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Abstrakt

Tato disertacni prace se zabyva slozitou roli signalni drahy Hedgehog (HH) v melanomu
s cilem napomoci pochopeni jeji Ulohy v melanomagenezi a jejiho potenciadlu jako
terapeutického cile. HH je klicovym systémem bunééné komunikace, ktery reguluje rizné
vyvojové procesy a homeostazu tkani. Odchylky v této draze mohou vést k vyvoji riznych
onemocnéni, veetné rakovin, jako je melanom, coz je agresivni a smrtelnd forma kozniho
karcinomu, kterd je zndmd i tim, Ze obsahuje subpopulaci bunék znamou jako rakovinné
kmenové buiiky (CSCs). Dle dostupnych dat o CSCs se predpoklada, ze vyznamné podporuji
iniciaci, progresi a odolnost nddoru vici terapii. V této praci se zamétujeme na roli CSCs v
progresi nadoru a na to, jak HH pfispiva k udrZeni fenotypu kmenovych bunék. Budou
diskutovany soucasné analytické a terapeutické strategie zamétené na CSCs a HH. Nase zjisténi
naznacuji, ze zaméieni se na CSCs a HH signalni drahu mtze ptinést nadéji pro vyvoj tcinnych
terapii pro 1écbu melanomu.

Cilem prace bylo poskytnout nové poznatky o HH a jejich interakcich uvnitf bunky.
Podarilo se nam identifikovat zcela novy transkrip¢ni cil této drahy — transkripcni faktor Slug.
Protein Slug je zapojen do vyvoje neuralni liSty a napoméahé udrzovani kmenového fenotypu
rakovinnych bunék. Zjistili jsme, jeho vnitrobunéénd koncentrace klesa pii inhibici
efektorovych proteini HH — transkripénich faktord GLI — pomoci GANT61. Nésledné
ukazujeme, ze prvky signélni drahy HH jsou pfitomny ve vice nez 50 liniich nadorovych bun¢k.

Déle jsme ovétili platnost takzvaného “reostatového modelu” efektu MITF
transkripéniho faktoru na rakovinny fenotyp. V minulosti bylo dokumentovano, ze vysoka
koncentrace MITF se projevuje zrychlenou diferenciaci a nizkou invazivitou. Naopak nizké
hladiny MITF jsou provéazeny pomalejsi diferenciaci, rychlym riistem a vysokou invazivitou.
Nase data vSak tomuto protifeci, protoze jsme zjistili opacné efekty snizeni hladiny MITF. Také
bylo ukazéano, ze MITF ptimo ovlivituje podjednotku ligazového komplexu SCF E3 — FBX032
a v souhfe s dal§imi chromatin remodelujicim komplexem hraje vyznamnou roli v epigenetické

regulaci ubikvitinace v melanomech.

Klicova slova: Hedgehog signalni draha, 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

(a) Stochastic model of tumorigenesis (b) Hierarchical model of tumorigenesis
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Figure 1 Stochastic and hierarchical models of carcinogenesis

(a) According to the stochastic model, all cancer cells have equal abilitﬁ.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/))

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

subpopulation (Greaves and Maley, 2012).

15|



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+CD29%hi 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/RARa (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
etal., 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-1a and HIF-2a, 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-1a and HIF-2a 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, Gremlinl 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 y-secretase, allowing its translocation into the nucleus, where it
regulates transcriptional activation through factors such as CBP/p300 and STAT3. CD441CD
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 y-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 Aptl, 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. Aptl was successfully conjugated
to the surface of PEGylated liposomes using the thiol-maleimide click reaction. This
conjugation allowed Aptl to attach to the liposome surface. The successful conjugation of Aptl
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 Aptl
was found to be improved after conjugation to liposomes compared to free Aptl. This suggests
that the conjugation process enhanced the ability of Aptl to bind to its target, CD44. The study
evaluated the cellular uptake of Aptl-conjugated liposomes (Aptl-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 Aptl-Lip exhibited higher sensitivity and selectivity for
CD44-expressing cancer cells compared to blank liposomes (Mal-Lip). The findings suggest
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that Aptl-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).

cp47

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 SIRPa, to
prevent the phagocytosis of normal and healthy cells. The interaction between CD47, a protein
on target cells, and the inhibitory receptor SIRPa 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 (CD477") 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
CDA477" platelets, which were opsonized with immunoglobulin G (IgG), was significantly
higher than that of equally opsonized CD47"/* platelets. However, when SIRPa, the receptor
for CD47 on macrophages, was blocked, the phagocytosis of CD47""* platelets increased to a
level like that of CD477" platelets. Additionally, CD47"" platelets exhibited intermediate levels
of phagocytosis compared to CD47"" and CD477" platelets, suggesting a gene-dose effect of
CDA47 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
CD477 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 CD477 cells were rapidly

engulfed and cleared by splenic dendritic cells and macrophages, leading to the elimination of
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nearly all CD477 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
CDA47 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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(D133

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 ALDH1AL. These tissue types include breast, lung, esophagus, colon,

and stomach cancers (Toledo-Guzman 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 ABCG?2 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).

ABCG?2 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/p-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/B-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 POUSFI, 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).

OCTH4, 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 ALDHI, 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-B 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 ALDHI1 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

etal., 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 (Vdlker-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 (IncRNAs) 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). IncRNAs can
modulate both transcriptional and post-transcriptional processes. Acting as sponges for
miRNAs or interact with RBPs, indirectly modulating CSC marker expression. The IncRNA
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 IncRNAs
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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 ELAVLI 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 (Biirglin
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 (Biirglin 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 (Biirglin 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 (PTCHI)
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 PTCHI1 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
PTCHI, 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 Glil, Gli2, and Gli3. Glil 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, PTCHI
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 -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-B) 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 Moller.,

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-1a. 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 (Biirglin
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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).

40 |



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 ¢ 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
etal., 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 (Horak 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
etal., 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
PTCHI1, 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 Schone 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 IFNy 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 BI6F10 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
CDA47 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 Bmil) in CSCs through Hedgehog signaling to
maintain stem cell properties (DidiaSova 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)

2)

3)

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. Qur aim
is to define the relation between HH pathway and Slug, a known asset in EMT and

anti-apoptotic activity.

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.

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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11T 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
I (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 11, (p. 79), I1I (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 transcription-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
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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
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, cdkl 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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protein was described to contain 268 amino acids and its
molecular weight is ~30 kDa (13). Slug is expressed during
embryogenesis and is critical for the development of the neural
crest (14). Notably, Slug and Snail significantly contribute to
the maintenance of CSCs (15). Slug is an antiapoptotic protein
that contributes to the transcriptional repression of E-cadherin
in epithelial tumors, thus contributing to epithelial-to-mesen-
chymal transition (EMT) in tumor cells (16). This is achieved
by upregulating the expression of Zebl, which is then engaged
in repressing E-cadherin (17). Furthermore, Twistl upregu-
lates Slug which mediates Twistl-induced changes during
EMT (18). Cooperatively, these transcription factors repress
epithelial markers, enabling cell detachment and migration
during early stages of EMT, which is a key phenomenon
underlying cancer progression and invasion (19). Moreover,
increased Slug expression is found in patients suffering from
a number of types of cancers (20). Increased Slug levels are
linked to metastasis, tumor recurrence and poor prognosis and
play a role in the maintenance of CSCs (21). The CSC-like
properties of tumor cells promote tumor initiation, expansion,
EMT, metastasis, and tumor relapse and confer resistance
to chemotherapy and radiotherapy in multiple types of
cancer (22). Downregulation of Slug results in inhibition of the
proliferation of cancer cell lines, and its overexpression leads
to accelerated proliferation (21).

In melanoma, SLUG has been considered to be a pro-
oncogenic gene contributing to EMT (17). Slug expression in
melanoma cells has been reported to be regulated by osteo-
nectin (SPARC). PI3/Akt kinase signaling acts upstream of
SPARC, as its blockade hinders induction of the SLUG gene
by SPARC, cell migration, and EMT-like changes (23). The
protein Nodal is involved in the expression of SNAIL and
SLUG genes and activation of ALK/Smads and PI3K/AKT
pathways (24,25). Slug silencing has also been shown to
increase the radiosensitivity of melanoma cells (26).

Despite these findings, the precise mechanisms of Slug
expression and its role in EMT remain to be elucidated in
melanoma. Gupta er al (27) described the necessity of Slug for
the development of melanoma metastases in a mouse model.
By contrast, Slug protein expression has been observed to be
diminished in human metastases (28). Slug, together with Zeb2,
was notably found to be downregulated during EMT in mela-
noma. Slug and Zeb2 transcription factors have been reported
to drive a melanocytic differentiation program and behave as
oncosuppressive proteins, whereas Zebl and Twistl repress
differentiation and have oncogenic properties (29). Similar
conclusions were reported by Gunarta et al (30) after ablating
GLII function in melanoma. GLI1-knockdown cells exhibited
reduced invasion ability accompanied by downregulation of
the EMT factors Snaill, Zebl and Twistl but not Snail2 or
Zeb2. As SLUG is one of the genes contributing to CSC main-
tenance, a central question for understanding the acquisition of
the mesenchymal state and CSC renewal is how the expression
of genes involved in EMT is regulated. In brief, inconsistent
results have been reported regarding SLUG gene function in
melanoma cells, and the mechanisms of its expression have not
been extensively studied. The present study investigated the
transcriptional regulation of SLUG in human melanoma cells
and observed that Slug expression is controlled by the HH/GLI
pathway, particularly the GLI2 transcription factor.

Materials and methods

Cell culture. The present study used eight melanoma cell lines
(listed in Table SI). Their mutational status (BRAF and NRAS
mutations) is shown in Table SII. The origin of cells has been
described previously (31,32). Cells were cultivated in RPMI
medium (MilliporeSigma) supplemented with 10% FCS
(Thermo Fisher Scientific, Inc.), glutamine and antibiotics
(MilliporeSigma) at 37°C and 5% CO, in 100% humidity. All
cell lines were authenticated and tested for mycoplasma using
a mycoplasma detection kit (MP0035; MilliporeSigma). Cells
were passaged every 72-96 h using a trypsin-EDTA solution.
When plated, cells (5x10%) were seeded from a stable culture
into 12-well plates and incubated for 24 h at 37°C prior to
inhibitor treatment or transfection, unless specified otherwise.
Normal human melanocytes were purchased from Cascade
Biologics Inc. and cultivated according to the manufacturer’s
instructions. The generation of inducible melanoma cell lines
in which melanoma-associated transcription factor (MITF)
protein can be downregulated by the addition of doxycycline
(Tet-on system) has been previously described (32).

Chemical inhibitors. GANTO61 (stock prepared in DMSO) and
cyclopamine (stock prepared by dissolving in ethanol) were
purchased from Selleck Chemicals LLC. The chemicals were
applied to cells as indicated in the appropriate figures for 20 h
before cell harvesting if not stated otherwise. The addition
of 20 uM GANTG6! for 20 h was used after the optimization
of both the concentration and time to follow the changes in
expression of GLI-dependent genes, when no signs of apop-
tosis had been yet detected in cells.

Western blot analysis. To obtain whole-cell extracts for immu-
noblotting analysis, cells were lysed in RIPA buffer (1% NP-40,
150 mM NaCl, 5 mM EDTA, 0.5% sodium deoxycholate,
50 mM Tris-HCI1 pH 7.5 and 0.1% SDS) with the addition of
the protease and phosphatase inhibitors aprotinin, pepstatin
and leupeptin at 1 mg/ml each. cOmplete (Roche Diagnostics)
was added as recommended by the supplier. Then, 1 mM
phenylmethylsulfonyl fluoride (MilliporeSigma) and phos-
phatase inhibitor PhosSTOP (Roche Diagnostics) were added.
Equal amounts of protein (30 pg; concentration determined by
Bradford's assay) were loaded on 10-12% SDS-polyacrylamide
gels, separated by electrophoresis and transferred onto PVDF
membranes. Blots were blocked in 5% non-fat dry milk Blotto
(cat. no. sc-2325, Santa Cruz Biotechnology, Inc.), and incubated
with 1:1,000 diluted primary antibodies for 2 h, washed, and
then incubated at room temperature for 1 h with 1:4,000 diluted
secondary anti-mouse or anti-rabbit horseradish peroxidase-
conjugated antibodies (cat. no. sc-2055 or cat. no. sc-2030;
Santa Cruz Biotechnology, Inc.). Chemiluminescent detection
was used. For western blotting shown in Fig. SA and B, cells
were lysed in PLB buffer (Promega Corporation), used in dual
luciferase measurements and these extracts were then directly
utilized. Primary antibodies for western blotting were: GLI1
(cat. no. 3538; Cell Signaling Technology, Inc.), GLI2 (cat.
no. TX46056; GeneTex, Inc)), and GLI3 (cat. no. AF3690; R&D
Systems, Inc.). Anti-Slug (cat. no. sc-166476) was purchased
from Santa Cruz Biotechnology, Inc. K1f4 (cat. no. LS-C415468)
and ALDHIAI (cat. no. LS-B10149) from LSBio. Anti-FLAG
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(M2; cat. no. F1804) and anti-B-actin (A5316) antibodies were
purchased from MilliporeSigma. Anti-livin antibody (cat.
no. sc-30161) was from Santa Cruz Biotechnology, Inc. and
MITF (D5) antibody (cat. no. NBP2451590) was from Thermo
Fisher Scientific, Inc. Brn-2 (cat. no. sc-514295) was from Santa
Cruz Biotechnology, Inc. E- and N-cadherins, vimentin, Zebl,
and Zeb? antibodies were from Cell Signaling Technology (cat.
no. 9782). Western blot bands were quantified using ImageJ (v.
1.52j) software (National Institutes of Health; data not shown).

Plasmids. The 12xGLI-TK-Luc plasmid was obtained from
Professor R Toftgard, Karolinska Institute, Sweden. pGL3-
PTCHI1 was kindly donated by Professor Aberger, University
of Salzburg, Austria. The PATCHED gene promoter contains
one active GLI-binding site responsible for its activity (data
not shown). The pGL3-slug-prom-full-length promoter
(-5216+112) and pGL3-slug-prom-Amiddle (-5216-4635,
-2092+112) were cloned as Xhol-HindlIIl (New England
BioLabs, Inc.) inserts in the pGL3-basic plasmid (Promega
Corporation). pGL3-slug-prom-Aproximal (-5216-2092) was
cloned as the Xhol-HindIII insert. The-4635+112 promoter was
cloned as the Nhel-HindIIl insert. pGL3-slug-prom-middle
(-4635-2092) was cloned as the Nhel-Nhel (New England
BioLabs, Inc.) insert and the pGL3-slug-proximal promoter
(-2092+112) was cloned as the Nhel-HindI1l insert. Cloning of
all GLI expression vectors has been described previously (31).
Briefly, original GLII (GL1; cat. no. 16419), GL12 (pCS2-MT
GLI2 FL; cat. no. 17648), ANGLI2 (pCS2-MT GLI2 delta N;
cat. no. #17649) and GLI3 (GLI3 bs-2; cat. no. 16420) were
acquired from the nonprofit plasmid repository Addgene, Inc.
Respective coding sequences were amplified by PCR and
subsequently cloned into the pcDNA3 expression vector or into
the pFLAG-CM V-4 plasmid (MilliporeSigma) background to
obtain FLAG-tagged GLI proteins. The types of GLI expres-
sion plasmids were similarly effective in promoter activation.
The melastatin promoter plasmid with the three MITF-binding
sites was constructed as previously described (33). The
construction of the short hairpin plasmid directed to MITF
has been previously described (32). All final plasmid inserts
were verified by sequencing on both strands (GATC Biotech).

Transfection and promoter-reporter assays. Transient cell
transfections of the promoter reporters were performed using
12-well plates at 37°C, seeded and incubated for 24 h before
transfections, and the transfection reagent Mirus TransIT-2020
(Mirus Bio LLC) following the manufacturer's instructions
and harvested 48 h after transfection. For detection, a dual
luciferase system (Promega Corporation) was used according
to the manufacturer's instructions. The pGL3-basic vector
was used as a negative control. Expression vectors or controls
(pCDNA3 or pFLAG-CMV-4) were cotransfected together
with the reporter plasmids. Cell lysates were used for dual
luciferase assays performed as recommended by the manu-
facturer's instructions. The luciferase values were acquired on
a Turner Designs 20/20 luminometer (Promega Corporation).
Data were normalized to Renilla luciferase activity (internal
control) as arbitrary units. Statistical analysis of luciferase
assay results was performed using a two-tailed unpaired
Student's t test and SigmaPlot software V10.0 (Systat Software
Inc.). Where indicated, cells were treated with GANT6I or

cyclopamine 20 h at 37°C before harvesting. Tomatidine, a
compound inactive in the HH pathway but structurally similar
to cyclopamine, was tested as a negative control and revealed
similar results as vehicle (data not shown).

