenchymal features, enhancing their 

migratory and invasive abilities (May et al., 2011). The Hedgehog signaling pathway has been 

identified as a pivotal regulator of both EMT and CSC phenotypes, offering potential targets 

for therapeutic intervention. The HH signaling pathway influences EMT through its 

downstream effectors and transcription factors of the Gli family. The activation of HH signaling 

leads to the induction of EMT markers, such as N-cadherin, vimentin, and fibronectin, while 

downregulating epithelial markers like E-cadherin (Loh et al., 2019). Other EMT-associated 

transcription factors that also govern stemness properties, such as Snail (Fendrich et al., 2007), 

Slug (Horák et al., 2023), and Twist (Khales et al., 2022). These transcription factors not only 

promote EMT but also enhance the stemness characteristics of CSCs. Taken together, his shift 
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in marker expression is indicative of a transition to a more mesenchymal and stem-like state, 

contributing to increased tumor invasiveness and metastatic potential (Khales et al.,2022). 

 

3 Hedgehog signaling in melanoma 

The Hedgehog signaling pathway plays a significant role in melanoma progression (Li 

et al., 2011). A study explored the therapeutic potential of targeting this pathway in melanoma. 

They analyzed human melanoma cell lines and control melanocytes for changes in the 

expression of Hedgehog pathway members. The study found that over 40% of melanoma cell 

lines had significantly higher levels of Hedgehog pathway mediators, such as SMO, GLI2, and 

PTCH1, compared to melanocytes (Shamsoon et al., 2023). 

The consequences of both genetic and pharmacological inhibition of SMO in melanoma 

were examined in vitro and in vivo. Inhibition of SMO, using siRNA and the small molecule 

inhibitor NVP-LDE225, suppressed melanoma growth, particularly in cell lines with moderate 

SMO and GLI2 expression (Jalili et al., 2013). NVP-LDE225 also induced apoptosis in vitro 

and inhibited melanoma growth in a xenograft model. Interestingly, gene expression data 

revealed compensatory up-regulation of other developmental pathways, Notch and WNT, in 

response to Hedgehog pathway inhibition. Additionally, pharmacological and genetic SMO 

inhibition downregulated genes involved in human embryonic stem cell pluripotency (Jalili et 

al., 2013). 

The study also found a correlation between increased SMO expression, decreased 

expression of the Hedgehog pathway repressor GLI3, and shorter post-recurrence survival in 

metastatic melanoma patients (Jalili et al., 2013). These findings suggest that Hedgehog 

pathway inhibition might be a promising targeted therapy in appropriately selected metastatic 

melanoma patients. 

 

C THERAPEUTIC APPROACHES AGAINST CSCS 

1 Therapeutic interventions 

Developing therapies that specifically target CSCs is an active area of research, as it has 

the potential to enhance the effectiveness of cancer treatments and overcome drug resistance. 

Strategies include disrupting CSC-specific signaling pathways, blocking surface markers, and 

developing immunotherapies that target CSC antigens (Dragu., 2015). To improve cancer 

treatments and overcome drug resistance, researchers are exploring innovative strategies for 
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targeting CSC-specific markers and their associated signaling pathways. Therapeutic 

approaches include: 

 

Chemotherapy:  

The use of chemotherapy in targeting CSCs is a complex and evolving area of cancer 

treatment. CSCs are a subpopulation of cancer cells that are inherently more resistant to 

chemotherapy than their differentiated counterparts (Phi et al., 2018). Traditional chemotherapy 

effectively reduces the tumor mass by targeting the bulk of differentiated cancer cells but tends 

to select for highly resistant CSCs that can regenerate the tumor. This resistance is attributed to 

the ability of CSCs to multiply indefinitely, making them a significant factor in relapse after 

therapy (Liu et al., 2018). Conventional chemotherapy drugs, like paclitaxel, mainly target 

rapidly proliferating cancer cells (Sharifi-Rad et al., 2021). Various strategies have been 

explored to target CSCs in different types of cancers. These strategies include blocking one or 

more self-renewal signaling pathways, reducing the expression of drug efflux and ATP-binding 

cassette efflux transporters, modulating epigenetic aberrations, and promoting CSC 

differentiation (Begicevic and Falasca, 2017). However, standard anti-tumor therapies, 

including conventional chemotherapy, radiation therapy, and molecularly targeted therapies, 

are not very effective against CSCs. Often, these therapies lead to an enrichment of CSCs, 

which can result in tumor relapse. This has led to the hypothesis that targeting CSCs is essential 

to increasing the efficacy of cancer therapies (Phi et al., 2018). 

 

Immunotherapy: 

Immunotherapeutic approaches aim to stimulate the immune system to recognize and 

attack CSCs. These strategies include the development of vaccines and immune checkpoint 

inhibitors that target CSC-specific antigens (Izadpanah et al., 2023). CSCs were found to be 

immunogenic and more effective as an antigen source compared to unselected tumor cells. This 

means that CSCs triggered a stronger immune response in the host. Also, cytotoxic T 

Lymphocytes (CTLs) generated from the blood or spleen cells of CSC-vaccinated hosts could 

kill CSCs in vitro (Ning et al., 2012). This suggests that the immune response induced by CSC 

vaccination included cytotoxic T cells that could target and eliminate CSCs. 

Almost a century ago, German researcher Georg Schöne made seminal observations 

suggesting that vaccinating animals with fetal tissue could prevent the growth of transplantable 

tumors (Brewer et al., 2009). This early work hinted at the potential role of the immune system 
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in rejecting tumors. Subsequent research in the 1960s and 1970s explored the phenomenon of 

immunologic rejection of tumors and the prevention of carcinogenesis through vaccination with 

embryonic or fetal material. However, interest in this area of research appeared to decline in 

subsequent years. Data suggests that the earlier experimental work on vaccination against tumor 

growth with embryonic or fetal material may be particularly relevant in the context of current 

research on cancer stem cells (Barati et al., 2021). Further research in this area is warranted, 

including the exploration of using embryonic stem cells as immunogens. The results from 

earlier studies support the idea that vaccination against various types of cancers could be a 

realistic possibility (Hashemi et al., 2022). Using vaccination with embryonic or fetal material 

can prevent tumor growth and suggests that revisiting this concept, with modern approaches 

involving embryonic stem cells, could have implications for cancer prevention (Ouyang et al., 

2019). 

 

Construction of Melanoma Vaccines: 

Advances have also been made in research of melanoma vaccines. The first vaccine was 

composed of cells derived from melanospheres (SFs) with CSC characteristics, which were 

admixed with B16F10 melanoma cells modified with a designer cytokine called 

Hyper-interleukin 6 (Gabka-Buszek et al., 2020). The second vaccine contained syngeneic 

murine induced pluripotent stem cells (miPSCs), again admixed with B16F10 cells modified 

with H6. Both vaccines were found to be effective in inhibiting tumor growth and increasing 

disease-free survival (DFS) and overall survival (OS) in C57BL/6 mice (Gabka-Buszek et al., 

2020). This suggests that these vaccines triggered an immune response against melanoma cells, 

including CSCs. Mice treated with the SF vaccine or induced pluripotent stem cells (iPSCs) 

vaccine showed increased activation of the immune response at the vaccination site and within 

the tumor microenvironment (Gabka-Buszek et al., 2020). This included higher infiltration of 

dendritic cells (DCs), monocytes, and natural killer (NK) cells, as well as lower numbers of 

myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs). The vaccines were 

associated with higher levels of the cytokines IFNγ and IL-12, which engage in immune 

responses (Cheng et al., 2022). Splenocytes (immune cells) from mice immunized with the 

vaccines showed increased proliferation of CD4+ T helper lymphocytes and secretion of 

cytokines when restimulated in vitro. Mice immunized with the SF vaccine had increased serum 

antibody titers directed against B16F10 cells. The miPSC vaccine was found to be the most 

effective in extending DFS and OS (Hashemi et al., 2022). 
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Gene Therapy: 

Gene-based therapies are being explored to selectively target CSCs. These approaches 

involve the delivery of genes or gene-modifying agents that inhibit CSC-specific pathways or 

promote their differentiation and elimination (Dragu et al., 2015). Tumors, especially those with 

high invasiveness and metastasis, need to evade the immune system once they detach from their 

primary site and establish metastatic sites. CD47 is a protein that sends a "self" signal to immune 

cells, preventing their clearance by macrophages and T cells, while PD-L1 suppresses immune 

responses. CD47 and PD-L1 expression is elevated in various cancer cells, including lung, 

breast, melanoma, and esophageal cancer, but not in normal cells (Leone et al., 2018). SiRNA 

molecules were used to inhibit CD47 and PD-L1 expression in cancer cells, and these molecules 

were incorporated into LPP-P4-Ep complexes modified with an EpCAM aptamer (Lian et al., 

2019). The LPP-P4-Ep complexes effectively targeted cancer cells with high CD47 and PD-L1 

expression, leading to decreased expression of immune-related proteins and increased cancer 

cell apoptosis when co-cultured with immune cells. In vitro experiments showed that inhibiting 

CD47 and PD-L1 proteins activated immune cells and increased cytokine secretion while 

reducing tumor growth and metastasis (Lian et al., 2019).  

 

Nanotherapy: 

Nanoparticles can be designed to specifically target CSCs by delivering therapeutic 

agents directly to these cells (Ertas et al., 2021). Nanoparticles are tiny particles with sizes on 

the nanometer scale, and they can be engineered to carry drugs, genes, or other therapeutic 

agents. The size of nanoparticles can significantly impact their biodistribution, cellular uptake 

and intracellular fate (Foroozandeh and Aziz, 2018). Nanoparticles are engineered in a way that 

they may enter cells more easily through various mechanisms, including endocytosis and 

compound in tumors through the enhanced permeability and retention (EPR) effect, making 

them valuable for delivering therapeutic payloads selectively to cancer cells. This approach 

enhances drug delivery to CSCs while minimizing exposure to healthy cells (Nie et al., 2023). 

 

Nanoparticle-based combination therapies: 

Nanoparticle-based combination therapies represent promising strategies for cancer 

treatment, particularly when targeting CSCs. These approaches have the potential to improve 

the precision, efficacy, and safety of cancer therapy, benefiting patients by reducing recurrence 

and metastasis. Nanoparticles can be engineered to target specific cell types, including CSCs, 
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minimizing damage to healthy tissue. Targeted drug delivery reduces systemic exposure to 

chemotherapeutic agents, reducing side effects (Nie et al., 2023).  

Nanoparticular approach can be combined with thermotherapy, which involves raising 

the temperature in the tumor region to induce cell death. When nanoparticles are designed to 

accumulate in tumors and absorb near-infrared light, they can convert this light into heat, 

selectively targeting and killing cancer cells while sparing healthy tissue. This approach, known 

as photothermal therapy, can be used to target CSCs within tumors (Chatterjee et al., 2011). 

Nanoparticles can also be used to deliver chemotherapeutic agents directly to tumor sites 

(Yao et al., 2020). This targeted drug delivery minimizes the exposure of healthy tissues to the 

drug, reducing side effects. By designing nanoparticles that can specifically target CSCs, it is 

possible to enhance the effectiveness of chemotherapy against these critical cells. Nanoparticles 

are valuable tools for molecular imaging, allowing researchers to visualize and track specific 

molecules or processes in living organisms. The size of nanoparticles can impact their ability 

to target and bind to specific molecular targets in vivo (Wang et al., 2013). 

 

Enzyme/prodrug systems: 

Enzyme/prodrug systems represent a promising approach in cancer therapy with the 

potential to improve the efficacy and safety of conventional chemotherapies. This approach 

involves introducing a gene into cancer cells that can express an enzyme capable of converting 

a non-toxic prodrug into its active and cytotoxic form. As a result, when the prodrug is 

administered, it is selectively activated within the transfected cancer cells, leading to their 

destruction (Malekshah et al., 2016). Several enzyme/prodrug systems have been developed for 

this purpose. However, despite significant progress in preclinical studies and early clinical 

trials, enzyme/prodrug systems have faced challenges that have prevented their widespread 

clinical use. In some cases, the conversion of the prodrug into its active form may be slow, 

limiting the effectiveness of the treatment (Zhang et al., 2016). Efficient delivery of the 

therapeutic gene into cancer cells can be difficult to achieve, impacting the overall success of 

the therapy. Also, the delivery systems, plasmid DNA, enzymes, and prodrugs used in the 

therapy can sometimes result in nonspecific toxicity or immune responses, which may be 

harmful to the patient (Sheikh et al., 2021). Ongoing research has focused on addressing these 

challenges. New delivery systems and gene delivery techniques are being developed to improve 

transfection efficiency. Additionally, efforts are being made to enhance the specificity and 

safety of enzyme/prodrug systems. Despite the challenges, enzyme/prodrug systems have been 

evaluated in clinical studies (Poreba, 2020). These studies aim to assess the safety and efficacy 
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of this approach in human patients. Results from these trials can provide valuable insights into 

the feasibility of enzyme/prodrug systems in clinical settings. Mesenchymal stem cells (MSCs) 

were genetically modified to express four different suicide genes: thymidine kinase (TK), yeast 

cytosine deaminase:uracil phosphoribosyltransferase (yCD:UPRT), and nitroreductase (NTR) 

(Nouri et al., 2015). These stem cells were used as a delivery platform to compare the 

effectiveness of the different enzyme/prodrug systems. The study evaluated the anticancer 

efficacy of these genetically engineered MSCs both in vitro and in vivo using a sensitive cancer 

cell line (SKOV3) that is susceptible to all four enzyme/prodrug systems (Nouri et al., 2015). 

The researchers conducted experiments to determine the therapeutic impact of each system. 

The results indicated that the yCD:UPRT/5-FC enzyme/prodrug system was the most effective 

among the ones evaluated. This system demonstrated superior anticancer activity in the context 

of this study (Nouri et al., 2015). The MSCs used in this study were engineered to express the 

luciferase gene, allowing for quantitative imaging and dose-response studies in animals. This 

approach facilitated the side-by-side evaluation and screening of different enzyme/prodrug 

systems. 

 

Hyperthermia: 

The controlled application of heat to the body, has been investigated for its potential to 

enhance the body's natural immune response against cancer (Skitzki et al., 2009). 

Hyperthermia, particularly in the fever range (around 39-42°C), has been shown to enhance the 

body's anti-tumor immune response. Elevated temperatures can stimulate the immune system, 

leading to increased activity of immune cells like T cells, natural killer (NK) cells, and 

macrophages (Evans et al., 2015). This heightened immune response can help in recognizing 

and attacking cancer cells more effectively. Cells exposed to heat stress produce Heat Shock 

Proteins (hsps) in large quantities. These hsps serve as chaperone proteins, helping in the correct 

folding of other cellular proteins and preventing protein damage caused by stress. Importantly, 

hsps have been found to be potent immune modulators (Stetler et al., 2010). Hyperthermia can 

have direct effects on immune cells. For instance, it can increase the migration and infiltration 

of immune cells into the tumor microenvironment. Elevated temperatures can also enhance the 

cytotoxic activity of NK cells and T cells, making them better at killing cancer cells (Dayanc et 

al., 2008). Hsps released by heat-stressed cells can function as danger signals to the immune 

system. These hsps can be taken up by antigen-presenting cells (APCs), such as dendritic cells, 

which play a crucial role in initiating and regulating immune responses. Hsps can activate 

APCs, leading to the presentation of tumor-specific antigens to T cells, thereby initiating an 
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adaptive immune response against cancer. Hsps can be harnessed for the development of cancer 

vaccines (Setler et al., 2010). Tumor-associated antigens can be fused or associated with hsps 

to create vaccines that can stimulate an immune response against cancer cells. These vaccines 

can be administered as part of cancer immunotherapy strategies (Liu et al., 2022). Some 

therapeutic protocols combine hyperthermia with the administration of hsps or hsps-based 

vaccines to maximize the immune response against tumors. This combined approach aims to 

capitalize on both the direct effects of heat on immune cells and the immune-modulating 

properties of hsps. 