Reversetranscription-quantitative (RT-q) PCR.Total RNA was
isolated using TRIzol® (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the supplier’s instructions (3x10° cells per
30 mm well). Then 2 ug of RNA was reverse transcribed
using SuperScript IV reverse transcriptase (Thermo Fisher
Scientific, Inc.), and gPCR was performed using a TagMan
QuantiTect Probe PCR kit (Qiagen GmbH) on a ViiA7 Real-
Time PCR system (Thermo Fisher Scientific, Inc.) following
the manufacturer's instructions (cycling: 30 sec at 94°C and
1 min at 60°C). Data analysis was performed by QuantStudio
6 Software (Thermo Fisher Scientific, Inc.). Concurrent results
were obtained in three independent experiments with the
following PCR primers and probe for SLUG: Forward, 5'-AGA
ACTCACACGGGGGAGAAG-3'; reverse, 5-CTCAGATTT
GACCTGTCTGCAAA-3'; probe, 5'-6-FAM-TTTTTCTTG
CCCTCACTGCAACAGAGC-TAMRA-3'. 3-Actin was utilized
as an internal standard control: Forward, 5-ATTGCCGAC
AGGATGCAGAA, reverse, 5'-GCTGATCCACATCTGCTG
GAA; probe, 6-FAM-CAAGATCATTGCTCCTCCTGA
GCGCA-TAMRA. Fluorescent probes were purchased from
Thermo Fisher Scientific, Inc.

Chromatin immunoprecipitation. 501mel cell cultures were
transfected using Mirus TransIT-2020 (Mirus Bio LLC)
with the pcDNA3-GLI1, pcDNA3-GLI2 or pcDNA3-GLI3
expression plasmids in 90 mm plates. After 24 h of treat-
ment, fresh medium was applied. After another 24 h, cells
were crosslinked with 1% formaldehyde for 10 min at room
temperature and incubated with glycine solution, and chro-
matin immunoprecipitation was performed by using the
ChIP-IT High Sensitivity kit (Active Motif, Inc.) in accor-
dance with the manufacturer's protocols. Anti-acetylated
histone H3 antibody (MilliporeSigma) was used as the posi-
tive control, and rabbit nonimmune IgG (MilliporeSigma)
was used as a negative control. To detect GLII bound to the
promoter, a rabbit anti-GLI1 antibody (cat. no. sc-20687;
Santa Cruz Biotechnology, Inc.) was used. Rabbit anti-GLI2
(cat. no. ab26056; Abcam) was used to precipitate GLI2.
For GLI3, a rabbit anti-GLI3 antibody (cat. no. 3538; Cell
Signaling Technology, Inc.) was used and 2 g of each anti-
body was added in each reaction. To assess the amount of
ChIP-generated DNA, PCR was performed using Phusion
High-Fidelity DNA polymerase (Thermo Fisher Scientific,
Inc.). The amplification of the regions of the proximal SLUG
promoter was performed with four alternative primer pairs:
Region A (-2108-1766): sense, 5'-GCATACGTGTTACTC
GCTAGCAC-3', antisense, 5-TCCTTGTTTCACTCTACA
CAGTCTATTCAC-3"; region B (-1769-1163): sense, 5-AGG
AAATAATAGCCATGGCGATA-3', antisense, 5'-CAT
CTCTGTCCATTGCAGAC-3'; region C (-1182-490): sense,
5'-GTCTGCAATGGACAGAGATGC-3', antisense, 5-GGG
AAGCGGGAAGACAAAG-3"; and region D: (-509+112):
sense, 5'-CCTTTGTCTTCCCGCTTCCCCCTTCC-3',
antisense, 5'-ACACGGCGGTCCCTACAGCATCG-3'. PCR
products were resolved on 1% agarose gels. The intensity of
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the final PCR bands was quantified using Imagel (v. 1.52j)
software (National Institutes of Health).

Immunofluorescence. For immunofluorescence, four cell lines
(501mel, Hbl, SK-MEL-5 and SK-MEL-28) were seeded into
8-well Lab-Tek II Chamber Slides (Thermo Fisher Scientific,
Inc.). After 48 h, 20 uM GANT61 was added for 20 h at 37°C.
Vehicle (DMSO) alone was added to the controls. The cells
were fixed with 3% paraformaldehyde at room temperature for
10 min, washed, permeabilized with 0.1% Triton X-100, and
blocked with 5% goat serum. Slides were then stained with
Slug primary antibody (1:1,000; cat. no. sc-166476; Santa Cruz
Biotechnology, Inc.) at room temperature for 2 h followed by
1:1,000 secondary anti-mouse fluorescein-coupled antibody
(cat. no. FI-2000-1.5, Vector Laboratories, Inc.) and mounted
in medium with DAPI to stain nuclei. The visualization was
performed using an Olympus IX70 microscope with cellSens
software V2.2 (Olympus Corporation).

Immunohistochemical analysis. Formalin-fixed paraffin-
embedded tissues (skin, nevus and melanoma) were retrieved
from the archive of the Department of Pathology and Molecular
Medicine, Second Faculty of Medicine, Charles University,
University Hospital Motol, Prague. At least four samples of
each tissue were processed and similar results were obtained.
Deparaffinized, rehydrated in descending ethanol series, and
blocked (with 3% H,0,) sections were stained with 1:1,000
primary antibodies. Immunohistochemistry for MITF was
performed with the primary antibody MITF (cat. no. D5; cat. no.
NBP2451590, Thermo Fisher Scientific, Inc.). GLI2 was stained
with antibody cat. no. GTX46056 (GeneTex, Inc.) and Slug with
anti-Slug (A-7) sc-166476 antibody (Santa Cruz Biotechnology,
Inc.). Detection was performed using an EnVision+ avidin-biotin
detection system (Dako; Agilent Technologies, Inc.). Each tissue
was examined by two pathologists. Tissues were scored on a
scale of 0 to 4 based on the combined extent and intensity of
staining. The final score represented the predominant staining
pattern of both combined parameters. Section fields were imaged
using a BX51 microscope (Olympus Corporation) equipped with
a PROMICAM 3-3CP 3.1 camera and Quick PHOTO CAMERA
3.2 software (Olympus Corporation).

Statistical analysis. Statistical significance (P-values) was
assessed using a two-tailed Student's t test and Mann-Whitney
test. Standard error of the mean values are depicted in graphs
as bars within each column in the reporters and RT-qPCR.
Data not significant (P>0.05) were not labeled, values of 0.01
<P<0.05 are marked by an asterisk, and values with P<0.01
are marked by two asterisks. SigmaPlot software V10.0
(Systat Software Inc.) and GraphPad Prism v.8.4.3 software
(Dotmatics) were used to perform statistical analysis. Statistical
analysis was verified using one-way ANOVA followed by post
hoc tests as specified in figure legends. P<0.05 was considered
to indicate a statistically significant difference.

Results
Slug expression in melanomas is inhibited by the Hedgehog

pathway inhibitor GANT61. Snaill and Snail2 (Slug) are among
the main players in the tumorigenic program of EMT (19).

A SLUG promoter
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Figure 1. Distribution of GLI-binding sites in the SLUG proximal promoter
and inhibition of Slug protein expression by GANT6! treatment. (A) Human
SLUG promoter (proximal region -2092+112), where the +1 nucleotide
denotes the start of translation, is depicted. A total of 31 GLI-binding sites are
present in this promoter portion, of which two sites contain two mismatched
nucleotides (longer bars) and all other sites harbor three mismatches (shorter
bars). (B) Immunoblot analyses of several EMT-associated proteins after
GANT61 treatment in 6 melanoma cell lines. Cells were treated with 0 uM
(vehicle) or 20 uM GANT®61 for 20 h and harvested for western blot analysis.
The cancer stem cell markers ALDHI1A1 and K1f4 were also analyzed. GLI,
GLI family zinc finger.

SLUG gene deletions have been found in Waardenburg
syndrome and piebaldism in humans (34,35), indicating the
involvement of Slug in melanin pigmentation. The SLUG gene
has long been thought to be under the transcriptional control
of MITF (34). To further explore the regulation of Slug expres-
sion in melanoma, the present study examined the SLUG
promoter and found 85 GLI-binding sites in the long SLUG
promoter (-5216 +112; the start of translation is +1) and 31 sites
in the proximal promoter (2092 +112; Fig. 1A and Table SIII).
Although none of the sites was a full consensus, GLI proteins,
which are the final executive factors of the Hedgehog signaling
pathway, bind to and are also active from sites with two or
three mismatched nucleotides. This implies that SLUG gene
expression could be controlled by the Hedgehog pathway.

To further investigate this hypothesis, Slug protein
expression was examined in melanoma cell lines treated
with GANT®61, a potent and specific pan-GLI transcriptional
inhibitor. It was found that GANT61 decreased Slug protein in
all eight melanoma cell lines investigated as well as in normal
melanocytes (Figs. 1B and SI). BRAF- or NRAS-mutated
or wild-type cells for both oncogenes were present among
the analyzed melanoma cell lines (Table SII). The levels of
other proteins known to be involved in EMT, such as E- and
N-cadherins, vimentin, Zebl and Zeb2, were not appreciably
changed after GANTG6I treatment in six melanoma cell lines.
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Figure 2. Promoter-reporter analysis of the SLUG gene promoter. (A) The long (full-length) SLUG promoter (-5216+112) and its truncated versions were
assayed for activity in 501mel cells. Only two-mismatched consensus GLI-binding sites are shown as blue bars. pGL3-basic was used as a negative control
and exhibited near zero activity (data not shown). The statistical significance of truncated promoters is related to the long promoter (100%). (B) Inhibition of
the proximal SLUG promoter by GANT61 and cyclopamine in three cell lines. Bars are the mean + standard error of the mean). The statistical significance
is related to the activity of the untreated proximal promoter. (C) Activation of the 12xGLI-site full consensus promoter by GLI transcription factors. Left, the
control plasmid (pGL3-basic) had extremely low activity and was negligibly influenced by GLI factors; right, the massive effect of GLI expression vectors on
a positive control reporter plasmid with 12 full consensus GLI sites. (D) Left, inhibition of the GLI-activated PATCHED promoter by GANT61; middle left,
middle right and right graphs, GANT6I inhibited three versions of the SLUG promoter. The most significant inhibition was seen with the proximal promoter
(right). The GLI-mediated effect is compared with the control (pGL3-basic) in (B-left) and (D). The significance of GANT61-mediated inhibition is related to
the vehicle-treated control. Statistical analyses were performed using a Student’s t test. Statistical analysis was verified using one-way ANOVA test, followed
by Dunnett's post hoc test and equal results (P-values) were obtained. In all reporter assays, two or three independent experiments were performed (in triplicate)
with similar results, and one representative experiment is shown. In all graphs, + standard error of the mean bars are shown. Statistical significance: no mark,
not significant, 'P<0.05, “P<0.01. (E) Western blotting showing similar levels of expression of all GLI proteins in (C) and (D). GLL, GLI family zinc finger.
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Likewise, the CSC markers ALDH1A]1 and KIf4 were gener-
ally only slightly affected (Fig. 1B). A mild increase in K1f4
was noted in the cell lines 501mel, MeWo, SK-MEL-5 and
SK-MEL-28, while ALDH1A1 levels were somewhat increased
in 501mel cells and slightly diminished in SK-MEL-28 cells
after GANTG6I treatment (Fig. 1B). Only Brn2 (N-Oct-3,
POU3F2) protein, a known repressor of MITF (36), notice-
ably decreased in five of six cell lines, suggesting that its
transcription may also be regulated by the HH pathway in
most melanomas. MITF was slightly downregulated in three
cell lines (Fig. 1B). Immunofluorescence staining confirmed
blunting of Slug expression after the treatment of melanoma
cells with GANT61 (Fig. S2).

SLUG promoter-reporter is activated by GLI2 and inhibited
by GANT61 and cyclopamine. Since the transcriptional
inhibitor of GLI factors GANT61 downregulated Slug protein
expression, the activity of the SLUG promoter was analyzed in
reporter assays. Examination of luciferase expression driven
by the long (full-length) promoter (-5216+112) and its truncated
versions revealed that the middle part of promoter (-4635-
2092) was the most active fragment (Fig. 2A). Its deletion
greatly decreased the activity of the full-length promoter. The
short portion most upstream (-5216-4635) probably performs
an inhibitory function because its presence in the contexts of
the full-length promoter, middle part and proximal promoter
(-2092+112) decreased the luciferase activity (Fig. 2A). As the
proximal promoter also showed appreciable activity, it was
used in the following experiments.

Next, to test whether the SLUG promoter-reporter is
directly activated by cotransfected expression vectors for GLI
factors and inhibited by GANT61, it was first investigated
whether the proximal promoter activity decreased after the
addition of HH pathway inhibitors. Indeed, both GANT61 and
cyclopamine lowered the activity in all three melanoma cell
lines tested (Fig. 2B). As a subsequent experiment, each of the
expression vectors for GLI factors (GLI1-3) were cotransfected
with the GLI-responsive promoter containing 12 canonical
GLI-binding sites (12xGLI). First, it was ascertained that there
was only a minimal difference between the cotransfected
control (pcDNA3) and GLI vectors with the pGL3-basic
empty control promoter (Fig. 2C, left). By contrast, all three
GLIs greatly increased 12xGLI promoter activity compared
with the negative control plasmid pcDNA3 (Fig. 2C, right).
GLI3 showed the weakest activation of the canonical 12xGLI
promoter (but still ~80-fold), whereas the highest activa-
tion (800-fold) was achieved by AGLI2, a truncated version
of GLI2 in which the N-terminal repression domain was
removed (37). The activity of the GLI factors was then tested
on a known HH-responsive promoter of the PATCHED gene,
also a component of the HH pathway. The results were similar
to those obtained with the canonical promoter, but the extent
of stimulation was substantially lower, ~6-fold in the case of
the most active AGLI2 (Fig. 2D, first graph). Similar experi-
ments were then conducted with the three types of SLUG
promoters, the long (full-length), Dmiddle and proximal
promoters (Fig. 2D, second, third and fourth graphs). In all
cases, the DGLI2 construct again showed the best activa-
tion. In accordance with the results in Fig. 2A, the Dmiddle
promoter exhibited the lowest overall activity. When the
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Figure 3. GANT6I decreases Slug RNA levels. mRNA levels of Slug were
assessed by RT-gPCR quantification. A total of eight cell lines were treated
with 20 uM GANT®6I for 20 h, and total RNA was isolated. After RT, RT
mixes were analyzed by qPCR. The relative mRNA levels of Slug were
normalized to those of f-actin. Values are presented as the mean * stan-
dard error of the mean. Three independent experiments were performed,
each in triplicate. Similar results were obtained in all experiments, and one
is depicted. The nontreated control (vehicle) was set as 1.0. All decreases
in Slug RNA were statistically significant (“P<0.01) by Student's t test.
RT-gPCR, reverse transcription-quantitative PCR.

PATCHED and SLUG promoters were tested, the addition of
GANT®61 more or less decreased the GLI-stimulated promoter
activities (Fig. 2B and D). Western blotting verified that all
GLI proteins were similarly expressed (Fig. 2E). These results
together indicated that SLUG promoter activity is dependent
mainly on GLI2 in reporter assays and that stimulation by GLI
factors can be inhibited by GANT6I.

Slug RNA levels are diminished after GANTOI treatment.
To further evaluate the transcriptional regulation of Slug by
HH/GLLI, the present study examined the effect of GANT61
on Slug RNA levels using real-time PCR. RT-PCR was
performed first, followed by gPCR. In all eight melanoma cell
lines tested, 20 pM GANT6I significantly (P<0.01) lowered
the mRNA level of Slug. This indicates that the positive effect
of GLI factors on endogenous SLUG gene expression is medi-
ated through the activation of transcription (Fig. 3).