 

2 GLI transcription factors as a focus of targeted experimental 

interference against CSC subpopulation 

Targeting the HH signaling pathway in CSCs is a critical area of cancer research due to 

the pathway's significant roles in various cancer-related processes (Dusek and Hadden, 2021). 

Peripheral tumor cells, CSCs, and mesenchymal cells can initiate the transcription of stemness 

genes (such as NANOG, Oct4, Sox2, and Bmi1) in CSCs through Hedgehog signaling to 

maintain stem cell properties (Didiášová et al., 2018). 

Early clinical trials with HH pathway antagonists have validated HH signaling as an 

anticancer target in a wide variety of human tumors. However, issues remain regarding the basic 

biology of the HH pathway in human cancers, such as the influence of specific oncogenic events 

on HH signal transduction and the best means to inhibit aberrant pathway activity in a clinical 

setting (Dusek and Hadden, 2020). Due to the diverse nature of HH signaling in human cancers, 

disease-specific factors must be carefully considered to optimize the use of novel pathway 

inhibitors. 

To date, numerous agents have been developed to specifically target the HH pathway 

(glasdegib, sonidegib, vismodegib, ciclesonide) (Carpenter et al., 2019), along with other 

critical pathways like Wnt (niclosamide, TFP, DTX and SFN, PP, AD and Ts) and Notch 

(DAPT) signaling, for cancer treatment (Yang et al., 2020; Kumar et al., 2021). These 

treatments aim to inhibit the pathway's influence on cancer stem cells, potentially reducing 

tumor growth and spread, and overcoming drug resistance. 

This ongoing research highlights the importance of the Hedgehog signaling pathway in 

cancer biology, especially in the context of cancer stem cells, and underscores the potential of 

targeted therapies in this area. 
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II AIMS 

This doctoral thesis is focused on the functions of GLI transcription factors in cancer 

and is aimed to unveil their relation to further downstream genes, which are, in turn, linked 

tumor upkeep and prosperity.  

 

1) The GLI transcription factors, the effectors of the Hedgehog signaling pathway, are 

known to target multiple genes associated with tumor development, progression, and 

metastasis. Our group already expanded the list of GLI targets while identifying 

Survivin as a GLI-regulated gene. Here we present data linking GLIs to Slug 

transcription factor, which engages in embryogenesis and tumor cell invasion. Our aim 

is to define the relation between HH pathway and Slug, a known asset in EMT and 

anti-apoptotic activity. 

 

2) Recent years brough novel therapies based on SMO inhibition. This treatment was 

developed to help patients suffering from acute myeloid leukemia and basal cell 

carcinoma. Unfortunately, this therapy often leads to SMO acquired resistance. We 

understand that the signaling crosstalk between HH pathway and others is robust and 

can bridge over a singular interference, but we aim to investigate the regulatory effect 

of GLI inhibition by GANT61 with outlook to clinical applications. 

 

3) Lastly, although the MiTF gene was isolated some 30 years ago and has been studied 

extensively for most of this period, we are far from describing its functions in its 

entirety. Its involvement in melanoma invasiveness has been reported, so we aim to 

analyze how varying levels of MITF influence other key features of melanomas, 

such as, proliferation, differentiation, and ubiquitination. 
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III  METHODS 

In this part I disclose the list of methods applied during my research. These are further 

elaborated in published papers. 

 

Animal experimentation – See publication IV (p. 105) 

Cell cultivating – see Publication I (p. 56), II (p. 78), III (p. 86) and IV (p. 104) 

Cell migration assay – See publication IV (p. 104) 

Cell proliferation assay – See publication II (p. 79) and IV (p. 105) 

Chromatin Immunoprecipitation – see Publication I (p. 57) and IV (p. 105) 

Colony outgrowth assay, growth curves – see Publication II (p. 79), III (p. 86) and IV 

(p. 105) 

Detection of apoptosis – detection of apoptotic nuclei, TUNEL assay – see 

Publication II (p. 79, 80) 

Flow cytometry- see Publication II (p. 79) 

Gene expression profiling – see Publication IV (p. 106) 

Immunofluorescence microscopy – see Publication I (p. 43), III (p. 86) and IV (p. 106) 

Immunohistochemical analysis - see Publication I (p.58) 

Invasivity assay - see Publication III (p. 87) 

mRNA preparation and real-time/quantitative PCR - see Publication I (p. 57), III 

(p. 87) and IV (p. 105) 

Plasmid engineering, expression vectors creation, promoter-reporter constructs 

transfection – see Publication I (p. 57) and II (p. 80) 

Proteomics analysis and nano-HPLC-MALDI-TOF/TOF analysis - see Publication 

IV (p. 105) 

shRNA knock-down, production of lentivirus, lentiviral infection - see Publication 

III (p. 86) 

Statistical analysis – see Publication I, II (p. 80), III (p. 87) and IV (p. 106) 

Transient transfection of siRNA – see Publication IV (p. 104) 

Viability assay – see Publication III (p. 87) 

Western blotting – see Publication I (p. 56 II, (p. 79), III (p. 87) and IV (p. 105) 

Wound healing assay - see Publication III (p. 87) 
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Abstract. In melanoma and other cancers, invasion, epithelial- 
to-mesenchymal transition, metastasis and cancer stem cell 
maintenance are regulated by transcription factors including 
the Snail family. Slug (Snail2) protein generally supports 
migration and apoptosis resistance. However, its role in 
melanoma is not completely understood. The present study 
investigated the transcriptional regulation of the SLUG gene in 
melanoma. It demonstrated that SLUG is under the control of 
the Hedgehog/GLI signaling pathway and is activated 
predominantly by the transcription factor GLI2. The SLUG 
gene promoter contains a high number of GLI-binding sites. 
Slug expression is activated by GLI factors in reporter assays 
and inhibited by GANT61 (GLI inhibitor) and cyclopamine 
(SMO inhibitor). SLUG mRNA levels are lowered by GANT61 
as assessed by reverse transcrip tion-quantitative PCR. 
Chromatin immunoprecipitation revealed abundant binding of 
factors GLI1-3 in the four subregions of the proximal SLUG 
promoter. Notably, melanoma-associated transcription factor 
(MITF) is an imperfect activator of the SLUG promoter in 
reporter assays, and downregulation of MITF had no effect on 
endogenous Slug protein levels. Immunohistochemical anal- 
ysis confirmed the above findings and showed MITF-negative 

regions in metastatic melanoma that were positive for GLI2 
and Slug. Taken together, the results demonstrated a previ- 
ously unrecognized transcriptional activation mechanism of 
the SLUG gene, which may represent its main regulation of 
expression in melanoma cells. 