ChIP assays show binding of GLI factors to the proximal
SLUG promoter. The proximal SLUG promoter contains
31 GLI-binding sites, of which only two sites harbor two
mismatches and all other sites have three mismatches (Fig. 2A
and Table SIII). To investigate whether these sites are occu-
pied by GLI proteins in cells, the 501mel cell line was used to
chromatin immunoprecipitate DNA fragments bound to GLIs
using specific anti-GLI1, GLI2 and GLI3 antibodies (Fig. 4).
To obtain improved insight into whether the particular GLI
binds to specific regions of the proximal promoter (-2092+112),
the immunoprecipitated purified DNA was amplified by four
primer pairs (see Materials and methods) that demarcated the
four subregions A-D (Fig. 4) of the promoter. Each subregion
contained several GLI-binding sequences. The most distal
region A and a middle region C were bound by all three GLI
factors. The middle region B was remarkably occupied only
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Figure 4. Binding of GLI factors to the proximal SLUG promoter. Chromatin immunoprecipitation was performed using the 501mel cell line. Cells were
cultivated in 90 mm dishes and transfected with control vector (P\CDNA3) or expression vectors for transcription factors GLI1, GL2, or GLI3. Cells were
harvested for immunoprecipitation 48 h after transfection. At 24 h before harvesting, new medium was applied to the cells. After crosslinking, the cells
were processed by a ChIP High Sensitivity kit as described in the Materials and methods. Immunoprecipitation was performed with the respective specific
anti-GLI antibody. The final isolated coprecipitated DNA was then amplified by a set of four primer pairs (see Materials and methods). Each portion of the
promoter (denoted A-D) revealed a specific pattern of GLI factor binding. Inputs and a positive control (anti-acetylated histone H3) always showed a positive
band. Nonimmune IgG used as a negative control gave no bands when compared with experimental samples. All bands of PCR products were quantified using
Image] software and the results are summarized in Table SIV. The two longer bars indicate two mismatched sites and small bars represent three mismatches

of the full consensus site. GLI, GLI family zinc finger.

by the GLI3 factor. The most proximal fragment D was bound
by GLII and GLI2 but not GLI3 (Fig. 4). Thus, regions B
and D showed some preference for GLI occupancy, whereas
regions A and C clearly exhibited enrichment by all three
GLI factors. Acetylated histone H3, which was precipitated
by anti-acetylated H3 antibody as a positive control, showed
occupancy at all four subregions. Nonimmune IgG as a nega-
tive control showed no binding in any experiment. Taken
together, these data indicate that GLI transcription factors
are abundantly present at their recognition DNA sites within
the SLUG proximal promoter, further confirming their role in
the transcriptional regulation of Slug expression through HH
signaling. The data quantifying the final DNA amount formed
through PCR are in Table SIV.

Slug is an imperfect target for MITF in melanoma cells. The
SLUG gene has been demonstrated to be transcriptionally regu-
lated by MITF in melanocytes (34) and during Xenopus laevis
development (38). However, data relevant to a possible regula-
tion of Slug expression by MITF in melanoma cells are lacking.
To test whether MITF overexpression influences the activity
of the SLUG gene promoter, we performed promoter-reporter
assays in which the proximal promoter was cotransfected with
the MITF expression construct into 501mel cells. Additionally,
we compared activation by MITF-Vpl6, a hyperactive MITF
derivative in which the MITF N-terminal activation domain
(AD) was replaced by a stronger Vpl6 AD (39), with native
MITF. While MITF had no effect on promoter activity, MITF-
Vpl6 increased it ~2-fold (Fig. SA left). On the other hand, the

melastatin promoter, a known MITF target (33), was stimulated
by both MITF and MITF-Vpl6 ~4-fold and 10-fold, respectively
(Fig. 5A middle). Western blotting verified the total MITF
protein level (the control sample also showed the MITF protein
signal because relatively high endogenous MITF protein is
already present in nontransfected 501mel cells; Fig. 5A, right).
Only transfected cells with ectopic MITF or MITF-Vp16 were
measured for luciferase activity, which explained why promoter
activity increased more compared with the overall MITF protein
level. The same experiment was repeated with the FLAG-tagged
vectors, and the same results were obtained. The expression of
proteins expressed from transfected plasmids was verified with
the anti-FLAG antibody (Fig. 5B).

To corroborate these results, doxycycline-regulatable
melanoma cell lines, in which MITF could be downregulated
by inducible expression of shRNA directed at MITF were
used (32). Whereas a decrease in endogenous MITF protein was
achieved after the addition of doxycycline in all cell lines, Slug
expression remained unchanged. By contrast, the level of livin
(ML-IAP), a known MITF target (40), mirrored the decrease in
MITF protein (Fig. 5C). In agreement with this, overexpression
of MITF did not change the endogenous level of Slug protein
(data not shown). In a control experiment, inducible control
nontargeting shRNA revealed no changes in the expression of
all proteins tested. Thus, endogenous Slug seems to be expressed
independently of MITF protein levels in human melanoma cells.

To further investigate the relationship between MITF and
Slug and GLI2 vs. Slug protein expression in human samples,
parallel sections of skin, nevus and melanoma metastasis were
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Figure 5. MITF is an imperfect activator of Slug in 501mel melanoma cells. (A) Left, SLUG promoter activity is slightly decreased by cotransfection of the
MITF expression vector and activated ~twice by the MITF-Vp16 chimeric hyperactive MITF vector. Middle, the melastatin promoter is activated by both
the MITF and MITF-Vp16 proteins. pcDNA3 plasmid served as a control. Three other melanoma cell lines likewise showed nonsignificant differences in
the activity of the SLUG promoter compared with the control plasmid when cotransfected with the MITF vector (not shown). Right, western blotting shows
MITF expression after transfection. The control sample also has a strong MITF signal because the endogenous protein level is already present in naive
501mel cells. (B) Left, SLUG promoter activity after cotransfection of FLAG-tagged versions of the same plasmids as shown in (A). Middle, stimulation of
melastatin promoter activity. Empty pFLAG-CMV-4 plasmid served as a control. Statistical analysis was as described in Materials and methods and verified
using one-way ANOVA followed by Tukey's post hoc test and equal results (P-values) were obtained. Right, Western blotting performed with the anti-FLAG
antibody show expression of FLAG-tagged proteins, the same pattern of expression was seen after the transfection of melastatin promoter (not shown).
(C) Western blots depicting inducible knockdown of MITF by tetracycline-regulatable shRNA repressing MITF. Concomitant expression of Slug and livin
proteins was observed in the same samples, whereas no change in Slug protein levels was observed. Six melanoma cell lines (left panel) and two control lines
(right panel) were analyzed. B-actin detection served as a loading control for whole cell lysates (bottom). This figure is reprinted as a part of Figure 3 from our
previously published paper V1ickovd K er al: Inducibly decreased MITF levels do not affect proliferation and phenotype switching but reduce differentiation
of melanoma cells (J. Cell. Mol. Med. 22, 2018, 2240-2251) (32), with the permission of the publisher (Wiley Global Permissions, permissions@wiley.com).
MITF, melanoma-associated transcription factor. “P<0.05, “P<0.01.

compared by immunohistochemical staining (Fig. 6). Positive ~ GLI2 and Slug were also stained in nevus cells, albeit some-
staining by anti-GLI2 and anti-Slug antibodies was observed  what less intensively (score 2, rare cells scored 3 in Slug
in the epidermis of normal skin (scored 2-3), consistent with  staining). The nevus showed abundant MITF-positive cells
previous observations (41,42). Only a few strongly MITF-  (score 4). Epidermal keratinocytes were, as expected, MITF-
positive (score 4) melanocytes were present in the epidermis.  negative in the skin and nevus sections (score 0). In metastatic
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Figure 6. Slug and GLI2 expression correlate in serial sections of normal
skin, nevus, and melanoma. Immunohistochemical staining was performed
with antibodies against GLI2, Slug and MITF. For staining scores, see
Results section (magnification, 400x). GLI, GLI family zinc finger; MITF,
melanoma-associated transcription factor.

melanoma, both GLI2 and Slug staining was positive in ~half
of the cell population (scored 2-4), with Slug staining slightly
more positively than GLI2 staining. MITF-specific staining of
metastatic melanoma was negative (score 0), with only a small
number of positive cells (not shown in the picture). Sections
that were negative or very slightly positive for MITF (scored
0-1) showed cells stained for both GLI2 and Slug (scores
2-3; Fig. 6). This is also consistent with the idea that invasive
and metastatic cells have low or absent MITF (43). Notably,
all three proteins were almost exclusively localized to the
nucleus. Thus, Slug staining was associated with GLI2, but not
MITF, positive staining in immunohistochemical sections of
melanomas (Fig. 6). This result supports the aforementioned
findings by demonstrating the positive regulation of Slug
expression by GLI2, but not by MITF, in melanoma cells.

Discussion

The present study described the essential role of HH signaling
and the transcription factor GLI2 in the transcription of the
SLUG gene in human melanoma cells. The large number of
GLI-binding sites present in the SLUG promoter led to the
investigation of how GLI factors regulated SLUG gene expres-
sion. The presented data indicated that GLI factors activated
the SLUG promoter in reporter assays and that the promoter
was repressed by the HH signaling inhibitors GANT61 and
cyclopamine. The most potent activator appeared to be GLI2.
All GLII-3 factors occupied the proximal SLUG promoter.
Chromatin immunoprecipitation data revealed abundant and
specific binding of GLI factors to four contiguous subre-
gions of the proximal SLUG promoter. RT-qPCR, induced
decrease of MITF and immunohistochemical experiments
corroborated the foregoing data; GANT61 diminished
Slug RNA abundance, decreased MITF and did not change
Slug protein levels. In addition, the immunohistochemical
analysis showed that MIFT-negative portions of metastatic
melanomas contained Slug-positive and GLI2-positive cells.
Given that an extremely high number of GLI-binding sites
are present in the SLUG promoter, the possibility that Slug

can also be upregulated by HH in other cancer cell types
is worthy of further investigation. Of course, other trans-
activation mechanisms may also be plausible in different
tumors beyond melanoma. For example, c-myb has been
shown to regulate Slug expression in colon carcinoma,
chronic myeloid leukemia, and neuroblastoma cells (44).
C-myb-elicited EMT-like characteristics through SLUG gene
activation in these cells. Homeobox C10 (HOXC10), which is
a pro-oncogenic protein in cancer, has been shown to activate
the SLUG promoter in melanoma through the YAP/TAZ
signaling pathway (45). Das et al (46) reported that the onco-
genic phenotype was induced by transcriptional upregulation
of osteopontin through GLI1 in melanoma cells. Increased
invasion, proliferation and migration was relieved by HH
inhibitors. On the other hand, miR-33a-5p downregulates
Slug in melanoma (47).

Previously, the essential role for HH signaling in mela-
noma has been demonstrated to occur mainly through the
transcription factor GLI1 (6). Other signaling routes, such as
RAS/MAPK and Akt/mTOR, regulate the nuclear localization
of GLII, not only in melanoma but also in other cancer cell
types (6). Another report showed that GLI2 is capable of medi-
ating the invasion and metastatic properties of melanoma (48).
Furthermore, Slug is considered to be regulated by MITF, an
essential transcription factor in melanoma (34). The present
study showed that Slug expression depended mainly on the
HH/GLI pathway. MITF probably does not serve any role in
the endogenous expression of Slug because MITF downregu-
lation had no effect on Slug protein levels in several melanoma
cell lines. In the reporter assays, only the hyperactive MITF-
Vpl6 chimera, but not native MITF, activated the SLUG gene
promoter (Fig. 5A).

It has been demonstrated that the oncogene CRKL is the
downstream effector of GLI2 in lung adenocarcinoma cells (49).
Crkl, which is oncogenic in several types of cancer, is activated by
GLI2 through the binding of GLI2 to the site in the second intron
of the CRKL gene. Blunting Crkl by shRNA or CRISPR-Cas9
knockout weakens the GLI2-elicited positive effect on cell
viability, migration, invasion and colony formation. Thus, in lung
adenocarcinoma, Crkl appears to be necessary for pro-oncogenic
GLI2 effects and is itself regarded as an oncogene. For example,
Crkl attenuates the therapeutic effect of several antioncogenic
drugs (49) and has been found to be amplified in lung adeno-
carcinoma (50). It remains to be investigated whether Crkl is a
general mediator of GLI factor activity in other tumor cell types.
Although CRKL has been found to be amplified specifically
in acral melanomas (51), no other data are available about the
melanoma-specific role of the Crkl protein.

HH pathway and GLI factors are highly oncogenic and
known to substantially contribute to the maintenance of CSC.
In addition, GLIs are observed to be associated with EMT in
various types of cancer (52-54). On the other hand, little data
are available that GLI factors could be directly involved in the
transcription of typical EMT-associated genes. In melanoma,
GLI1 and GLI2 are reported to enhance transcription of Sox2,a
stem cell marker (10). Furthermore, it was previously observed
that EMT process is atypical in melanoma (55), as suggested
in the present study. The present study clearly defined that
GLIs, especially GLI2, are direct transcriptional regulators of
Slug, a hallmark protein of EMT, in melanoma cells.
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In melanoma, therapy is predominantly focused on targeting
the mutated driver oncogenes BRAF and NRAS and/or kinases
in the downstream MAPK signaling pathway. Unfortunately,
therapies for advanced melanoma with low molecular weight
inhibitors targeting these proteins result in acquired resistance.
Despite advances in using a combination of drugs, the concept
of targeting only the MAPK route remains questionable. As
there are multiple mechanisms responsible for resistance to the
inhibition of MAPK signaling in melanoma (56,57), alternative
therapies should also be considered. Targeting HH and Bcl2
protein by the combination of GANT61 and obatoclax was
effective in most melanoma cell lines tested previously (58).
Taken together, the present study described a new mechanism
of Slug transcription. It stressed the importance of the HH
pathway for melanoma progression and suggested that targeting
GLI2 in combination therapies could be beneficial for treatment,
as GLI2 is a recognized transcriptional activator of a number
of oncogenic proteins, including survivin (31). Although other
mechanisms may play a role in Slug regulation in various types
of cancer, the present study demonstrated that Slug is another
HH/GLI target.
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Table SI. Melanoma cell lines used in the present study.

Cell line Tumor type Source

Hbl Malignant melanoma | Dr. G. Ghanem-Free University of Brussels
Malme-3M Malignant melanoma | American Type Culture Collection

MeWo Malignant melanoma | American Type Culture Collection
SK-MEL-2 Malignant melanoma | American Type Culture Collection
SK-MEL-3 Malignant melanoma | American Type Culture Collection
SK-MEL-5 Malignant melanoma | American Type Culture Collection
SK-MEL-28 | Malignant melanoma | American Type Culture Collection

501mel Malignant melanoma | Dr. R. Halaban-Yale University
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Table SII. Mutational status of cell lines.

Cell line Mutation Reference

Hbl wt Herraiz C et al.: Int. J. Biochem. Cell. Biol.2012, 44:2244-2252.

Malme-3M V600Eamplified Wajapeyee N et al.: Cell 2008, 132:363-364.

MeWo wt Domenzain-Reyna C et al.: J. Biol. Chem. 2009, 284:12306-
12317.

SK-MEL-2 NRASQG61R Singh S et al.: Mol. Cancer Ther. 2010, 9:3330-3341.
Wajapeyee N et al.: Cell 2008, 132:363-364.

SK-MEL-3 BRAFV600E Mazzio EA and Soliman KFA: Cancer Genomics & Proteomics
2018, 15:349-364.

SK-MEL-5 BRAFVG600E heterozyg. | Singh S et al.: Mol. Cancer Ther. 2010, 9:3330-3341.

SK-MEL-28 | BRAFV600E homozyg. Smalley et al.: Mol. Cancer Ther. 2008, 7:2876-2883.
Singh S et al.: Mol. Cancer Ther. 2010, 9:3330-3341.
Wajapeyee N et al.: Cell 2008, 132:363-364.

501mel BRAFVG600E amplified Packer LM et al.: Pigment Cell & Melanoma Res. 2009, 22:785-
798.

wt, wild type (no BRAF or NRAS mutations).




Table SITL31 GLI -binding sites in the proximal (-2092+112) SLUG promoter. Mismatched oligonucleotides are

shown in bold andtwo mismatches are marked in green. All other sites contain three mismatches.

Positionof GLI binding sites in Sequence Positionof GLI binding Sequence
SLUGpromoter sites in SLUGpromoter

+102to+110 GACCGCCGT | -1091 to -1099 GACCATACA
-15to -23 ACCCTCCCA -1119 to-1127 AACCACCTG
-64 to -72 AACCTCTCA -1235to-1243 AGGGTGATC
-119to -127 GACAACAGA | -13251t0-1333 GACAATGCA
-152to0 -160 AACAGCCCA | -1379to -1387 AAACACACA
-223 to -231 GCTCACCGA -1387 to -1395 CACCCTCCA
-254 to -262 TAGCTCCCA -1401 to -1409 TGAGTGCCC
-363to -371 AGGGCGGCC -1561 to -1569 TGTGTGGAG
-373 to -381 GGTGTGGTG -1702 to -1710 TGTGTGTIT
-383 to -391 AGGCTGGCC -1738 to -1746 TGTGTTITC
-452 to -460 TATTTGGTC -1833 to -1841 TACCAGCAA
-788 to -796 CCGGTGGTT -1869 to -1877 GAATACACA
-871 to -879 TACAACCCT -1937 to -1945 TCTGTGATC
-880 to -888 AAAGACCCA | -1982 to -1990 GTGCACCCT
-927 to -935 CACCACATA -2016 to -2024 GGTGTGGCC
-1051 to -1059 TGGGTTCTT

GLIconsensus binding sites: GACCACCCA and TGGGTGGTC
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Table SIV. Quantification of ChIP PCR bands (Fig. 4). The numbers are arbitrary units corresponding to the
strength of each band. GLI1-3 were immunoprecipitated by a specific antibody for each protein (see Materials
and methods). The quantification was performed by the ImageJ software.

Segment A Input IgG GLI H3

GLI1 13753 0 19068 20330
GLI2 12286 0 16124 19302
GLI3 11033 0 5866 6389
Segment B Input IeG GLI H3

GLI1 11814 0 0 28113
GLI2 21000 0 0 21956
GLI3 25998 0 15803 29607
Segment C Input IeG GLI H3

GLI1 29550 0 20561 23168
GLI2 19341 0 6356 4519
GLI3 16739 0 16613 11995
Segment D Input IeG GLI H3

GLI1 20843 0 11166 30365
GLI2 29220 0 16356 32008
GLI3 16984 0 0 23562
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Figure S1. Decrease of Slug protein level in human mela-
nocytes and two melanoma cell lines (SK-MEL-2 and Hbl)
after the GANTOI treatment. GANTO] treatment and western
blotting were performed as described in Fig. 1B. The same
anti-Slug and anti-(3-actin antibodies were used. He-MN-LP,
normal human melanocytes (low pigmentation).

GANT61 (uM)
0 20 0 20 0 20

Slug

ﬁ-ac{in -

He-MN-LP SK-MEL-2 Hbl
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Figure S2. Representative immunofiuorescent image indicating the decrease of Slug expression by GANTG6I in four melanoma
cell lines. Left panel shows the cells treated only by vehicle (DMSO), right panel depicts the low Slug expression after GANT61
application. Cells were treated with GANTO6I for 20 h and processed for immunofiuorescence. The left columns indicate staining
with anti-Slug antibody. The same fields are visualized also by DAPI staining. Scale bar, 20 pm.
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Abstract: The sonic Hedgehog/GLI signaling pathway (HH) is critical for maintaining tissue polarity
in development and contributes to tumor stemness. Transcription factors GLI1-3 are the downstream
effectors of HH and activate oncogenic targets. To explore the completeness of the expression of
HH components in tumor cells, we performed a screen for all HH proteins in a wide spectrum of
56 tumor cell lines of various origin using Western blot analysis. Generally, all HH proteins were
expressed. Important factors GLI1 and GLI2 were always expressed, only exceptionally one of them
was lowered, suggesting the functionality of HH in all tumors tested. We determined the effect
of a GLI inhibitor GANT®61 on proliferation in 16 chosen cell lines. More than half of tumor cells
were sensitive to GANT61 to various extents. GANT61 killed the sensitive cells through apoptosis.
The inhibition of reporter activity containing 12xGLI consensus sites by GANT61 and cyclopamine
roughly correlated with cell proliferation influenced by GANT61. Our results recognize the sensitivity
of tumor cell types to GANT®61 in cell culture and support a critical role for GLI factors in tumor
progression through restraining apoptosis. The use of GANT61 in combined targeted therapy of
sensitive tumors, such as melanomas, seems to be immensely helpful.

Keywords: Hedgehog; GLI; tumor cell lines; GANT61; apoptosis

1. Introduction

The Hedgehog (HH) signaling pathway is a morphogenesis pathway crucial for the growth and
patterning of various tissues during embryonic development [1,2]. The morphogen sonic Hedgehog
binds the transmembrane receptor Patched (PTCH), which activates another transmembrane protein
Smoothened (SMO) and triggers the HH pathway that influences the expression of many genes through
the activation of transcription factors GLI1 and GLI2. GLI3 activates only exceptionally and behaves
rather as a suppressor. HH components are highly conserved from fly to human [3]. Initially, the HH
pathway was linked to the etiology of basal cell carcinoma and medulloblastoma [4-8]. The pathway
transcriptionally upregulates the expression of survivin in more than half of analyzed cell lines [9].
Accumulating evidence suggests that the HH pathway is critical for almost all tumors. It has been
found that HH signaling plays key roles in formation and maintenance of cancer stem cells (CSC),
tumor stemness, and acquisition of epithelial-to-mesenchymal transition (EMT) in tumors. Since EMT
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is important and responsible for cancer cell invasion, metastasis, drug resistance, and tumor recurrence,
the HH signaling pathway is now believed to be an important target for cancer therapy [10-13]. The HH
pathway and GLI factors thus appear to be promising targets for cancer therapy [14]. Several cancers
were shown to be sensitive to HH inhibition, such as lung cancer (both non-small cell lung cancer
(NSCLC) [15-18] and small cell lung cancer (SCLC) [19,20]). Many reports highlight the importance of
the HH pathway in pancreatic cancer and the usefulness of its inhibition [21-24]. The HH pathway was
described to be crucial for the pancreatic cancer development and HH inhibition caused autophagy
in CFPAC-1 cells in vivo and in mouse xenografts [25]. GLI1 promoted EMT and metastasis in
pancreatic cells in a genome-wide screening study [26]. In many other cancer types, the HH pathway
inhibition decreases the oncogenicity and has been beneficial for the patients. Melanomas critically
require HH signaling [27-29], presumably with activated RAS-MAPK and AKT signaling cascades [27].
HH has been described to promote oncogenesis in leukemias [30-34], bladder cancer [35], and prostate
cancer [36-39].

Global significance of the HH pathway for tumor initiation, progression, and metastasis is
documented by additional literature. Mounting evidence indicates that HH signaling is required for
the maintenance of glioblastoma and its CSC population [40,41]. GLI2 has been identified as a target
for the treatment of osteosarcoma [42] and the HH pathway has been reported to be important for
osteosarcoma progression and metastasis [43]. HH signaling produces self-renewal in embryonal
rhabdomyosarcoma [44], has a critical role in the growth of neuroblastoma [45], ovarian cancer [46,47],
hepatocellular carcinoma [48], colon carcinoma [49,50], and is pivotal for forming breast cancer
CSC [51] and bone metastases [52]. Rhabdoid tumors and cell lines lack INI1 (SMARCB1/SNF5)
tumor suppressor. This is a causative event in these tumors. This protein is central in the nucleosome
remodeling complex SWI/SNF and is also rarely absent in rhabdomyosarcomas. It was found that
INI1 binds GLI1. In the presence of INI1, the HH pathway is silent and the loss of INI1 triggers the
activation of the HH pathway in rhabdoid tumors [53]. Ectopic INI1 is able to rescue the nonmalignant
phenotype in rthabdoid tumor cell lines. This implies that an activated HH cascade causes this tumor
type. This is intriguing because INI1 is present in all other cells including tumor cells with an elevated
HH pathway activity (above). This implies a very specific cell context in rhabdoid tumors and suggests
the HH pathway as a target for their treatment.

Several studies have implicated a noncanonical activation of the HH route in tumors, thus
abrogating the necessity of upstream ligand signaling. Through this mechanism, GLI factors can be
activated directly by many different mechanisms upregulated in tumor cells, predominantly operating
in RAS/MAPK, Wnt, or AKT pathways [38,54-57]. As an example, KRAS activates GLI1 in pancreatic
cancer cells [58], an androgen receptor (AR) protects GLI3 from proteolytic cleavage [38], and HH can
be activated by the mTOR/S6K1 signaling [59]. This allows the processing of the deregulated HH
pathway without the membrane signaling through direct aberrant GLI factors stimulation with the
consequent expression of their prooncogenic targets. Here, we present results showing that the main
components of the HH pathway are invariably expressed across a large panel of tumor cells of various
cancer types. The most potent HH inhibitor GANT61 suppressed proliferation more or less in about
half of tumor cell lines (the sensitive cells were eradicated presumably through apoptosis) and is a
prime candidate as a compound for the combined therapy in many tumor types.

2. Results

2.1. Broad Expression of HH Cascade Components in Human Tumor Cell Lines

We were interested in studying whether constituents of the HH pathway are invariably present
in several tumor cell types or if some components are missing. It would potentially disable the
activation of HH pathway in human cancer cell lines. A large screen has been performed and Western
blots have shown complete expression of the main HH components in all tumor cells (Figure 1).
Noteworthy, two lines expressed negligible GLI1 (G-401 and NCI H446), whereas GLI2 in them was
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expressed abundantly. In some other cells, GLI2 was low but GLI1 sufficiently expressed (RPMI-7951,
Calu-1, HeLa S3, H-209, H-345, and Jurkat). The SuFu level was low in Hbl and H69 cells. In some
tumor cell lines, expression of GLI3 was lower (DOR, Saos-2, and H-196). GLI3 is nevertheless only
exceptionally necessary for processing of HH signals, whereas either GLI1 or GLI2 are generally
required. Patched was weak in Saos-2 and Jurkat cells, and SMO was weakly expressed only in
H-69 cells.
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Figure 1. Panel of protein expression pattern of HH signaling components. Western blots made in
RIPA extracts (30 ug) were probed with indicated antibodies. With some small exceptions, all HH
proteins were expressed, although sometimes the expression level was weaker (see text). Survivin,
an HH target, was invariably present in tumor cell lines. Notably, GLI3 was shown as a fragment that
was cleaved off from the whole protein during sample preparation. However, its signals represent the
true amount of intact GLI3 in the extract. The size of each protein in shown in kDa on the right.

Very peculiar was a varying expression of the ligand sonic Hedgehog among the cell lines,
irrespective of the tumor type. This nevertheless does not preclude the efficient functioning of the
HH pathway, since, in view of the fact that HH is frequently activated noncanonically at the GLI
factors level, the production of the ligand itself (acting by an autocrine or paracrine manner in cell
lines) is dispensable. Three cell lines were nontransformed and tested for comparison with tumor
cells (HeMN-LP, IMR-90, and WI-38). HeMN-LP (melanocytes) expressed both GLI2 and GLI1, but
the two fibroblast cell lines expressed very low GLI2, but retained their GLI1 level. Expression of
other components was retained in these normal cell lines. Survivin was present in all tumor cell
lines. Our previous results have shown that in IMR90 cells, transfected GLI2 plasmid is capable of
evoking the expression of endogenous survivin [9], which underlies the necessity of HH signaling
for the survivin expression even in normal cells. BCL-2, another important antiapoptotic protein,
was abundantly present in the majority of cell lines, however, in some tumors its expression was
completely lacking, independently of the tumor type. Together, the widespread abundance of HH
components indirectly support the importance of the HH signaling in tumors and is in accord with the
previous results.
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2.2. Inhibition of Cell Proliferation by GLI Inhibitor GANT61

We next tested the sensitivity to a GLI inhibitor GANT®61 in a panel of 16 tumor cell lines (Figure 2).
The tumor types included melanomas, NSCLC and SCLC, osteosarsomas, neuroblastomas, rhabdoid
tumors, hepatocellular carcinoma, and pancreatic cancers. Some cells were eradicated completely at
the end of the experiment (SK-MEL-3, U-2 OS, MeWo, SK-N-MC, and H196). Another group of cells
was only partially sensitive to GANT61 under the experimental conditions (Saos-2, SK-N-SH, G-401,
and BxPC-3). The remaining cell lines did not reveal any sensitivity when cultured in GANT61
(A549, Calu-1, A-201, Hep-G2, and the three pancreatic cancer cell lines MIA PaCa-2, PANC-1,
and PA-TU-8902). The pancreatic tumors were surprisingly most resistant to GANT61 treatment,
although previous reports describe their sensitivity to the blocking of HH signaling [21,60].
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1M |
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Figure 2. Proliferation assays showing the sensitivity to GANT61. The intensity of staining with
crystal violet indicates the relative number of cells. The quantification numbers are given only for
day 9 for controls and GANT61 (20 M) as these fields were the most important outcome of the
experiment. Please note that the lower number of A-204 control cells at day 9 is caused by cell
detachment. Two experiments with similar results were performed and one is presented. Results are
shown as squares cut from the 12-well plate wells.

Expectedly, melanomas were sensitive to GANT61 (Figure 2). We have previously tested
melanoma cells and found that GANT61 was variably effective in all tumors. The combination
with obatoclax (a BCL-2 family inhibitor) revealed a better effect, showing clear synthetic lethality
in six of nine melanoma lines [29] (Figure S1). The most sensitive cell line was SK-MEL-3. Here,
less responsive were two osteosarcomas and one SCLC. Also, G-401 was sensitive, but only at day
9. Two neuroblastoma cell lines responded to GANT61 as well. Other cell lines did not reveal any
GANT61 sensitivity even after day 9 (A-204, Hep-G2, NSCLC, and pancreatic cell lines from which
only BxPC-3 reacted slightly, Figure 2). It is important to note that with the exception of the extremely
sensitive SK-MEL-3, all other cells responded only to 20 uM GANT61 and were insensitive to a 10 uM
concentration. We can speculate that higher doses of GANT61 or a prolonged time of treatment would
have a better effect in eradicating tumor cells. In our assays, longer incubation time was precluded as
untreated control cells would overgrow and detach. Our findings suggest that the testing of cancer
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cell types might be useful for further consideration of therapy and show that more than half of tested
tumors (when we include melanoma cells from Figure S1) were more or less sensitive to 20 pM of
GANT61 when observed up to 9 days.

2.3. GANT61 Eradicates Tumor Cells through Apoptosis

To gain insight into the mechanism underlying the eradication of cells in proliferation assays,
we carried out the TUNEL assay that detects apoptosis. Many previous papers indicate that GANT61
kills the cells through apoptosis [29,49,57,61]. We have chosen two GANT61-sensitive tumors cell
lines, SK-MEL-3 (see Figure 2) and SK-MEL-5 (see Figure S1). Cells were treated with 20 pM GANT61
for 3 days and both detached and attached cells were combined and analyzed using flow cytometry.
The extent of apoptosis was analyzed by a TUNEL assay (Figure 3A). The GANT61-treated cells
revealed massive apoptosis (reflected by the FITC staining, about 60% of apoptotic cells in SK-MEL-3
and 50% in SK-MEL-5 cells, right peaks, left panels, Figure 3A), while negligible apoptosis was
observed in control cells. No cell cycle alteration was seen. We thus presume that no stable blockade
of the cell cycle occurred, as the cells stepwise disappeared, although sometimes slowly, which was
caused by cell detachment. Since it has been reported that GANT61 may cause autophagy in some cells
types [25,62], it can also be possible that in some cell lines, the elimination of cells could be brought
about by autophagy. However, it is highly probable that most cells were eradicated by apoptosis
as it is a well-known consequence of GANT61 treatment. To corroborate the results in Figure 3A,
we left the same cells in a normal medium or medium with 20 uM GANT61 for 3 days, fixed the cells,
and mounted in DAPI-containing medium. Apoptotic figures were seen in both cell types, whereas no
apoptotic nuclei were present in controls (Figure 3B).