 
Introduction 

 
Hedgehog (HH) signaling is a developmentally conserved 
pathway in numerous embryonic tissues and has been shown 
to be dysregulated in multiple cancers (1,2). The Sonic 
Hedgehog cascade involves the Sonic hedgehog (Shh) ligand 
binding to Patched (PTCH), a 12-pass transmembrane protein. 
When the ligand is absent, PTCH represses the activity of the 
neighboring 7-pass membrane protein Smoothened (SMO). 
This inhibition is released upon Shh binding. The ensuing 
activation of SMO triggers a chain of events that lead to 
the release of GLI1-3 effector proteins from the Suppressor of 
Fused (SuFu) and their subsequent translocation to the nucleus 
(2). The activated HH/GLI pathway has been linked to a 
number of types of human cancers and causes accelerated 
proliferation and survival and an enhanced rate of metastasis. 
HH also supports the self-renewal of cancer stem cells (CSCs), 

  a subpopulation of tumor cells with inherent resistance to 
therapy (3,4). HH activity can be regulated in a noncanonical 
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Abbreviations: Slug (Snai2, Snail2), snail family zinc finger 2; 
Snail1, snail family zinc finger 1; EMT, epithelial-to-mesenchymal 
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A1; Klf4, Krüppel-like transcription factor 4; GLI, GLI family zinc 
finger; CSC, cancer stem cells; HH, Hedgehog signaling pathway; 
MITF, melanoma-associated transcription factor 

 
Key words: Slug, Hedgehog signaling, GLI family zinc finger, 
melanoma-associated transcription factor, melanoma 

manner, and does not require the initial Shh binding to the 
receptor. A number of pathways, such as RAS (5), MAPK (6), 
AKT (7) and EGFR (8), have been shown to activate GLI 
factors directly in tumor cells. 

The HH pathway has been shown to be essential for the 
oncogenic properties of melanoma (6). Moreover, blunting 
GLI1 and GLI2 restores sensitivity to vemurafenib in 
vemurafenib-resistant melanoma cells harboring BRAF 
mutations (9). SOX2 is crucial for the self-renewal of CSCs in 
melanoma and is regulated by GLI1 and GLI2, thus mediating 
HH signaling (10). GLI1 and GLI2 also transcriptionally regu- 
late several genes involved in positive regulation of the cell 
cycle, such as E2F1, cdk1 and cyclin B (11). 

The transcription factor Slug, the protein product of the 
SNAIL2 gene, belongs to the Snail family of zinc-finger 
transcription factors (12). As early as 1998, the human Slug 
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Supplementary Figure Legends.  
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DISCUSSION OF RESULTS 

In this doctoral thesis, I aim to elucidate the contribution of HH pathway to the 

phenotype exhibited by tumors. I disclose findings of newly discovered gene targeted by HH 

and of the rate of expression of components of HH pathway upon introduction of its inhibitors. 

The general role of HH pathway in melanomas is also discussed. Given the widespread 

disruption of this pathway across various tumor types, we examine its impact on several cellular 

processes, including cell growth, the transition from epithelial to mesenchymal states, 

metastasis, cell death, and notably, the sustenance of CSC populations. The focal point of our 

study are melanomas; therefore, melanoma cell lines were used as a model to conduct the 

experiments on, however some other tumor cell lines were also used in elucidating the effect of 

HH inhibitors.  

 

In the first paper “The Hedgehog/GLI signaling pathway activates transcription of 

Slug (Snail2) in melanoma cells”, we proved, for the first time, that HH signaling pathway 

directly targets C2H2-type zinc-finger transcription factor Slug. This protein is a member of 

the Snail superfamily of zinc finger transcription factors, and it modulates both basal and 

activator dependent transcription (Ganesan et al., 2015). In osteoblasts, it upregulates 

transcriptional activity of RUNX2 and downregulates the expression of SOC9 (Lambertini et 

al., 2009), it binds to CXCL12 promoter through E-box regions, and it facilitates osteoblast 

maturation (Piva et al., 2010). It plays a role in migration of neural crest cells and participates 

in facilitating RAF-1-mediated transcriptional repression of the TJ protein (Ganesan et al., 

2015). It also binds to E2-box-containing silencer and in concert with CTBP1 and HDAC1 

represses BRCA2 in breast cells (Tripathi et al. 2005). Further E-box elements are targeted to 

regulate E-Cadherin/CDH1 expression. Slug silences expression of ITGA3 in epidermal 

keratinocytes and regulates their proliferation and cell adhesion abilities by acting on ITGB1 

and ITGB4 (Wu et al., 2020). 

Slug stimulates BSG expression via E-box2 binding during TGFB1-mediated EMT in 

hepatocytes and furthermore, during TWIST-mediated EMT, Slug contributes to the 

pro-invasive and metastatic phenotype (Naber et al., 2013).  

The discovery of regulation of Slug expression is fundamental regarding further cancer 

research as Slug is aberrantly over-expressed in wide variety of tumors and only a limited 

amount of research has been dedicated to deciphering of its regulation (Li et al., 2015). 



 

145 |  

 

In this paper, we demonstrate that elements of Hedgehog signaling pathway, namely 

GLI transcription factors are entangled in the Slug gene expression regulation and suggest that 

Slug is a subject of HH-mediated transcriptional regulation. Even though Slug promoter lacks 

the GLI full consensus sequence GACCACCCA, originally determined by Kinzler and 

Vogelstein (1990), we identified more than 80 potential GLI binding sites (page 58). However, 

these binding sites all comprise at least one and up to three mismatches, but it is known that 

these sites also bind the GLI factors and can act in transcriptional activation. This was 

demonstrated before by Winklemayr et al. (2010), where multiple deviations from the 

consensus sequence within the binding site do not abolish binding and trans-acting GLI activity. 

The response of this promoter to varying levels of GLI transcription factors was 

analyzed. Its full length (-5216+112) was shortened in multiple ways to produce 5 different 

excerpts. It was discovered that the middle part of the promoter (-4635-2092) is the most active 

fragment of the promoter as its removal from the full length resulted in decreased luciferase 

expression (the “Dmiddle” construct). When being the only portion used for the reporter 

construct, it yields the most increased expression response with approximately 3-fold uptick 

compared to the full length. The upstream fragment (-5216-4635) displayed an inhibitory 

contribution as its deletion led to increased luciferase activity. The proximal promoted 

(-2092+112), when used by itself, showed increased luciferase expression despite harboring 

only two 2-nucleotide mismatches. Since its activity was considerable (1,5-fold increase), this 

version of the promoter was selected for subsequent experiments. 

The activity of the promoter was examined to find out that said activity is reduced by 

exposure to cyclopamine (SMO inhibitor) and GANT61 (GLI1 and GLI2 inhibitor). This was 

a common theme for all three of the observed cell lines – 501Mel, SK-MEL-5 and SK-MEL-28. 

We observed consistent inhibitions reaching a 40-60% decrease in luciferase expression. The 

promoter-reporter assays also showed an increase in promoter activity upon lipofection of 

GLI1, GLI2 and GLI3 expression plasmids, with GLI2 increasing the activity to the largest 

extent (page 59). Functionality of this mean of promotion of luciferase expression was verified 

for GLI-responsive promoter containing 12 canonical GLI binding sites, whose activity was 

upregulated at least 80-fold (GLI3), and almost 800-fold (ΔGLI2 – a truncated version of GLI2 

lacking the N-terminal repressor domain). These findings were compared to GLI expression 

plasmids lipofection alongside pGL3-basic empty control promoter, whose activity remained 

constant in presence of any of the GLI transcription factors variants. The same approach was 

employed for another known GLI-responsive promoter – the PATCHED promoter, as well as 

for three versions of the Slug promoter – the full-length, the Dmiddle and the proximal 
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promoter. In all these instances, the ΔGLI2 expression vector induced the strongest increase of 

promoter activity. Also, in concordance with initial luciferase promoter experiment, the 

Dmiddle promoter version exhibited the lowest response to presence of GLI transcription 

factors. For all these samples, a parallel one, introducing GANT61 was prepared. We observed 

a consistent decrease in promoter activity with western blot confirming that the levels of GLI 

proteins were the same for all the samples. This led us to believe that the Slug promoter activity 

is governed predominantly by GLI2, but this control can be abolished by introduction of 

GANT61. 

To investigate how this regulatory activity translates itself to actual mRNA levels in cell 

cytoplasm, we decided to perform RT-qPCR analysis of 6 cell lines (501Mel, SK-MEL-2, 

SK-MEL-3, SK-MEL-5, SK-MEL-28, MALME3M, MeWo and Hbl) harvested prior and after 

GANT61 exposure. We observed a coherent decrease of Slug mRNA levels in all 6 melanoma 

cell lines. A 20-hour exposure to 20µM concentration of GANT61 provoked a decrease within 

40-60 % interval across the cell panel. 

To further support the argument of embedding HH pathway into regulation of Slug 

transcription factor expression a chromatin immunoprecipitation was performed. The proximal 

portion of the promoter, containing two binding sites of two mismatches and 29 binding sites 

of three mismatches was selected as it displayed appreciable activity during promoter-reporter 

assays. The 2kb DNA excerpt was divided into 4 shorter regions (A representing the -2108 

to -1766 portion, B containing -1769 to -1163 nucleotides, C spanning from -1182 to -490 and 

D comprised of -509 to +112 nucleotides) of which each was precipitated with antibodies 

against all three versions of GLI transcription factors alongside positive and negative control 

(anti-acetylated histone H3 and nonimmune IgG, respectively). This analysis revealed that the 

GLI transcription factors do, indeed, bind to the Slug promoter, albeit distributed 

disproportionately within this portion of the promoter. While GLI1 and GLI2 were found to 

bind subsections A, C and D, GLI3 showed binding to different subsections – namely A, B and 

C. GLI1 binding was the most notable on C fragment, slightly less intense on A fragment and 

significantly less intense on D fragment. Meanwhile, GLI2 was bound the most to the D 

fragment, which also contains the transcription initiation site, binding to A fragment was 

notably lower and to the C fragment significantly lower. Contrasting binding profile of GLI3 

was manifested by comparable and sound binding to the B and C fragments and less significant 

binding to the A fragment. The findings further advocate intercalation of the GLI transcription 

factors into Slug regulatory concert, even though they suggest its higher level of complexity, 

which will require further research to decode properly. 
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Performing the western blot assay, we verified the regulatory influence of HH pathway 

on Slug protein levels. GANT61 exposure led to Slug protein levels decreased consistently 

across a panel of 8 melanoma cell lines. This finding was further supported by 

immunofluorescence staining performed on GANT61-treated melanoma cells. Western blot 

also revealed GANT61-induced decline of other known regulators of EMT, such as E- and 

N-cadherins, vimentin, Zeb1 and Zeb2 in six of the cell lines. Alteration was reported also for 

CSC markers Klf4 and ALDH1A1. Klf4 expression was reduced in SK-MEL-5, SK-MEL-28 

and MeWo, while ALDH1A1 slightly increased in 501Mel, MeWo, SK-MEL-5 and 

SK-MEL-28. Lastly, Brn2, a known repressor of MITF activity decreased in five of six 

observed cell lines, hinting that its expression is at least partly regulated by HH signaling. 

In regard with this finding, we decided to design a set of promoter-reporter assays based 

on parallel co-transfection of Slug gene promoter with either MITF, or MITF-Vp16 expression 

plasmids into 501Mel cell. MITF-Vp16 differs from its wild-type counterpart in its N-terminal 

domain. While wild-type possesses the AD N-terminal domain, MITF-Vp16 has the 

hyperactive Vp16 AD N-terminal domain, which has higher affinity as a trans-acting factor. 

This transcriptional regulation has been observed in Xenopus laevis (Kumasaka et al., 2005) 

and melanocytes (Sánchez-Martín, 2002), however no research has been conducted on 

melanoma cells. We found out that the wild-type MITF had no effect on Slug promoter activity, 

but its hyperactive form increased it approximately 2-fold. Contrarily, the melastatin promoter, 

which is a documented MITF target (Miller et el., 2004) was impacted by both MITF and 

MITF-Vp16. The melastatin promoter activity was found out to be 4 and 10 times higher 

compared to control, respectively. To further investigate this potential dependency another set 

of co-transfection experiments was designed. This time, MITF expression vectors were 

introduced into cells equipped with anti-MITF shRNA, whose transcription is triggered by 

doxycycline in a dose dependent manner. What we observed was that upon doxycycline 

introduction there was a drop of MITF protein levels, but not those of Slug protein. Contrarily, 

the intercellular concentration of a known MITF target – livin (also called ML-IAP) was 

mimicking decreasing levels of MITF. No other measured protein was affected by doxycycline 

treatment, seemingly implying that Slug is expressed independently of MITF in human 

melanoma cells. 

To gain more knowledge about the relation of expression patterns of MITF, GLI2 and 

Slug, sections of normal skin, nevus and melanoma metastasis were stained 

immunohistochemically. The normal skin was found to be relatively abundant in GLI2 and Slug 

(scored 2-3), however only limited number of (albeit strongly) MITF-positive (score 4) 
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melanocytes was present. In nevus, GLI2 and Slug were stained to a lesser level (both score 2, 

with Slug sporadically score 3). MITF was once again found strongly positive (score 4), but 

this time in much larger number of cells. Epidermal keratinocytes were MITF negative (score 

0). In metastatic melanoma approximately a half of the cells was GLI2 and Slug positive (score 

2-4) with Slug being overall more abundant of the two. MITF staining revealed that only a small 

number of cells is MITF positive. It was also established that cells which were previously found 

to contain GLI2 and/or Slug were MITF negative, or only very slightly positive (score 0-1). 

This is in accordance with previous results stating that invasive and metastatic cells are either 

low MITF, or MITF negative (Sánchez-Martín et al., 2003). It is noteworthy that all three 

proteins were localized in the nuclei, yet immunohistological staining demonstrated clear 

association of Slug presence with that of GLI2, but not MITF, supporting our earlier findings 

of positive regulation of Slug expression by GLI2, but no clear dependency of Slug on MITF 

in melanoma cells. 

 

In the following paper “Widespread Expression of Hedgehog Pathway components 

in a large panel of Human Tumor Cells and Inhibition of Tumor Growth by GANT61: 

Implications for cancer therapy”, we subjected a grand total of 56 cell lines of various origins 

(53 cancer cell lines and 3 non-cancerous control cell lines) to western blot analysis (page 74) 

to investigate the ubiquitous presence of HH components. The intracellular levels of SHH, 

PTCH1, SMO, SUFU, GLI1, GLI2, GLI3, Survivin and BCL-2 were assessed. 

Our large-scale screening revealed that the primary components of the HH pathway are 

universally expressed across all tumor cell lines. This suggests a pervasive role of the HH 

pathway in these cells. The GLI effector transcription factors were also abundant, and they were 

found in virtually all the cell lines. Their presence was observed even in cases when some of 

the upstream components of the cascade were missing. This is to be accounted to non-canonical 

HH activation and other kinds of signaling crosstalk. (Pietrobono et al, 2019). In G-401 and 

NCI H446 lines, GLI1 levels were notably low, but GLI2 was abundantly expressed. This 

indicates a potential compensatory mechanism where one GLI protein may offset the low 

expression of another. Other cell lines showed a reverse pattern, with low GLI2 but sufficient 

GLI1 (e.g., RPMI-7951, Calu-1). This variation in GLI expression across different cell lines 

might reflect the diverse regulatory mechanisms of the HH pathway in different tumor types. 

Expression profiles of BCL2 and survivin, two proteins whose genes are regulated by HH, were 

also analyzed. It was determined that BCL2 was present in 41 cell lines (including the control 

ones) out of the 56 and survivin was expressed in all cancer cell lines, but not in control cell 
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lines IMR-90 and WI-38 (human fibroblasts). The universal presence of survivin in all tumor 

cell lines, and the ability of transfected GLI2 to induce survivin expression in normal cells 

(IMR90), highlights the critical role of HH signaling in both tumor and normal cell survival. 