SK-MEL-3
A 20uM GANTG6 1 Control B SK-MEL-3
® Control

100

100
FITC-A
SK-MEL-§
Control Control

20uM GANT6 |

100 104

108 10
FITC-A FITC-A

Figure 3. (A) TUNEL assay detecting apoptosis in two cell lines. Cells were seeded on 60-mm
dishes, and the next day, 20 uM GANTé1 was added. The normal medium was replaced in controls.
After three days, the majority of cells treated with GANT61 detached in both SK-MEL-3 and SK-MEL-5
cells. Both detached and remaining attached cells were used for analysis. FITC fluorescence clearly
shows massive apoptosis in GANT61-treated cells. The percentage of the apoptotic and nonapoptotic
cells were calculated using Image] software (National Institutes of Health, Bethesda, MD, USA).
The results of cell quantification were as follows. SK-MEL-3 cells treated with GANT61: apoptotic cells
62.62%, nonapoptotic cells 37.38%; SK-MEL-3 controls: apoptotic cells 0.4%, nonapoptotic cells 99.6%.
SK-MEL-5 cells treated with GANT61: apoptotic cells 51.97%, nonapoptotic cells 48.03%, SK-MEL-5
controls: apoptotic cells 4.18%, nonapoptotic cells 95.82%. No cell cycle blockade was observed.
(B) Fluorescence showing apoptotic nuclei in the same cells as in (A), treated equally with GANT61
or untreated (control cells). Cells were mounted in a medium containing DAPI and documented by
fluorescence. Magnification: 200x. Arrows show apoptotic nuclei.
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2.4. Activity of the Promoter Containing 12xGLI Consensus Site

To study whether a GLI-responsive promoter-reporter is also affected by HH inhibitors GANT61
and cyclopamine, 12xGLI-luciferase reporter and a reference plasmid were cotransfected in several
cell lines that were either variably responsive or nonresponsive to GANT®61 in proliferation assays.
As shown in Figure 4, the sensitive SK-MEL-3 cells were inhibited by cylopamine and GANT61
extensively. To a lesser extent, reporter activity in G-401, A-204, and U-2 OS was also inhibited.
Of these cells, U-2 OS were eradicated from day 5 onwards in the proliferation assay, G-401 were
diminished only on day 9, and A-204 were resistant in the proliferation assay (Figure 2). The inhibition
of the reporter by GANT61 or cyclopamine was insignificant in other cell lines (PANC-1, PA-TU-8902,
MIA-PaCa-2, A-549, and Hep-G2). These cells were also completely resistant in the proliferation assay
(Figure 2). The reporter activity thus approximately mimicked the sensitivity of cells to GANT61
(A-204 cells were only negligibly, though significantly, inhibited by cyclopamine, due to very low
+SD, and were resistant to GANT61 in proliferation assay). Together, the results indicate a correlation
between the sensitivity to inhibitors in the reporter assay and the sensitivity to GANT61 in longer
proliferation analysis.
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Figure 4. GANT61 and cyclopamine slightly reduced the 12xGLI reporter activity. Cells were seeded
in 12-well plates and transfected the next day with the 12xGLI-luciferase plasmid together with a
Renilla luciferase plasmid for the correction of transfection efficiency. The next day, inhibitors were
added to the indicated concentration and cells were harvested 20 h later. No cell deterioration was
observed after this period, even in sensitive SK-MEL-3 cells. The experiment was performed twice
in triplicates with similar results and one experiment is presented. Data are presented as mean + SD.
No mark means insignificant, statistical significance is: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

The HH signaling pathway, acting through transcription factors GLI1, GLI2, and GLI3, has been
identified as critical for the initiation and progression of a number of cancers. Originally, it was believed
to be important for only basal cell carcinoma (BCC) and meduloblastoma. Gradually, the pathway
becomes a crucial signaling pathway for all frequent cancer types with the GLI family transcription
factors being essential in tumor initiation, progression, EMT, CSC, and metastasis, dependent on the
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tumor cell context. HH signaling is a network rather than as a simple linear pathway because of
its cooperation with many other cell signaling pathways and its frequent noncanonical activation.
GLI factors have several oncogenic targets [63]. Recently, using a large tumor panel, we identified
survivin as another important GLI2 target in more than half of tumor cell types [9], suggesting a
synergy in HH and survivin in forming tumors stemness and maintaining CSC. This implies more
effective therapy by combining HH and survivin inhibitors.

Here, we have first analyzed the expression of HH cascade components across a panel of 56 tumor
types using Western blot analysis. It was found that they are generally expressed (only exceptionally
showing lower expression level). Importantly, either GLI1 or GLI2 were always present in all samples.
In three normal control cell lines, the HH proteins were also present. HH signaling is emerging
to be essential for the progression of nearly all tumors [12,13]. The presence of its components
is therefore required for the proper progression of the pathway. In proliferation assays, GANT61
was active in melanoma cells (Figure 2 and Figure S1) and also in several other tumor cell lines.
The most resistant seemed to be NSCLC and pancreatic cancer cells. This was rather surprising
as many reports describe the blockage of the HH pathway in the treatment of pancreatic cancer in
preclinical and clinical settings. In tumors, the dense impenetrable stroma is mixed with the pancreatic
cancer cells in vivo, due to which, drugs cannot invade across this physical barrier, and that may
cause a drug resistance [22,64-66]. Since in cell lines the stroma is missing, the drugs should have
better access to tumor cells and the druggability might be more feasible. As GANT61 appeared to be
nonfunctional in eradicating pancreatic tumor cells, the HH pathway possibly needs, e.g., a second
agent to achieve cell killing. A possible explanation could also be that the cell lines used here have not
been sensitive to GANT61, while other cell lines (not tested) might have been responsive. In pancreatic
tumors, the situation might be even more complicated, e.g., because stromal cells themselves produce
Hedgehog and HGF that support the tumor growth [67]. It requires further clarification why in
pancreatic cancer the HH pathway sensitivity to drugs in vivo has specific requirements in which
tumor stroma is determining, causing the known resilience and drug resistance of these tumors.

Our results suggest which type of cancer is resistant or sensitive to GANT61 when it is applied
directly on cells in culture (Figure 2). Malignant melanomas are sensitive, when taken into account
also our previous results (Figure S1). Thus, GLI factors are important to contribute to keeping their
antiapoptotic status. It is believed that MITF (microphthalmia-associated trancription factor), a key
factor in melanoma transcription circuitry, maintains antiapoptosis in melanomas [68]. It has been
nevertheless demonstrated that low-MITF melanoma cell lines can also proliferate very fast, implicating
sufficient antiapoptotic protection [29,69]. HH-GLI signaling has been recognized to keep melanoma
stemness and maintain the presence of CSC [70]. Furthermore, the two neuroblastoma cell lines and
one SCLC cell line were also relatively sensitive to GANT61, whereas two NSCLC were resistant.
In GANT®61-resistant cells, antiapoptotic signals ensuring tumor progression can maintain apoptosis
by other pathways. Reporter assays measuring the sensitivity of the 12xGLI consensus promoter
to GANT61 and cyclopamine roughly correlated with cell proliferation. Our results suggest that
HH signaling participates in preventing cell death perhaps in more than half of all tumors cell lines.
We speculate that the situation might be similar in other tumor cell lines as well. Taken together, HH
signaling plays an important role in preventing tumors cell apoptosis in some cancer cell types.

4, Materials and Methods

4.1. Cell Cultivation

Cells were maintained in appropriate media (DMEM or RPMI1640) supplemented with 10% fetal
calf serum (Gibco, Waltham, MA, USA), L-glutamine, streptomycin, and penicillin (Sigma, St. Louis,
MO, USA). Some cells were cultured in EMEM medium supplemented also with essential amino
acids and pyruvate (Sigma). Fresh media were replaced every third day. HH inhibitors GANT61
or cyclopamine were present in media as indicated in Figures and Figure legends. All melanoma
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cell lines were maintained in RPMI1640 medium with the exception of lines WM35 and WM1552C
that were kept in DMEM. NSCLC and SCLC cell lines cells were grown in RPMI1640 medium with
the exception of Calu-1 (DMEM). SK-N-SH, SH-N-MC, HT-1080, and T98G cells were maintained in
EMEM. The remaining cell lines were grown in DMEM medium.

4.2. Cell Lines

All cell lines were of human origin. Melanoma cell lines DOR, Beu, and Hbl were previously
described [29]. Other melanoma cell lines (MeWo, SK-MEL-2, SK-MEL-28, SK-MEL-5, SK-MEL-3,
Malme 3M, HT144, WM35, WM1552C, and RPMI-7931) were purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Normal human melanocytes HeMN-LP were from Cascade
Biologics (Portland, OR, USA). NSCLC lung cancer cell lines A549, HT1299, A-427, Calu-1, H-460,
H-520, H596, H-661, H-2170, and SK-MES-1, and SCLC cell lines H-446, H-69, H-209, H-82, H-345,
H-146, H-378, H-196 were purchased from ATCC. 293FT cells were from Invitrogen (Carlsbad, CA,
USA). Colorectal cell lines LoVo, SW480, HCT116 were from ATCC. All other cell lines were purchased
also from ATCC: G-401 and A-204 (rhabdoid tumors), U-2 OS and Saos-2 (osteosarcomas), HeLa S3 and
C33A (cervical carcinomas), 293 (renal carcinoma), HT-1080 (connective tissue fibrosarcoma), SW-13
(adrenal gland carcinoma), T98G (glioblastoma), IMR90 and WI-38 (normal human fibroblasts), Jurkat
(T-cell leukemia), Hep-G2 (hepatocellular carcinoma), SK-N-SH and SH-N-MC (neuroblastomas),
PANC-1, PA-TU-8902, MIA PaCa-2, and BxPC-3 (pancreatic carcinomas).

4.3. Western Blots

Commercially available primary antibodies used were as follows: Sonic Hedgehog, Cell Signaling
Technology #2207 (Danvers, MA, USA); Patched, Biorbyt #157169 (San Francisco, CA, USA); SMO,
#ab72130 (Abcam, Cambridge, UK); SuFu, Cell Signaling #2520; Gli, Abcam #ab134906; Gli2, #sc-271786
(Santa Cruz Biotechnology, Dallas, TX, USA); Gli3, Biorbyt #157158; Survivin, Santa Cruz #sc-17779;
BCL-2, BD Pharmingen #556354 (San Jose, CA, USA); B-actin, Sigma #A5316. HRP-labelled second
antibodies were from Cell Signaling.

For Western blot analysis, cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), supplemented with aprotinin,
leupeptin, pepstatin (Sigma), COMPLETE, and PhoStop (Roche, IN, USA). Total lysates containing
30 ug of protein were separated on SDS-PAGE gels and subsequently transferred onto a PVDF
membrane (Millipore, Billerica, MA, USA). Membranes were then subjected to probing with antibodies.
Western blot signals were detected by using SuperSignal West Pico Chemiluminescent substrate (Fisher
Scientific, Waltham, MA, USA) and exposed on films.

4.4. Proliferation Assays

To perform proliferation assays, colony outgrowth assays were carried out. Cells were trypsinized
and seeded in about 40-50% confluency on 12-well plates (day 0). The next day (day 1), cell lines were
treated with 10 uM GANT61 or 20 uM GANT61 (SelleckChem, Miinchen, Germany), for a maximum of
9 days. The medium was refreshed every third day. The plates were then fixed in 3% paraformaldehyde
solution in 1x PBS and stained with 1% crystal violet and photodocumented. Two most important
fields (day 9, control and 20 uM GANT61) were quantitated using Image] software. Two experiments
were performed in duplicate. Results of both experiments were similar.

4.5. Detection of Apoptosis

A TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP nick-end labelling) assay was
performed according to the manufacturer’s instructions (BD Biosciences, San Jose, CA, USA). Results of
FITC staining were analyzed on a flow cytometer BriCyte EA (Mindray, Shenzhen, China). A total
of 50,000 cells were analyzed in each sample. The number of apoptotic cells was determined using
Image] software.
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4.6. Microscopic Detection of Apoptotic Nuclei

Immunofluorescence assays were performed as described previously [71]. Briefly, cells were
seeded in NUNC (Roskilde, Denmark) chambers, 20 uM GANT61 added next day and treated (or
untreated, controls) for three days, and mounted in a DAPI-containing medium. Images of nuclear
apoptotis figures and controls were there taken using a fluorescent microscope.

4.7. Reporter Assays

Luciferase Reporter Gene Assay: Luciferase reporter plasmid with luciferase gene under the
transcriptional control of 12xGLI full consensus was obtained from Prof. R. Toftgard (Karolinska
Institutet, Stockholm, Sweden). After transfection of the plasmid (1 pg), together with the
Renilla luciferase reporter plasmid (as a reference for transfection efficiency) on the 12-well plates in
triplicates, the inhibitors GANT61 and cyclopamine were added at concentrations indicated in Figure 4
for 20 h. Cells were then harvested and the reporter activity was measured using a dual luciferase kit
(Promega, Madison, WI, USA) according to the instructions of the manufacturer. Statistical significance
is shown in the Figure 4. Two experiments were performed and one is presented. Results of both
experiments were similar.

4.8. Statistical Analysis

To calculate the statistical significance of the reporter assays, a two-tailed Student test was used.
The p values are listed in the corresponding figure legend. In all figures the error bars represent mean
+ SE. Proliferation assays and TUNEL assay were quantified by Image] software (National Institutes of
Health, Bethesda, MD, USA).

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1422-0067/19/9/2682/s1.
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Abbreviations

CsC cancer stem cells

HRP horseradish peroxidase

DAPI 40,6-Diamidino-2-Phenylindole, Dihydrochloride

SMARCB1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily b, member 1
EMT epithelial-to-mesenchymal transition

TUNEL terminal deoxynucleotidyl transferase-mediated d-UTP Nick End Labeling
AR androgen receptor

BCC basal cell carcinoma

GLI glioma family zinc finger protein

MITF microphthalmia-associated trancription factor

HGF hepatocyte growth factor

PTCH patched

SMO smoothened, frizzled class receptor

NSCLC Non-small cell lung cancer

SCLC Small cell lung cancer

SWI/SNF SWitch/Sucrose Non-Fermentable

mTOR mechanistic target of rapamycin

FITC fluorescein isothiocyanate
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Abstract

Melanoma arises from neural crest-derived melanocytes which reside mostly in the skin in an adult organism. Epithelial-mesenchymal transi-
tion (EMT) is a tumorigenic programme through which cells acquire mesenchymal, more pro-oncogenic phenotype. The reversible phenotype
switching is an event still not completely understood in melanoma. The EMT features and increased invasiveness are associated with lower
levels of the pivotal lineage identity maintaining and melanoma-specific transcription factor MITF (microphthalmia-associated transcription fac-
tor), whereas increased proliferation is linked to higher MITF levels. However, the precise role of MITF in phenotype switching is still loosely
characterized. To exclude the changes occurring upstream of MITF during MITF regulation in vivo, we employed a model whereby MITF expres-
sion was inducibly regulated by shRNA in melanoma cell lines. We found that the decrease in MITF caused only moderate attenuation of prolif-
eration of the whole cell line population. Proliferation was decreased in five of 15 isolated clones, in three of them profoundly. Reduction in
MITF levels alone did not generally produce EMT-like characteristics. The stem cell marker levels also did not change appreciably, only a sharp
increase in SOX2 accompanied MITF down-regulation. Oppositely, the downstream differentiation markers and the MITF transcriptional targets
melastatin and tyrosinase were profoundly decreased, as well as the downstream target livin. Surprisingly, after the MITF decline, invasiveness
was not appreciably affected, independently of proliferation. The results suggest that low levels of MITF may still maintain relatively high
proliferation and might reflect, rather than cause, the EMT-like changes occurring in melanoma.

Keywords: melanoma e MITF e phenotype switching e proliferation e invasiveness e differentiation

Introduction

Malignant melanoma is an aggressive tumour of neuroectodermal ori-
gin that has a dismal prognosis if it is not excised at an early stage.
More than 50% of melanoma cases harbour the BRAF(VG00E) muta-
tion [1, 2]. However, singular targeted inhibition of BRAF leads invari-
ably to acquired resistance (which can be also inherent) that can result
in worsening of the patient’s prognosis also through inducing the ther-
apy-induced pro-oncogenic secretome [3]. Melanoma cells are very
early phenotypically diversified and undergo phenotype switching
resembling the EMT, through which they acquire considerable micro-
heterogeneity resulting in plasticity, capability of invasion and migra-
tion. These properties lead to metastasis and poor prognosis [4-7].
EMT is mostly a reversible process through which undergoes epithelial
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tumours to gain the mesenchymal phenotype and more oncogenic
characteristics but occurs also in non-epithelial cancers [8, 9].

Melanocyte-specific isoform of MITF (microphthalmia-associated
transcription factor) is a pivotal protein determining the melanocyte
lineage identity and conferring a strong antiapoptotic activity to mela-
noma cells [10]. This is accomplished through the direct activation of
expression of several antiapoptosis factors such as BCL2 [11], livin
[12], BPTF [13] and others.

Two phenotypically distinct populations of melanoma cells were
described related to MITF levels: High-MITF population is associated
with differentiation and proliferation, whereas low-MITF cells,
although they proliferate slowly, are endowed with the invasive and
EMT-like characteristics [14], and they express pro-oncogenic genes
such as Brn2 [15-19], GLI2 [20], JARID1B [21], AxI [22] and others.
On the other hand, it has been found that a large proportion (over
25%) of melanoma cells derived directly from patients are capable of
forming tumours in highly immunocompromised NOD/SCID
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interleukin-2 receptor gamma chain null (112rg(—/—), NSG) mice [23].
Also, the phenotypic heterogeneity in melanoma is extremely reversi-
ble and not hierarchically organized [24]. These findings substantially
challenge the concept of a small population of rare cancer initiating
cells with stem cell (SC) properties [21, 25, 26] which are recruited
from the invasive cells and have a high self-renewal potential and
propensity to form metastasis.