BCL-2's varied expression, independent of tumor type, further emphasizes the diverse 

regulatory mechanisms in different cancers. 

It was then analyzed how the cell lines would respond to GANT61 treatment through 

proliferation assay. Certain cells (SK-MEL-3, U-2 OS, MeWo, SK-N-MC, H196) were 

completely eradicated by GANT61 treatment, indicating high sensitivity to this inhibitor. (page 

75). Another group, including Saos-2, SK-N-SH, G-401, and BxPC-3, exhibited only partial 

sensitivity under the experimental conditions. A significant portion of the cell lines, including 

A549, Calu-1, A-201, Hep-G2, and three pancreatic cancer cell lines (MIA PaCa-2, PANC-1, 

PA-TU-8902), showed no sensitivity to GANT61. The pancreatic tumors demonstrated 

surprising resistance to GANT61, contradicting previous reports that highlighted their 

sensitivity to HH signaling blockage. This being said, PANC-1, a pancreatic cancer cell line 

that was formerly described as GANT61 and cyclopamine resistant, turned out to be affected 

by GANT61 in combination with rapamycin. This synchronal inhibition of HH and mTOR 

reduced cell viability and sphere formation. Consistent with expectations, melanomas were 

sensitive to GANT61. Your previous tests on melanoma cells confirmed this variable 

effectiveness, and the combination with obatoclax (a BCL-2 family inhibitor) showed enhanced 

efficacy, indicating synthetic lethality in several melanoma lines. The most sensitive cell line 

was SK-MEL-3, whereas two osteosarcomas, one SCLC, and the G-401 line were less 

responsive, showing sensitivity only at a later stage (day 9). Two neuroblastoma cell lines also 

responded to GANT61, but others like A-204, Hep-G2, NSCLCs, and most pancreatic cell lines, 

with the slight exception of BxPC-3, did not show any sensitivity. It was notable that, except 

for the highly sensitive SK-MEL-3 line, all other cells responded only to a higher concentration 

of 20μM GANT61, showing no response to a 10μM concentration. This suggests a potential 

dose-dependent effect of GANT61 on tumor cells. 

We then shifted our focus on TUNEL apoptotic assay that verified, that GANT61, 

indeed, causes apoptosis in melanoma cells. Based on existing literature (Huang et al. 2014), 

GANT61 is known to induce apoptosis in cells. Our objective was to confirm if this mechanism 

was at play in the eradication of tumor cells in response to GANT61 treatment. A massive 

apoptotic rate was observed along with apoptotic nuclei found in cell cultures upon GANT61 

introduction. We chose two GANT61-sensitive tumor cell lines, SK-MEL-3 and SK-MEL-5, 

for our experiments. This selection was based on their demonstrated sensitivity to GANT61 in 
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previous assays (as shown in Figure 2 and Figure S1). Our previous data (Vlčková et al., 2016) 

concurred with results obtained using a slightly different subset of melanoma cells by 

Faiao-Flores et al. (2017) with equal induction of apoptosis by GANT61. This data further 

supports the anti-apoptotic nature of HH signaling in melanoma. However, more extensive 

research in this domain is needed as recent research identifies MITF as a key regulator of the 

pro- and anti-apoptotic and balance. (Hu et al., 2021; Estrada et al., 2022). Links between MITF 

and anti-apoptotic proteins BCL2 and BIRC7 have been documented (McGill et al., 2002). 

Next, we utilized a 12xGLI-luciferase reporter along with a reference plasmid, 

co-transfected into several cell lines. This system was designed to measure the activity of 

GLI-responsive promoters, which are indicative of the HH pathway activation. The chosen cell 

lines varied in their response to GANT61 in proliferation assays, ranging from sensitive to 

non-responsive. This cell line showed extensive inhibition of reporter activity by both 

cyclopamine and GANT61, aligning with its sensitivity in proliferation assays. These cells also 

exhibited inhibited reporter activity, but to a lesser extent. The response of these cell lines in 

proliferation assays was diverse: U-2 OS cells were eradicated from day 5, G-401 cells showed 

diminished proliferation only on day 9, and A-204 cells were resistant. Cell Lines Like 

PANC-1, PA-TU-8902, MIA-PaCa-2, A-549, and Hep-G2: These cell lines showed 

insignificant inhibition of reporter activity by GANT61 or cyclopamine. They also exhibited 

complete resistance in the proliferation assays. The reporter activity closely mirrored the 

sensitivity of the cells to GANT61, with some exceptions. For instance, A-204 cells were 

marginally inhibited by cyclopamine (due to very low standard deviation) and were resistant to 

GANT61 in proliferation assays. Your results indicate a correlation between the sensitivity of 

cell lines to HH inhibitors in the reporter assay and their responsiveness in proliferation assays 

over a longer duration. Reporter assays indicated a correlation between HH signaling inhibition 

and reduced cell proliferation. This suggests that HH signaling plays a role in preventing 

apoptosis in more than half of all tumor cell lines. In conclusion, HH signaling is crucial in 

preventing apoptosis in specific cancer types, highlighting its significance in cancer biology 

and therapy. 

Our data detail the protein mass of selected constituents of HH signaling pathway in 56 

cell lines. It was confirmed that GATN61 causes apoptosis in melanoma cells in accordance 

with former research that identified HH signaling as an influence on overall anti-apoptotic 

phenotype of melanoma cells. 
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Our next study “Inducibly decreased MITF levels do not affect proliferation and 

phenotype switching but reduce differentiation of melanoma cells” discusses the complex 

role of the Microphthalmia-associated transcription factor (MITF) in melanoma, particularly in 

relation to EMT, cell proliferation, and invasiveness. MITF is a lineage-specific transcription 

factor from the MiT-TFE family that regulates expression of factors involved in cell death, 

DNA replication, repair, mitosis, microRNA production, membrane trafficking, mitochondrial 

metabolism, and much more (Cheli Y. et al., 2010). MITF, as the master regulator of melanoma 

biogenesis, coordinates a range of cellular functions in melanocytes and melanomas, including 

survival, differentiation, proliferation, invasion, senescence, metabolism, and DNA damage 

repair (Liu et al., 2022). In the experimental part, we used doxycycline (DOX)-based inducible 

lentiviral system (Tet-on system) to control expression of MITF protein to elucidate what role 

does it play in melanoma phenotype switching. Specific aberrances in MITF production are 

linked to cancer, melanoma development, proliferation, survival, differentiation invasion and 

metastasis.  

Data (Carreira et al., 2006, Hoek and Goding, 2010) suggest that there are (at least) two 

intrinsically distinct populations of cells in melanoma differing in intracellular MITF 

concentration. The so-called rheostat model of MITF activity, suggests that high-MITF cells 

exhibit high differentiation rate coupled with increased proliferation but low invasion. An vice 

versa, low MITF activity is associated with reduced proliferation, dedifferentiation, but 

heightened invasion. The activity of MITF depends on post-translational protein modifications, 

which vary within tumors and between primary and metastatic melanomas. This indicates the 

need for careful identification of melanomas that may be amenable to MITF targeting. Our aim 

was to analyze this phenomenon in six melanoma cell lines with inducibly regulated MITF 

levels. 501Mel, Malme 3M, MeWo, SK-MEL-3, SK-MEL-5 and SK-MEL-28 lines were 

selected because of their average-to-high basal level of MITF. Upscaling of DOX concentration 

(0-1 µg/ml) was negatively correlated with MITF expression. We observed a massive decrease 

in MITF production. (page 88). 