When studying the phenotypic changes in melanoma, it is crucial to
discern the effects of MITF alone from the effects of expression
changes in many MITF transcriptional regulators and cofactors that
operate upstream of MITF. They undoubtedly influence not only MITF
but also many other targets involved in the phenotype outcome in vivo.
Events caused purely by MITF down-regulation can be achieved through
manipulating MITF levels alone, an approach that is not feasible to per-
form Jn vivo. It is thus highly desirable to understand precisely the
mechanisms which MITF plays in modulating tumour cell invasiveness,
plasticity, migration, proliferation and metastasis in vitro and in vivo.

We used here the doxycycline (DOX)-based inducible lentiviral sys-
tem to stepwise decrease MITF level in six melanoma cell lings. In this
setting, the expression of upstream genes regulating MITF expression
remained intact, simplifying the interpretation of phenotype changes
and evaluation of the effect of exclusive down-regulation of MITF. We
found no profound changes in proliferation of whole cell populations,
EMT gene expression pattern and invasiveness. In contrast, the expres-
sion of the downstream differentiation markers melastatin and tyrosi-
nase and the antiapoptotic MITF target livin diminished after DOX-
dependent reduction in MITF protein level. Based on these experiments
with cell lines, we suggest slightly modified model concerning the role
of MITF in proliferation and invasiveness of melanoma cells. The data
further suggest that more complex events may occur during the phe-
notype switching in melanoma that might be a more non-uniform pro-
cess than previously anticipated and may be a cause (rather than a
result of) of the low-MITF levels in the invasive subpopulations.

Materials and methods

Cell culture

Melanoma cell lines SK-MEL-3, SK-MEL-5, SK-MEL-28, Malme 3M and
MeWo were purchased from ATCC and were grown using EMEM com-
plete medium with non-essential amino acids and pyruvate, or
RPMI1640 medium (for Malme 3M). 501mel cells were generously pro-
vided by Dr. R. Halaban (Yale University) and maintained in RPMI1640
medium. All media were supplemented with 10% FCS and antibiotics.
All cell lines harbour mutated BRAF(V60OE), with the exception of
MeWo cells which are BRAFwt; 293FT cells were purchased from Invit-
rogen (Carlsbad, CA, USA) and cultivated in DMEM with 10% FCS.

Proliferation assays

Colony outgrowth assay
After culturing the cells 6 days in appropriate concentration of DOX
(Invitrogen), cells were seeded at low density in 12-well plates and

© 2018 The Authors.
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grown for 9 days. The medium with or without (as a control) DOX was
changed every other day. Cells were then fixed, stained with crystal vio-
let and quantified.

Growth curves

This experiment reflects the cell growth after previous long-term cultiva-
tion in DOX. Cells were first maintained for 5 weeks in appropriate DOX
concentration, then plated in 24-well plates at low density and fixed on
days 0, 3, 6 and 9. Medium was changed every other day. Cells were
fixed, stained with crystal violet, destained and quantitated on a spec-
trophotometer. Growth curves were constructed using the triplicate
data. The levels of MITF in DOX remained decreased all the time as
assessed by Western blot. Curves are shown with a standard error for
each point.

Western blot analysis and immunofluorescence

Cells were lysed in a complete RIPA buffer (1% NP-40, 150 mM NaCl,
5 mM EDTA, 0.5% sodium deoxycholate, 50 mM Tris-HCl pH 7.5,
0.1% SDS) with added protease and phosphatase inhibitors aprotinin,
leupeptin, pepstatin, phenylmethylsulphonylfluoride and PhosStop
(Roche, Indianapolis, IN, USA). After the electrophoresis on 10-12%
SDS-—polyacrylamide gels, the proteins were transferred onto PVDF
membrane (Millipore, Billerica, MA, USA). Blots were incubated with
primary and horseradish peroxidase-conjugated secondary antibodies
and detected by chemiluminescent determination. The following com-
mercially available antibodies were used for Western blots: antibody
against MITF (cat. no. MS-772; Neomarkers, Fremont, CA, USA), BCL2
(556 354; Becton Dickinson, San Diego, CA, USA), livin (sc-30161;
Santa Cruz Biotechnology, Dallas, TX, USA), Axl (sc-166269; Santa
Cruz), p-catenin (8480; Cell Signaling, Danvers, MA, USA), SRC (2109;
Cell Signaling), B-actin (A5316; Sigma-Aldrich, St Louis, MO, USA),
E-cadherin (3195; Cell Signaling), N-cadherin (13116; Gell Signaling),
SLUG (9585; Cell Signaling), SNAIL Santa Cruz, sc-28199), vimentin
(5741; Cell Signaling), ZEB1 (3396; Cell Signaling), ZEB2 (sc-271984;
Santa Cruz), p27 (Santa Cruz, sc-528), KLF4 (LS-C415468; LSBiotech-
nologies, Seattle, WA, USA), ALDH1A1 (LS-B10149; LSBiotechnolo-
gies), Brn2 (sc-393324; Santa Cruz), SOX2 (5024; Cell Signaling),
0CT4 (sc-514295; Santa Cruz). For immunofluorescence, cells were
fixed in 3% paraformaldehyde the next day after seeding, permeabilized
and stained with anti-MITF antibody followed by a FITC-labelled second
antibody. Cell chambers were then mounted in the mounting medium
with DAPI.

Lentivirus production and infection of target cells

ShRNA-coding hairpin sequence against MITF [27] was cloned in DOX-
inducible (Tet-On) Tet-pLKO-puro plasmid [28] (Addgene plasmid no.
21915). This shRNA sequence has been previously verified and down-
regulates MITF level best among other tested sequences. Lentiviruses
were packaged in 293FT cells as described earlier [29]. Plasmid with
scrambled shRNA sequence was used as a control. Six melanoma cell
lines (above) were infected with the fresh virus overnight in the pres-
ence of 6 pg/ml Polybrene (Sigma-Aldrich) and then briefly (4-5 days)
selected in puromycin (Sigma-Aldrich) and maintained in low puromycin
(0.25 pg/ml) media.
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Invasivity and wound-healing assay

For these assays, cells were grown for 6 days in medium without DOX and
with 1 pg/ml DOX (or in 0.5 pg/ml DOX for wound-healing assay). Estima-
tion of cell invasiveness has been made using the collagen invasivity kit
(Millipore). For the wound scratch migration assays, cells were prepared in
duplicates on 12-well plates. Next day, cells were near-confluent and
wounded using 1-ml sterile pipette tip and photodocumented for control time
zero, washed repeatedly and starved for 24 hrs in medium containing 0.5%
FCS. Next day, cultivation medium containing 15% FCS was added (still keep-
ing the cells with or without DOX), and invasion of cells in the same areas as
at the time zero was photodocumented after next 24 and 48 hrs.

Viability

Gell viability was estimated on cells in duplicates. Gells bearing the
inducible shRNA against MITF or control cells were treated for 6 days
with the indicated concentrations of DOX, replated onto 12-well plates,
and viability was determined next day by the MTT viability kit (Sigma-
Aldrich) according to the manufacturer's instructions.

Real-time PCR

Estimation of melastatin mRNA levels was performed with primers and a
labelled probe as described in the original procedure [12]. Primers for
estimation of tyrosinase were as follows: forward, 5'- CCAGAAGCTGA
CAGGAGATG; reverse, 5'- AGGCATTGTGCATGCTGCTT; probe, 5'-
FAM-ACGGCGTAATCCTGGAAACCATGACA-TAMRA. After total RNA was
isolated using TRIzol (Life Technologies, Carlsbad, CA, USA), 2 pg of
RNA was reverse-transcribed using transcriptor reverse transcriptase
(Roche), and cDNAs for melastatin and tyrosinase were quantitated
using Tagman system QuantiTect Probe PCR Kit (Qiagen, Hilden,
Germany). Data were acquired on a ViiA7 system (Life Technologies). Each
experiment has been performed twice with similar results. Data are pre-
sented after the compensation to p-actin mRNA levels as a control gene.

Statistics

Each experiment was performed at least two times with consistent
results. Data in graphs are presented as means and their standard
errors. Statistical significance was determined using the Student’s f-test.
P value <0.05 or <0.01 was considered statistically significant as indi-
cated. For quantification of proliferation assays, the ImageJ software
(National Institutes of Health, Bethesda, MD, USA) was employed, and
one of two experiments is presented.

Results

Reduced MITF levels do not cause halt of
proliferation or cell cycle arrest

We generated lentivirus encoding ShRNA-MITF enabling the regulat-
able decrease in MITF levels in cell lines. This approach enables the
elimination of MITF upstream events that occur in vivo, which down-
regulate MITF but can have many other activities which are
MITF-independent. Thus, in our system, only MITF-regulated genes
are participating in the resulting phenotype (schematic Fig. 1A).

Cells infected with the Tet-pLKO-puro-based produced virus were
selected in puromycin and constituted DOX-responsive cell lines with
gradually decreased MITF levels after increasing DOX doses. Six cell
lines with high or average MITF levels were chosen to better follow
the stepwise MITF depletion. We used 1 pg/ml of DOX as the highest
concentration because higher DOX began to cause a non-specific
toxic effect to the cells. MITF levels decreased gradually with increas-
ing DOX doses in all cell lines tested (Fig. 1B). No change in MITF
level was seen in control virus-infected cells, as exemplified in three
cell lines (Fig. 1C). Although MITF protein was substantially
decreased (Fig. 1B), high exposures revealed still appreciable levels
even in 1 pg/ml of DOX (Fig. 1F). This is in contrast with our previous
results where we were able to ablate MITF completely (targeting the
same sequence) with transfected non-inducible pSUPER-puro-
ShMITF plasmid and puromycin selection [27] in 501mel cells
(Fig. S1), which was followed by cell cycle arrest and subsequent
apoptosis. The difference in results is apparently due to the different
silencing system and a very effective block of MITF expression when
shRNA was cloned in pSUPER plasmid and transfected. To substanti-
ate the knockdown, we verified the decreased MITF levels and
assessed the results by immunofluorescence. MITF staining was
decreased in all DOX-treated cells but not in controls (Fig. S2).

Surprisingly, even the highest decrease in MITF had relatively lit-
tle effect on cell proliferation in this study, as assessed by colony
formation assay (Fig. 1D). Evidently, a smaller decrease in prolifera-
tion was seen in most cell lines at high DOX, but a very slight retar-
dation of growth was visible also in some controls (Fig. 1E).
Collectively, reduction in MITF levels had no dramatic effect on pro-
liferation rate in melanoma cell lines, probably partly because the
degree of knockdown left some MITF level which was sufficient for
proliferation. Consistent with this, little or no changes in the cell
cycle profiles were observed in cells without DOX or containing
1 pg/ml of DOX (Fig. S3). The data thus show that even small

Fig. 1 Gradually decreased MITF protein in the inducible system causes minimal changes in proliferation. (A) A scheme of experimental setting with a view
of groups of MITF-inducible genes. (B) Infection of six melanoma cell lines with a lentivirus carrying the shRNA sequence directed to MITF, followed by a
brief puromycin selection. Incubation of cells in increasing concentrations of DOX leads to a stepwise disappearance of the MITF Western blot signal. The
Western blot was performed 6 days after incubation without or with DOX. (C) No MITF level changes were seen in control virus-infected cultures. (D) Prolif-
eration rates are determined in increasing DOX concentrations. Cells were maintained in DOX for 6 days, and then, the experiment was carried out and
quantitated by ImageJ. Two experiments with consistent results were performed and one is presented. (E) Similar to D, control virus-infected cultures grew
in all DOX concentrations. The setting of the experiment was the same as in D. (E) Longer exposure of the same Western blots as shown in B. Only two
highest DOX concentrations are shown. In all cell lines, some residual MITF remains even in the highest DOX concentration.
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amounts of MITF are capable of maintaining proliferation of mela-
noma cells.

To test the growth of established melanoma lines, we chose three
low-MITF and three high-MITF cell lines and determined their prolifer-
ation rate. There was no relationship between the MITF level and pro-
liferation (Fig. 2). The growth rate data of low-MITF cells (SK-MEL-2,
Dor and A375) were completely mixed with the data of high-MITF cell
lines (MeWo, 501mel, SK-MEL-28), indicating that even low level of
MITF can sustain high proliferation rate in some melanomas, appar-
ently dependent on the cellular context.

Inducible reduction in MITF protein generally
does not induce the phenotype switching towards
EMT changes or expression of SC markers

Although MITF levels are not critical for proliferation either in an artifi-
cial inducible system or in native cell lines (above), the presence of
MITF is essential to prevent apoptosis in melanoma cells [10, 27,
30]. Furthermore, low-MITF populations of cells are believed to
proliferate slowly but to be highly invasive, while high-MITF cells
are proliferating rapidly and are not invasive. This ‘rheostat model’
has been proposed first in 501mel cells [14]. As invasive cells
undergo EMT-like changes, we studied whether the inducible MITF
decrease per se could induce EMT hallmarks. The EMT-like changes
in melanoma are characterized by the increased expression of
markers such as SNAIL, ZEB1, N-cadherin, vimentin and decreased
E-cadherin [31, 32]. We first determined expression levels of pro-
teins previously reported to be important for melanoma progres-
sion (Fig. 3A). We found no change in SRC and B-actin as controls.
Also p-catenin did not display any changes. BCL2, a MITF target,
did not decrease as well (only slightly in SK-MEL-28). AxI level
increased in MeWo but remained unchanged in Malme 3M upon

25 - Mitf level in cell lines:

_ 'M MITF DOR
,“-é’ 20 | S ———— -2 501mel
o 2 wo o3 o3

Bl HR58 280
= = z 2 E MeWo
3 2 % SK-MEL-28
2104 c SK-MEL-2
=
=]
& 5

G- T T T

Day 0 Day 2 Day 4 Day 6

Fig. 2 The proliferation rates of native three low-MITF and three high-
MITF melanoma cell lines are completely intermingled. Cells were
seeded at lower density in triplicates and were fixed every other day.
There were only minimal changes among triplicates, as demonstrated
by extremely small SE. values. Insert: Western blot stained with the
anti-MITF antibody shows the MITF protein levels in cell lines analysed
and equal loading (pB-actin).
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DOX addition and was not present in other cell lines. On the other
hand, livin perfectly mimicked the down-regulation of MITF
(Fig. 3A) as it is a known MITF downstream target. P27 protein was
found increased after increasing DOX levels in three cell lines, very
slightly increased in two lines and remained unchanged in one line
(Fig. 3A). This cdk inhibitor has been originally described to be the
cause of inhibition of proliferation in pro-invasive subpopulations
[14, 33]. Brn2 protein appeared increased in MITF-lowered samples
in four cell lines, most prominently in 501mel cells (consistent with
the original model [14]), while it remained unchanged in two cell
lines (Fig. 3A).

As a next step, we have estimated markers which should
undergo changes during the EMT-like process after the MITF
decrease. We analysed protein levels of vimentin, E-cadherin, N-
cadherin, SLUG, SNAIL, ZEB1 and ZEB2. ZEB2 and SLUG are mostly
considered to be pro-proliferative and pro-differentiative markers,
not involved in the EMT process in melanoma) and revealed a pat-
tern showing only minimal changes (Fig. 3B). The only two charac-
teristic pictures typically reflecting EMT were the decrease in E-
cadherin in MeWo cells and increase in N-cadherin in SK-MEL-28
cells. Vimentin was uniformly expressed with increase in 501mel
and SK-MEL-28 cells and a low decrease in SK-MEL-3 cells. Further,
many EMT-related proteins were absent from cells at all DOX con-
centrations (e.g. E-cadherin and ZEB1 were absent in three different
cell lines). In aggregate, lowering of MITF levels alone generally
does not lead to EMT-like phenotype patterns on Western blots in
six melanoma cell lines.

We examined also the pattern of cancer SC markers after MITF
down-regulation. We found no change in the level of proteins
ALDH1A1, KLF4 and 0CT4 (Nanog was negative in all cell lines, not
shown), whereas a profound increase in SOX2 was observed at
both DOX concentration in SK-MEL-3, SK-MEL-5 and SK-MEL-28
cell lines. Other three lines did not express SOX2 (Fig. 3C). Thus,
for a high expression of SC marker SOX2, which is critical for
forming the tumour-initiating cells in melanoma [34], low-MITF
level is required. This finding is consistent with the accepted model
that the melanoma SC is recruited from the invasive low-MITF pop-
ulations.

The growth rate of the whole cell population
remains unchanged in low-MITF long-term
cultures

As the proliferation assays after several days in DOX did not show
any substantial growth diminution, we reasoned that longer cultiva-
tion of cells in DOX could be required to achieve the effect of more
prominent growth deceleration. The cell lines were cultured for
5 weeks with or without DOX, and the proliferation curves were
determined during next 9 days. The same experiment was also per-
formed with control virus-infected cells to exclude the possible non-
specific effect of DOX at the highest concentration. No substantial
changes were observed when proliferation of pooled cultures culti-
vated in media -DOX and +DOX was estimated (Fig. S4A); 501mel
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Fig. 3 Pattern of gene expression after down-regulating MITF by two highest DOX concentrations. (R) Western blot of proteins not directly con-
nected with the EMT-like process. Livin is a MITF target and mirrors the decrease appearing in MITF samples. Axl is negatively correlated with MITF
only in MeWo (the only BRAFwt cell line), where it is most prominently expressed. Actin control shows equal loading. (B) The proteins which are
often associated with EMT. Two triplets of typical EMT changes (E-cadherin in MeWo and N-cadherin in SK-MEL-28) are framed. Loading and sam-
ple’s integrity are demonstrated by expression by SLUG and vimentin expression. (G) Stem cell markers expression. Two control virus-infected cell
lines are also shown (right). Some proteins (e.g. Axl or SOX2) were expressed only in some cell lines. All cells were maintained in DOX for 6 days
before performing the Western blots.

cells +DOX ceased to grow at the end of the experiment, probably  confirmed lower MITF in DOX-containing cultures after the long-
because their proliferation is highly dependent on MITF [27]. Prolif-  term cultivation (Fig. S4B). Together, the maintenance of melanoma
eration of some cell lines was slower even from the day 3 onwards,  cells in up to 1000 ng/ml DOX did not have any great deleterious
but this phenomenon was seen also in controls (MeWo and MeWo  effect on the rate of long-term proliferation in pools of infected cell
control, SK-MEL-3 and SK-MEL-5 control). Control Western blots lines.
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Fig. 4 Cell proliferation of five isolated and expanded clones. (A) Of 15 isolated clones from cell lines SK-MEL-5 or SK-MEL-28, maintained in DOX
for 4-5 weeks required for expansion, only five clones (shown) revealed prominent decrease in growth in colony outgrowth assay. Two identical
experiments gave similar results, and one experiment is depicted. Other 10 clones resembled minimal proliferation changes comparable to Figure 1D
(not shown). Proliferation pictures were obtained during 9-day incubation in appropriate DOX concentration. After the removal of DOX, the slowdown
clones recovered to near-to-normal proliferation rate. (B) Confirmation of stepwise MITF protein diminution on Western blots after DOX treatment in
the five clones used in A, performed at the beginning of the proliferation experiment.

In long-term cultures, the minority of individual
clones with reduced MITF reveals slow
proliferation

Given the proliferation of the whole cell population was only slightly
affected by MITF decrease, we investigated whether the growth of
cultures raised from the individual cell clones could be retarded in
DOX. To this end, we isolated and expanded 15 randomly chosen indi-
vidual clones from SK-MEL-28 or SK-MEL-5 cell lines and maintained
them in 0, 100 or 1000 ng/ml DOX concentrations for 5 weeks. The
proliferation was determined thereafter by the colony outgrowth
assay. We found five (of 15) clones that were substantially retarded in
proliferation in these low-MITF cultures. The three most retarded
clones were two SK-MEL-28 clones and one SK-MEL-5 clone
(Fig. 4A). These three expanded clones retained less than about 15%
of proliferation propensity compared the normal growth of the major-
ity of clones. Besides these, other two clones showed decreased
growth rate about fourfold to fivefold (Fig. 4A). The control Western
blot revealed that MITF still remained gradually decreased at the time
of the experiment in these clone-derived cultures maintained in DOX
(Fig. 4B). Thus, some individual clones can indeed react to the low-
ered MITF by exclusive severe growth retardation. We hypothesize
that this may happen by the absence of sufficient antiapoptotic sig-
nals that were probably almost entirely dependent on MITF in these
clones. This experiment strengthens the enormous heterogeneity
at the single cell level even in the relatively homologous cell line
population.
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Invasiveness and migration are not affected by
reduced MITF levels

Because the low proliferation of melanoma cells has been reported to
be associated with increased invasivity [14, 33], we have estimated
invasiveness in the proliferating whole cell populations and in slowly
proliferating clones. The collagen matrix invasion assay showed no
significant changes between DOX-treated and non-treated cells in all
cell lines (Fig. 5A) and clones (not shown). Similarly, the migration
assay after cell scratches did not reveal any changes (Figs 5B and
S5). Not unexpectedly, the very slow proliferation of the three clones
(Fig. 4A) was accompanied with no increase in migration properties,
as exemplified by the scratch assay in two clones (Fig. 5B). Next, the
viability was tested in whole cell populations, and significant decrease
was revealed in three cell lines (SK-MEL-3, SK-MEL-5 and SK-MEL-
28) at high DOX concentrations (Fig. S6). This was in accord with the
observation that these lines also revealed relatively higher growth
retardation (Fig. 1D). These data indicate that viability was a sensitive
assay for the detection of phenotype changes after lowering MITF and
possibly reflects higher apoptosis in lower viable cells.

Reduction in MITF levels decreases expression
of downstream MITF differentiation markers

MITF transcriptionally up-regulates dozens of downstream genes.
Many of them are associated with the formation of the pigment
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Fig. 5 Cell invasiveness of cell lines and migration assay of selected
clones. (A) Collagen invasivity assay of six cell lines in medium with-
out DOX and with the highest DOX concentration 1 ug/ml, performed
after 6 days in appropriate medium. All results show insignificant
changes in invasiveness. Two experiments with similar results were
performed and one is presented. (B) Wound-healing assays of the two
slowly proliferating clones. Note that migration in 0.5 pug/ml DOX is
presented as concentrations 100 and 1000 nM produced similar
results (not shown).

melanin [35]. Because melastatin, a MITF transcriptional target
and a putative tumour suppressor, is sharply responding to
MITF levels in melanocytes [36], we used real-time PCR to esti-
mate the mRNA levels of melastatin, together with determining
the mRNA levels of the hona fide MITF target tyrosinase. Main-
taining cells for only 4 days in DOX caused profound decreases
in melastatin and tyrosinase in 5 cell lines, while only in SK-
MEL-3 cells the changes were less pronounced but significant
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(Fig. 6A and B); this was possibly because the final MITF
decrease was less dramatic compared to controls without DOX
(Fig. 1B) in these cells. The antiapoptotic downstream MITF tar-
get livin has been also uniformly decreased in all cell lines, by
Western blot (Fig. 3A). Together, differentiation has been reli-
ably and quickly repressed by DOX-dependent down-regulation
of MITF levels.

Discussion

Epithelial to mesenchymal transition is a key process associated
with the invasive and metastatic disease in epithelial cancers, and
EMT-like changes appear also during the phenotype switching in
melanoma. Many genes change their expression during EMT-like
process. The most characteristic is the down-regulation of E-cad-
herin and up-regulation of N-cadherin, together with the activation
of SNAIL (SNAI1) and ZEB1 expression. EMT-like gene pattern has
been induced in normal melanocytes by ectopic mutated BRAF
[31]. Several authors have reported that melanoma has slightly
atypical profile of protein expression in EMT, as SLUG (SNAI2) and
ZEB2 have been presented as pro-differentiative genes coex-
pressed with high MITF, not participating in the EMT process [6,
29, 30, 37]. The expression of EMT markers has been found to be
highly heterogeneous with the predominant EMT signature being
high-N-cadherin/high-AxI/low-MITF, whereas the differentiation
pattern was characterized mostly by high-E-cadherin/high-MITF in
primary melanoma cell lines [38]. Even individual cells in tumours
have shown different expression patterns of EMT proteins with
SLUG expression weakening during tumour progression [39]. Our
present results showed only two EMT-specific changes, each in
other cell line (Fig. 3B), whereas the presence or changes in other
EMT markers were inconsistent after the reduction in MITF
expression.

We also observed no change in expression of three SC
markers. Only SO0X2, the expression of which was shown to
require the Hedgehog signalling in melanoma and is crucial for
the self-renewal and tumorigenicity of human melanoma-initiat-
ing cells [34], sharply increased in three cell lines with induced
low MITF. In the remaining three cell lines, SOX2 was not
expressed (Fig. 3C). Although OCT4 was found earlier increased
in siRNA-MITF-transfected SK-MEL-28 cells [33], we did not
observe any 0CT4 changes (Fig. 3C). This discrepancy might be
explained by possible more efficient reduction in MITF using
SiRNA-MITF. Formally, as MITF undergoes post-translational
modifications that might have modulated the effect caused by
MITF decrease.

Intriguingly, the highly pro-oncogenic and invasive Wnt/p-sig-
nalling pathway has been found to be anti-invasive in melanoma as
p-catenin blocks invasiveness [40]. p-catenin pathway acts
upstream of MITF and activates its transcription, and high-MITF
levels are anti-invasive. MITF also suppresses the Rho-GTPase-
regulated invading and interferes with p-catenin-induced expression
of the pro-invasive enzyme membrane type 1 matrix metallopro-
teinase [40].
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Recently, two interesting studies which would at least partly explain
the exclusive role of MITF in lowering invasiveness have implicated the
expression of guanosine monophosphate reductase (GMPR), an
enzyme of guanylate metabolism, in the regulation of invasiveness in
melanoma cells. GMPR can deplete cellular GTP level, an event linked
to lower melanoma invasiveness. The morphology of MITF-depleted
invasive cells is accompanied by a larger number of invadopodia [41].
Subsequently, it has been shown that MITF is an upstream regulator of
GMPR [42]. Due to the lower GTP levels in cells overexpressing MITF
or GMPR, the invasiveness would be suppressed. Oppositely, when
siRNA-mediated decrease in MITF was induced, with consequent
declined levels of GMPR, even small increase in GTP (several per
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Figure. With the exception of SK-MEL-3
cells where the changes were small,
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cents) generated high increase in invasion, which was even eightfold in
501mel cells and about twofold to threefold in SK-MEL-28 cells [42].
High MITF concomitantly suppressed activity of RAC1, a kinase
mutated in a subset of melanomas [43], and suppression of RAC1
activity was required to reduce invasiveness. Although we have also
used clones from SK-MEL-28 and SK-MEL-5 cells displaying slower
praliferation, no change in invasivity was recorded. Recently, glutamine
depletion was shown to be sufficient to engender the decrease in MITF
and invasiveness in melanoma cells. However, the MITF decrease
could not be a cause of invasiveness, as glutamine starvation led to
invasivity also in MITF-negative cells [44]. The transcription factor
ATF4 alone down-regulated MITF but surprisingly did not induce
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invasiveness. The authors suggested a mechanism of translation
reprogramming whereby the elF2B factor was found to be a crucial dri-
ver of melanoma invasiveness. Salubrinal, which inhibits dephosphory-
lation of complexes acting on p-elF2s, increased ATF4 and decreased
MITF expression and induced invasiveness. Thus, as phosphorylated
elF2o inhibits elF2B, this global reprogramming of translation involving
high expression of ATF4 leads to invasiveness in melanoma cells [44].
These findings where other factors besides sole MITF decrease are
required to induce invasiveness are in conformity with the findings
shown here.

The antiapoptotic role of MITF in melanomas is clearly estab-
lished. However, some concern remains how the antiapoptotic sig-
nals are sustained in melanoma cell lines in which MITF expression
is very low or in low-MITF (and more invasive) areas of tumours.
First, apparently, highly different cell context may exist among
tumour cell subpopulations, and possibly single cells, that ensure
antiapoptosis within the low-MITF cells. Second, another one or
more antiapoptotic genes, such as Axl or others ensure that low-
MITF cells do not undergo apoptosis. Previously, we have discussed
whether so-called ‘MITF-negative’ melanomas are still melanomas,
as they must have lost all MITF downstream differentiation markers
[45]. We argue that such cells either die due to the lack of MITF anti-
apoptotic function, as already documented in 501mel cells [27], or
continue growing as an undifferentiated tumour if antiapoptosis is
provided by other genes. The observed low-MITF/high-Axl popula-
tions in sections of human tumours [22] could serve as a possible
example. What would be also conceivable is that in the course of cell
line or tumour growth, cells might have adjusted MITF levels to
amounts sufficient to promote proliferation, possibly with help of
other pro-proliferative (and antiapoptosis) protein(s), a notion that
would reconcile both the rheostat model and our results as discus-
sion above.

Inducibly and gradually decreased MITF level in melanoma cell
lines, as described here, incurred slightly diminished proliferation,
but the decrease was much smaller than anticipated taking into
account the previous results [14, 18, 33]. Low-MITF populations
such as some cell lines or slightly pigmented areas of tumours pre-
sumably utilize other proteins to maintain proliferation. We have
observed various proliferation levels among isolated cell clones
from the same cell line, indicating that even single cells in a rela-
tively homogenous original cell line population may gradually create
quite different proliferation potential when cultured longer under
low-MITF conditions; the growth of small number of clones almost
halted proliferation while other clones proliferated at an unchanged
rate (Fig. 4A and not shown). Consistent increase in the p27 pro-
tein, although slight, seems to be a more general hallmark of MITF
down-regulation. It is questionable whether the increase in p27 pro-
tein alone can incur the deceleration of proliferation in all types of
low-MITF cell lines and tumours subpopulations. Predictably, p27
protein might contribute to slow proliferation in some situations
in vitro or in vivo. The in vivo effect of p27 has not been studied
extensively.

The presented results bring more complexity to the phenotype
switching process with the emphasis on the cell context and indi-
vidual levels of MITF in cell lines and possibly even in single cells.

© 2018 The Authors.

J. Cell. Mol. Med. Vol 22, No 4, 2018

It is highly probable that the primary functions of MITF in mela-
noma are to maintain the lineage identity (by regulating the down-
stream differentiation markers) and to play the indisputable
antiapoptotic role. We further suggest that diminution of MITF
level may accompany rather than induce the invasive phenotype
in tumours, and its lower level in vivo may then eventually partici-
pate in the slow proliferation of the invasive tumour subpopula-
tions.
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Supplementary Figure Legends.

Fig. S1 Complete blocking of MITF expression achieved by a non-inducible transfection of
shRNA-MITF used in this work. The target sequence was cloned in pSUPER-puro plasmid,
transfected i 501mel cells, followed by a short 2 days puromycin selection. The RTPA extracts
were prepared and Westem blots performed. Control (scrambled) sequence did not have any
effect on the MITF level. Actin has been used as a loading control confirming equal loading and

the integnty of both samples.

Fig. S2 Immunofluorescence with the anti-MITF antibody confirming the knockdown of MITF
Immunofluorescence was performed with anti-MITF antibody (antibody dilution 1:200, left
blocks) and DAPT (night blocks) i the identical image fields. Cells were left without DOX
(upper blocks) or m 1 pg/ml DOX (lower blocks) for one week, replated into IF chambers and
processed for IF next day. Scale bar 25 pm. Control cells (only two cell lines are shown as
controls, similar results were obtained with the remaining four controls) do not show any

difference when — DOX and + DOX fields are compared.

Fig. 83 Cell cycle profiles of cell lines grown with or without DOX. Cells were maintained n -
DOX or + DOX media for one week and FACS profiles were then taken after staning DNA with
propidium 1odide. No appreciable changes were seen when — and + DOX cells were compared.

Only in + DOX SK-MEL-28 cells the G2/S phase peak was (paradoxically) increased.

Fig. S4 Proliferation of long-term cultures of cell lines 1n media with or without DOX. (A)

Whole cell populations including control cells (containing scrambled shRNA) were cultured for
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five weeks in the indicated DOX concentration and then the proliferation rate experiment was
performed in 24-well plates in tnplicates. All cell lines grew nommally duning the five week
period. (B) Control Western blot indicating the decrease of MITF was done before the

experiment.

Fig. S5 Migration (wound healing assay) of six cell lines in — DOX and + DOX. The mugration
of six cell lines was determined by the wound healing assay as described 1n Matenials and

Methods. No differences were observed between —DOX and + DOX cultures.