As MITF is often an interlink on a figurative intersection of various cell cycle signals, 

we expected its depletion will impact either the proliferation rate, invasion, or migration of 

treated cells, but we observed no such thing. Lowering of MITF expression was reflected in a 

slight decrease in proliferation rate, often observable only after prolonged exposure. More 

intriguing data, however, was collected by expanding 15 prospering clones from SK-MEL-5 

and SK-MEL-28 lineages while keeping them in DOX media. After a 4–5-week cultivation, ten 

of the cell lines were proliferating in an unaffected way, while of the remaining five, two clones´ 
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proliferation was limited to about 85 % compared to the control and three clones were limited 

to approximately 25 %. The discrete quantification of proliferation rate that cells exhibit suggest 

that within a seemingly homologous cell culture there is a heterogeneity at a single cell level. 

We then extended the research by measuring proliferation rate and MITF levels in six native 

melanoma cell lines. There was no correlation found between the two measurables. DOR and 

SK-MEL-2 had the lowest and second lowest amount of MITF respectively, yet they stand on 

the opposing ends of proliferation rate ranking. SK-MEL-2 proliferated the slowest and DOR 

the fastest. These findings are in discord with the rheostat model which proclaims that 

proliferation rate and MITF expression are tightly linked (Carreira et al., 2006; Hoek and 

Goding, 2010). Our data indicate that MITF levels do not determine the proliferation rate. 

Further we analyzed the role of MITF in invasion and migration. Again, no direct 

correlation between MITF levels and the measurables was found (page 92). In most cases, the 

difference between DOX treated cells and control ones in invasiveness and migration was 

barely measurable, once more disagreeing with the rheostat model. 

Since varying amounts of MITF in the cell are not reflected in its proliferation rate, we 

decided to determine what is. We analyzed transcription activity of known targets of MITF 

signaling – melastatin and tyrosinase. We saw a consistent dip in amounts of both mRNAs 

(page 93), across all the six cell lines upon DOX exposure. Subsequently, protein mass of these 

and other MITF-influenced factors was measured (page 90). The experiment was divided into 

three subparts – proteins not directly connected to EMT-like process, proteins associated with 

EMT-like process and stem cell markers. Of the proteins that are not linked to the EMT-like 

process, we observed variation in amounts of AXL, BRN2, livin and p27. Levels of p27, AXL 

and BRN2 increased. p27 increased in all the cell lines, while AXL in MeWo cells and BRN2 

in 501Mel, SK-MEL-3 and SK-MEL-28. The negative correlation between MITF and p27 

levels was documented before (Carreira et al., 2006) as was for the case of AXL (Sensi et al., 

2011). The amount of livin found in cells diminished, mimicking the decreasing trend of MITF 

levels in all cell lines, which is consistent with previous research (Dynek et al., 2008). 

Of the EMT-like related proteins, a mild reduction of singular factor was observed in 

multiple cell lines. These factors were E-cadherin (in MeWo cells), Snail (Malme 3M) and Zeb1 

(SK-MEL-5). Only N-cadherin was slightly upregulated (SK-MEL-28). We conclude that 

MITF lowering does not alter EMT-like characteristics of the cells. This finding, once again, 

positions us in a discord with the rheostat theory that states that low MITF cells exhibit 

increased invasiveness and by proxy an enhanced capability to undergo EMT. 
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As for the stem cell markers, only production of Sox2 was altered, as it increased in 

MeWo, SK-MEL-5 and SK-MEL-28. SOX2 is a is a transcription factor that governs 

maintaining pluripotency of undifferentiated embryonic stem cells and its aberrant regulation 

is associated with epithelial hyperplasia, squamous cell carcinoma, forms of colorectal cancer 

and tumorigenicity of melanoma-initiating cells. It is interesting to see an appearance of Sox2 

mass with decreasing MITF levels as inverted dependency was reported in vitro (Cimadamore 

et al., 2012). 

Our data do not indicate that decreasing levels of MITF are manifested by variation in 

proliferation rate, invasion, migration or EMT. Which puts the rheostat model to question. The 

limitations of the rheostat theory were reported in the past (Seberg et al., 2017; Vachtenheim 

and Ondrušová, 2015). Our results were reviewed by Goding and Arnheiter (2019). Prof. Colin 

Goding, whose research laid base for the rheostat model, approved of our results. Another 

proposed theory states that the actual effect MITF exercises on cellular processes is coded in a 

space-temporal concert with other factors, rather than in its expression rate (Wellbrock and 

Arozarena, 2015). These mutually excluding theories are a glaring sign that more extensive 

research needs to be done in this domain. 

 

To further deepen my knowledge on MITF function in melanoma cells, I applied for 

and received a scholarship that allowed me to join the research group of professor Ballotti in 

Centre mediterranéen de medicine moleculaire in Nice, France. Professor Ballotti was kind 

enough to harbor me for three months while working on his project of identifying novel way of 

MITF influencing ubiquitination in melanoma cells. In the publication “FBXO32 links 

ubiquitination to epigenetic reprograming in melanoma cells” we show that levels of 

FBXO32, a component of the SCF E3 ubiquitin ligase complex, are directly regulated by MITF. 

Preliminary experiments showed that silencing of MITF results in overall reduction of 

ubiquitination rate in nuclei of SK-MEL-28 and 501Mel (page 107). This was further 

accentuated in TCGA melanoma cohort analysis that showed that levels of not only FBXO32 

(Terragni et al., 2011), but also of HER5 were tightly correlated to MITF expression. In the 

GSE12391 cohort, which is comprised of various stages of melanoma progression (including 

nevi, dysplastic nevi, primary and metastatic melanomas) metastatic melanomas exhibit an 

increased expression of MITF compared to their earlier stages (page 107). 

We used three cell lines (501Mel, SK-MEL-28 and A375) and four short-term cultures 

derived from patients´ biopsies to relate the expression rates of MITF and FBXO32. These 

roughly followed each other´s trend except for culture derived from patient 1. Patient 1 
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underwent a BRAF inhibitor-based treatment and arisen culture was immediately displaying 

BRAF inhibitor resistance. This was also the only culture in which MITF silencing did not 

result in a consistent inhibition of FBXO32 expression, suggesting an absence of epistatic 

regulation of FBXO32 by MITF. Subsequently, examination of ChIP-Seq data from Dr. 

Davidson’s lab (UCSC) revealed MITF binding at the FBXO32 promoter and in an intronic 

region, which implies that FBXO32 is a transcriptional target of MITF. This also alludes to the 

existence of an epistatic relationship between MITF and FBXO32 in melanoma cells, with 

FBXO32 being a direct transcriptional target of MITF. 

To determine the contribution of FBXO32 to the overall phenotype, we observed the 

outcomes of FBXO32 silencing using siRNA and FBXO32 lentiviral vector-induced forced 

expression. Our data show that lowering of FBXO32 levels is associated with reduced migration 

in cells with high baseline expression (501Mel, patient 2) and inhibited proliferation (patient 

1). Conversely, cells that do not maintain high FBXO32 levels respond to its forced expression 

by augmented rates of migration (A375, SK-MEL-28), colony formation capabilities 

(SK-MEL-28) and proliferation (501Mel, SK-MEL-28, A375) in vitro (page 110). These results 

were later confirmed by inserting xenografts in nude mice. Here, using two different siRNAs 

to knock down FBXO32 expression led to inhibited cell proliferation, and conversely, boosting 

of FBXO32 expression (verified by western blot) resulted in favorable growth of SK-MEL-28, 

A375 and MeWo xenografts. These combined data clearly indicate that FBXO32 enhances the 

migration of melanoma cells. The ability of FBXO32 to influence cell motility suggests that 

FBXO32 promotes the proliferation of melanoma cells, both in vitro and in vivo. This indicates 

a significant role for FBXO32 in melanoma progression, potentially contributing to tumor 

growth and metastasis. 

Subsequent transcriptomic analysis in 501Mel, SK-MEL-28, A375 and patient 2 

cultures revealed that over 300 genes responded to FBXO32 knockdown, of which the most 

upregulated ones are associated with an inhibition of cell proliferation and migration. The 

changes in gene expression could result from the inhibition of the MITF, MYC, or TGFβ 

pathways. Additionally, the activation of three microRNAs (mir145, mir124, Let7), p53, and 

KDM5B (a histone lysine demethylase) was predicted, suggesting a potential link with 

epigenetic regulation as these molecules are known to play significant roles in epigenetic 

regulation. MicroRNAs modulate gene expression post-transcriptionally, while KDM5B alters 

chromatin structure through histone demethylation, impacting gene expression. The increased 

expression of histone deacetylase HDAC3 in FBXO32 depleted cells supports the argument of 

an epigenetic mechanism. HDACs are crucial in modifying chromatin structure and thus 
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regulating gene expression. The changes in the expression of epigenetic modifiers like KDM5B 

and HDAC3, along with microRNAs, suggest that FBXO32 might influence melanoma cell 

proliferation and migration through epigenetic pathways. These modifications can alter the 

expression of genes involved in these critical cellular processes. The alterations in microRNA 

expression and histone modification enzymes imply that FBXO32 knockdown could lead to a 

broader reprogramming of gene expression in melanoma cells. This reprogramming could be 

responsible for the observed changes in cell proliferation and migration. Next, increased CDK6 

expression was observed in 501Mel cells with forced FBXO32 expression, while its inhibition 

occurred with FBXO32 knockdown. CDK6 inhibition reduced migration in both parental and 

FBXO32 overexpressing 501Mel and A375 cells, as well as inhibited their proliferation.  Also, 

p53, KDM5B and HDAC3 were increased in production, further linking FBXO32 function to 

epigenetic machinery. We then designed an experiment based on inhibiting CDK6, which led 

to reduction of migration and proliferation in both parental and FBXO32-depleted 501Mel and 

A375 cells (page 110). Finally, we showed that SMAD7 levels are negatively correlated to 

FBXO32 levels. FBXO32 knockdown leads to heightened levels of SMAD7, which in turn 

inhibits the TGFβ signaling pathway. Inhibition of SMAD7 expression restores TGFβ signaling 

in this scenario. 

All these results suggested that FBXO32 directly impacts expression of various genes, 

despite not being a transcription factor. To shed light onto molecular means that are employed 

to regulate the gene expression, we performed a tandem affinity purification of Myc/DDK 

tagged FBXO32 from SK-MEL-28. Subsequent mass spectrometry identified 216 proteins that 

bind to FBXO32. These proteins were linked to chromatin remodeling, chromosome 

organization, ribosome biogenesis, RNA processing and cellular stress response. Especially 

representatives of chromatin remodeling complex, namely SMARCA4 (also called BRG1), 

SMARCA5 and SMARCD1 were of our interest as they could link FBXO32 to the transcription 

machinery. SMARCA4 was found in FBXO32 co-immunoprecipitate pull-down in 501Mel 

cells and FBXO32-overexpressing SK-MEL-28 cells. Immunofluorescence assay further 

advocated this interaction as nuclear labeling of FBXO32 and SMARCA4 were largely 

mutually overlapping. Analysis of SMARCA4 ChIP-Seq data revealed a correlation between 

the SMARCA4 binding sites within CDK6 and HDAC3 promoters and active histone marks. 

This discovery inspired us to perform a ChIP-qPCR using DNA obtained from 501Mel cells 

using anti-SMARCA4, or anti-DDK antibodies. We found out that CDK6 and HDAC3 

promoter regions are being pulled down with SMARCA4 and thus confirmed that it is the 

enabler of FBXO32-mediated transcriptional regulation. 
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In conclusion, this thesis has significantly advanced our understanding of HHs role in 

the maintenance of CSC subpopulations. CSCs represent a fascinating realm of future 

discoveries given by the inherent difficulty in detecting them. Still, once detected, CSCs, known 

for their elusive nature and resistance to conventional therapies, present a significant challenge 

in cancer treatment. The similarities between CSCs and iPSCs, particularly in their pluripotency 

and self-renewal capabilities, add another layer of complexity to this study. These parallels not 

only deepen our understanding of stem cell biology but also enhance our ability to identify and 

target CSCs, which, like iPSCs, are notoriously difficult to detect and isolate. 

The findings of this research underscore how the HH pathway can be a critical tool in 

targeting these hard-to-detect CSCs. The findings presented herein not only clarify the 

mechanistic aspects of the HH involvement in CSC regulation but also highlight its potential as 

a therapeutic target in cancer treatment. The implications of these discoveries are particularly 

poignant in the context of developing more effective and targeted cancer therapies. 

While this research has made strides in elucidating the complexities of CSC 

maintenance via the HH pathway, it also opens new avenues for exploration, especially in terms 

of overcoming resistance to current treatments and further understanding the interplay between 

CSCs and their microenvironments. This study, therefore, lays a crucial foundation for future 

research in oncology, paving the way for more nuanced and effective approaches to cancer 

treatment. By shedding light on the mechanisms through which the HH pathway regulates 

CSCs, this study not only enhances our understanding of CSC maintenance but also opens 

potential strategies for their detection and eradication. These revelations have substantial 

implications for the development of more effective cancer therapies, specifically tailored to 

target CSCs. While advancing our comprehension of the intricate dynamics of CSC biology, 

this thesis also highlights the need for continued research into the HH pathway's potential in 

overcoming the obstacles posed by CSCs in cancer treatment, thereby setting a promising 

direction for future oncological breakthroughs. 

By elucidating the intricate relationship between the HH pathway and CSC 

maintenance, and drawing comparisons with iPSCs, this work paves the way for novel 

approaches in cancer therapy, especially in strategies aimed at CSC identification and 

eradication. This study, therefore, contributes significantly to the field of oncology, proposing 

new research directions for overcoming the challenges posed by CSCs in cancer treatment, and 

opens promising avenues for future exploration in the intersecting realms of stem cell and 

cancer research. 
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V CONCLUSIONS 

GLI transcription factors are the effector element of the intricate signaling interplay 

assuring a proper embryonic development. As such, when aberrantly activated in adulthood, 

the same GLI transcription factors become detrimental by sparking cancer initiation and 

subsequent progression. Data gathered for this doctoral thesis provide a link between HH 

signaling pathway and its newly documented transcriptional target - Slug gene - and a brief 

insight to regulation of its transcription by other selected trans-acting factors.   

 

- Our data imply that an important regulator of EMT and embryonic neural 

development, Slug transcription factor, which is associated with tumors´ propensity 

to metastasis and poor prognosis for cancer patients is directly regulated by HH 

signaling pathway. It has been clearly proven that Slug is a transcriptional target of 

GLI transcription factors and notably GLI2. 

 

- We confirmed that all the main constituents of the HH signaling pathway are being 

produced in virtually all of cancer cell lines that were analyzed (56 cell lines in 

total)., leading us to a conclusion that HH signaling pathway is aberrantly activated 

in cancers regardless of its origin and as such contributes to the CSC phenomenon. 

 

- We found that GANT61, a known inhibitor of GLI1 and GLI2 transcription factors, 

reduces intracellular levels of Slug protein in melanoma significantly. 

 

- We also aimed to elucidate how varying levels of MITF influence actual phenotype 

of melanoma cells. Conclusions drawn from our data, put us in opposition to the 

“rheostat” model, a theory which states that proliferation rate, migration and 

invasiveness are all regulated by presence, or absence of MITF. What we observed 

was that these parameters remained invariant to decreasing MITF levels. On the 

other hand, we gathered data that establish a link between MITF and seemingly 

unrelated, yet essential process – protein ubiquitination in melanoma. 
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