Fig. S6 Viability of cell lines performed in the media with indicated concentrations of DOX. All
cell populations (including controls) were cultured for 6 days in media without or with the
indicated concentration of DOX. Next day, the viability assay was performed. Cells more
sensitive to MITF decrease seem to be SK-MEL-3, SK-MEL-5, and SK-MEL-28. It 1s a result
which roughly corresponds to the shightly lowered proliferation in these cells (see Fig. 1).
Predictably, lowered viability was caused by increased apoptosis in cells requining higher MITF

for proliferation.
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Abstract

Ubiquitination by serving as a major degradation signal of proteins, but also by controlling protein functioning and
localization, plays critical roles in most key cellular processes. Here, we show that MITF, the master transcription factor in
melanocytes, controls ubiquitination in melanoma cells. We identified FBX032, a component of the SCF E3 ligase complex
as a new MITF target gene. FBXO32 favors melanoma cell migration, proliferation, and tumor development in vivo.
Transcriptomic analysis shows that FBXO32 knockdown induces a global change in melanoma gene expression profile.
These include the inhibition of CDK6 in agreement with an inhibition of cell proliferation and invasion upon
FBXO032 silencing. Furthermore, proteomic analysis identifies SMARC4, a component of the chromatin remodeling
complexes BAF/PBAF, as a FBXO32 partner. FBX032 and SMARCA4 co-localize at loci regulated by FBX032, such as
CDK6 suggesting that FBXO32 controls transcription through the regulation of chromatin remodeling complex activity.
FBXO032 and SMARCA4 are the components of a molecular cascade, linking MITF to epigenetics, in melanoma cells.

Introduction

Ubiquitination is a post-translational modification initially
described to play a key role in protein homeostasis through
subsequent degradation of targeted proteins by proteasome
or lysosomes. Ubiquitination was also shown to regulate
protein interaction, functioning, and localization. The spe-
cificity of the effects of ubiquitination is controlled by a
These gaulhors jointly supervised this work: Corine Bertolotto, Robert complex ubiquitin code [1]. Ubiquitination controls a wide
Ballofi spectrum of cellular processes that includes NF-kB pathway
Edited by D. Guardavaccaro activation, DNA damage repair, cell death, autophagy, or
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material, which is available to authorized users. in cellular biology, leading to numerous pathologies,
including cancer. The characterization of the regulation of
genes involved in ubiquitination, as well as the cellular
processes regulated by ubiquitination are therefore of
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improvement of metastatic melanoma treatment has been
achieved by using therapies targeting BRAFV’E, the most
frequent somatic mutation in melanoma and most recently,
with immunotherapies targeting the negative immune check
points CTLA4 and PD1. Despite a huge response rate, the
targeted therapies did not reach the initial expectations
because of quasi systematic relapses, ensuing resistance
acquisition. With immunotherapies, up to 40% of long-term
responders have been described, but most of the patients are
or become resistant to these therapies. Resistance can arise
from genetic alterations, among which new mutations in
NRAS or MEK for resistance to targeted therapies, and in JAK
or B2M for resistance to immunotherapies [3].

In addition, melanoma cells are highly plastic, and
resistance is also frequently caused by a switch from pro-
liferative to invasive phenotype, ensuing epigenetic and
transcriptional rewiring [4, 5].

Compelling data have been gathered showing the
involvement of ubiquitination in melanoma development
[6]. Among them, the deubiquitinase, BRCA-1-associated
protein-1 is frequently mutated in uveal melanomas [7]
and in a subset of cutaneous melanomas [8], where it
functions as a tumor suppressor. FBXW7, a F-Box/WD
repeat containing protein that constitutes a subunit of the
ubiquitin protein ligase complex, SKP1-cullin-F-box (SCF),
and PARKIN, an E3 ubiquitin ligase, also function as
tumor suppressors and were found mutated in melanomas
[9, 10]. More recently, HACE1, HECT domain and ankyrin
repeat-containing E3 ubiquitin protein ligase that regulates
RAC1 activity, was also reported to favor melanoma
invasiveness [11].

Microphthalmia-associated transcription factor (MITF),
the key transcription factor in melanocytes, is also known to
play a crucial role in melanoma phenotypic switch [12—14]
and therapy resistance [15-17].

MITF was initially described to control differentiation
and pigmentation through the regulation of genes involved
in melanogenesis [18], then MITF was also involved in
melanoma cell survival and proliferation, while it represses
motility and invasive capacities. The involvement of MITF
in such a large array of biological processes makes of MITF
a crucial player in melanoma development [19].

In this work, we sought to investigate the role of MITF in
the ubiquitination processes in melanoma cells. We identi-
fied at least three distinct genes regulated by MITF that are
also involved in the ubiquitination process. Among them,
we focused our attention on FBX032 because it is located
on chromosome 8q, a region frequently amplified in mela-
noma and its role in melanomas has never been studied. We
performed a comprehensive analysis of the role of FBX032
in melanoma, showing that it regulates key biological pro-
cesses and transcriptional programs of melanoma cells
through epigenetics mechanisms.
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Materiel and methods
Cell cultures and reagents

Human melanoma cell lines A375, MeWo, and SKMel 28
were from ATCC. 501Mel cell line was provided by Colin
Goding (Oxford). All cell lines were used less than
ten passages after STR profiling. Cells were cultured in
Dulbecco’s Modified Eagle’s medium supplemented with
7% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. short-term cultures were isolated from meta-
static malignant melanoma fresh sterile tissues obtained
from the Nice CHU Hospital. Written informed consent was
obtained from each patient included in this study, and the
study was approved by the hospital ethics committee (Nice
Hospital Center and University of Nice Sophia Antipolis,
No. 210-2998). The study was performed in accordance
with the Declaration of Helsinki. Cells were cultured in
RPMI medium supplemented with 10% FBS and 1%
penicillin-streptomycin. Cells were grown at 37°C in a
humidified atmosphere containing 5% CO,. Melanocytes
were obtained from children foreskin (5- and 7-year old) by
overnight digestion in phosphate-buffered saline (PBS)
containing 0.5% dispase grade II at 4 °C, followed by a 1-h
digestion with trypsin/EDTA solution (0.05%:0.02% in
PBS) at 37 °C. Cells were grown in MCDB 153 medium
supplemented with FCS 2%, 0.4 pg/ml hydrocortisone, 5
pg/ml insulin, 16 nM PMA, 1 ng/ml b-FGF, and penicillin/
streptomycin (100 U/ml:50 pg/ml).

FBXO032 lentivirus construction (RC223661L1) was
from Origen.

Transient transfection of siRNA

Briefly, a single pulse of 25nM of siRNA was
administered to the cells at 50% confluency through
transfection with 5pl of Lipofectamine™ RNAIMAX in
Opti-MEM medium (Invitrogen). siRNA-mediated down-
regulation of MITF was achieved with specific sequences
5-GGUGAAUCGGAUCAUCAAGTT-3' and 5-CUUGA
UGAUCCGAUUCACCTT-3' from Invitrogen. FBX032
(S104366166, S104317803), CDK6 (5100024360, SI0060-
5052), and SMAD7 (S100082537, SI00082544) siRNAs
were purchased from Qiagen.

Cell migration

Cell migration was carried out using a Boyden chamber
assay with 8 um pore filter inserts (BD Bioscience). Cells
(100 x l03) were seeded on the upper chamber of a trans-well
and RPMI+ 10% FBS placed into the lower chamber.
Sixteen hours later, adherent cells to the underside of the
filters were fixed with 4% paraformaldehyde, stained with
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0.4% crystal violet, and counted. Results represent
the average of triplicate samples from three independent

experiments.
Cell proliferation

The cells were seeded onto 12-well dishes (1 x 10* cells), and
at 48 h post-transfection, they were detached with trypsin from
day 1 to 4 and counted in triplicate using a hemocytometer.
The experiments were performed at least three times.

Colony formation assay

Human melanoma cells were seeded onto 6-well plates. The
cells were subsequently placed in a 37 °C, 5% CO; incu-
bator. Colonies were grown before being stained
with 0.04% crystal violet/2% ethanol in PBS for 30 min.
Photographs of the stained colonies were captured. The
colony formation assay was performed in duplicate.

Western blot

Cytoplasmic fraction, nuclei fraction, and total cell lysates
were separated by SDS-PAGE, transferred onto a poly-
vinylidene difluoride membrane and then probed with
antibodies to FBXO32 (Abcam, Abl68372), MITF
(Abcam, Abl12039), ubiquitin (Abcam, ab7254), CDK6
(DCS83, Cell Signaling Technology), SMAD7 (Santa Cruz
Biotechnology, sc-11392), BRG1 (Abcam, abl0641),
Baf60a (Santa Cruz Biotechnology, sc-51440), and HSP90
(Santa Cruz Biotechnology, sc-13119). Horseradish
peroxidase-conjugated anti-rabbit or anti-mouse antibodies
were from Dako. Proteins were visualized with the ECL
system (Amersham).

mRNA preparation and real-time/quantitative PCR

mRNA isolation was carried out with TRIzol (Invitrogen)
according to standard procedure. QRT-PCR was performed
using SYBR® Green I (Eurogentec, Seraing, Belgium) and
Multiscribe Reverse Transcriptase (Applied Biosystems)
and subsequently monitored by the ABI Prism 7900
Sequence Detection System (Applied Biosystems, Foster
City, CA). Primer sequences for each cDNA were designed
using either Primer Express Software (Applied Biosystems)
or qPrimer depot (http://primerdepot.nci.nih.gov) and are
available upon request.

Detection of RPLO gene was used to normalize
the results. Primer sequences for each c¢cDNA were
designed using either Primer Express Software
(Applied Biosystems) or qPrimer depot (http://
primerdepot.nci.nih.gov), and these sequences are avail-
able upon request.
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Proteomics analysis and nano-HPLC-MALDI-TOF/TOF
analysis

Proteins from parental or MYC/DDK-FBXO32-expressing
501Mel melanoma cells were extracted in buffer containing
TRIS-HCI pH7.5 50 mM, NaCl 15 mM, Triton X-100 1%,
supplemented with protease and phosphatase inhibitors.
Cell lysates (2mg) were immunoprecipitated with anti-
DDK antibody, washed and eluted with DDK peptide.
Then, samples were immunoprecipitated again with anti-
Myc antibody and separated by SDS-PAGE.

Proteins contained into gel slices were reduced/alkylated
and digested by a treatment with DTT/IAA and trypsin.
Peptides extracted were separated using a nano-HPLC (250
mm column, Ultimate 3000, ThermoFisherScientific).
Nano-HPLC was coupled to Q-exactive plus mass spec-
trometer (ThermoFisherScientific). Data were reprocessed
using Proteome Discoverer 2.2 equipped with Sequest HT.
Files were searched against the Swissprot Homo sapiens
FASTA database. Two separate experiments were per-
formed, and all the proteins detected in one of the two
immunoprecipitations from parental cells were considered
as “non-specific.”

Chromatin immunoprecipitation (ChIP)

Cross-linked chromatin was prepared as previously described
[20]. BRG1 ChIP was performed on 501Mel expressing or
not Myc/DDK-tagged FBX032 (5% 107 cells per condition),
using BRG1 or DDK antibody or an isotype matched control
immunoglobulin, and analyzed by real-time PCR. Data are
expressed as a percentage of enrichment compared to control
immunoglobulin. Forward and reverse real-time PCR primers
used for the human genomic DNA analysis are as follows.
CDK6: 5-AAGAACGGAGGCCGTTTCGTG-3'; 5-TTTC
TGGGCCTGAGGATTCCC-3' HDAC3: 5-GTGCTGCG
CAAGCACGTAGC-3;  5-CAAATGGCCCTCGCATCC
TA-3'. As negative control, we used for CDKG6, an intronic
amplicon, chr7:92454544-92454710. CDK6neg 5" TCCTTG
CAGTATCCCAAGCAT 3'; 5'-GGTGAGGTCTCTGGCA
TTCAG 3'. For HDACS3, the negative control was an intronic
amplicon chr5:141001678-141001852.HDAC3neg 5' GAGT
ACCTGTTGGGCCCTG 3'; 5 CCTGGATGTAGGTAA
GGGCTAGC-3". No enrichment with these primers was
observed in DDK or BRG1 immunoprecipitates compared to
Ctl antibody.

Animal experimentation

Animal experiments were performed in accordance with
French law and approved by a local institutional ethical
committee (#NCE/2017-283). The animals were maintained

in a temperature-controlled facility (22°C) on a 12-h
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light/dark cycle and provided free access to food (standard
laboratory chow diet from UAR, Epinay-S/Orge, France).
Human MeWo, SKmel28, and A375 melanoma cells,
infected with control (LV) or FBXO32-encoding lentiviral
vectors, were subcutaneously inoculated into 8-week-old
female, immune-deficient, athymic, nude FOXNI™ mice
(Harlan Laboratory). The growth tumor curves were deter-
mined after measuring the tumor volume (V) using the
equation V =25’ where L is tumor length and W is
tumor width. At the end of the experiment, the mice were
euthanized by cervical dislocation, and the tumors were
harvested for protein extraction.

Immunofluorescence studies

Short-term culture derived from patient was grown on glass
coverslip (2 x 10* cells per point) in 12-well dishes. Cells
were then washed, fixed at room temperature for 20 min
with 4% paraformaldehyde (PFA, Sigma-Aldrich), and
permeabilized by a 10-min treatment with 50 mM NH,CIL,
BSA 3% in PBS followed with 2-min treatment with BSA
3%, 1% Triton X-100 in PBS, before being exposed to anti-
FBXO32 or anti-BRGI antibodies for 1h at room tem-
perature, Cells were finally incubated with appropriate
secondary fluorescent-labeled antibodies (Invitrogen Mole-
cular Probes) for 1h at room temperature and mounted
using Gel/Mount (Biomeda Corp., Foster City, CA).
Immunofluorescence was examined and photographed
using a Zeiss Axiophot microscope equipped with epi-
fluorescence illumination.

Gene expression profiling

Total RNAs from three different melanoma cell lines
(501Mel, SKMel28, and WM9) and one short-term culture
treated with control or FBX032 siRNA were extracted
using the RNeasy kit (Qiagen), according to the supplier’s
recommendations. mRNA expression profiling was per-
formed with 8 x 60 K high-density SurePrint G3 gene
expression human Agilent microarray, in accordance with
the protocol described by the manufacturer. Microarray
data analyses were performed using R (http://www.r-
project.org/). The quality control was performed using the
Bioconductor package ArrayQualityMetrics and custom R
scripts. Additional analyses were performed using Bio-
conductor package Limma. Briefly, data were normalized
using the quantile method. Replicated probes were aver-
aged after normalization and control probes were
removed. Then we used a linear modeling approach to
calculate log ratios, moderated f-statistics, and P-values.
P-values were adjusted for multiple testing using the
Benjamini and Hochberg method, which controls the false
discovery rate.
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Statistical analysis

No statistical methods were used to determine sample size.
Sample size was determined to be adequate based on the
magnitude and consistency of measurable differences between
groups. The data are presented as the means + SD and analyzed
using two-sided Student’s #-test with Prism or Microsoft Excel
software. For xenograft studies, sample size was determined
using ClinCalc assuming a standard deviation of 30% in the
control group and 50% of difference in FBX032 group (a =
0.05, f=0.1). No randomization was used, and no blinding
was done. The data were analyzed using the non-parametric
Mann-Whitney test. The difference between conditions was
statistically significant at p <0.05.

Results
MITF controls ubiquitination in melanoma cells

Studying the role of MITF in ubiquitination, in melanoma
cells, we observed that MITF silencing, by two different
siRNA, led to an inhibition of global ubiquitination in the
nuclear fraction of human melanoma SKmel28 and 501Mel
cell lines (Fig. 1A). This result indicated that MITF-
regulated genes involved in ubiquitination processes. To
uncover the mediators of MITF eftect on ubiquitination, we
interrogated a list of 780 genes (Gene Ontology, AmiGO2)
involved in the ubiquitination processes. Among them, we
selected those that (i) contained a ChIP-Seq-validated MITF
binding site in their promoter [21], (ii) were correlated with
MITF expression in the CCLE series of 61 melanoma cells
(Log(2)FC > 1) (https://portals.broadinstitute.org/ccle/a
bout), and (iii) were downregulated by siMITF (log(2)FC
<-1).

After applying these stringent filters, three genes reached
the threshold (Table 1). TRIM63, which belongs to the
TRIpartite Motif protein family [22], and HERCS, a HECT
domain E3 ligase, are endowed with a E3 ligase activity
[23] and FBXO32, a F-box only protein is an essential
component of the SCFs ubiquitin protein ligase complexes
[24]. TRIM63 was already identified as a MITF target and
was reported to be involved in melanoma cell migration
and invasion [25]. We therefore did not pursue the inves-
tigation on TRIM63.

Further analysis of the TCGA melanoma cohort showed
that HERCS and FBXO32 expression covaried with MITF
(Supplementary Fig. 1C, D); however, they were not cor-
related significantly with survival of patients with metastatic
cutaneous melanoma (Supplementary Fig. 1A, B). Analysis
of another cutaneous melanoma cohort (GSE19234)
showed that patients with high FBXO032 expression had a
decreased survival (Fig. 1B), whereas no significant
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Fig. 1 MITF controls ubiquitination in melanoma cells. A Western
blot analysis showing the effect of MITF downregulation on ubiqui-
tination in cytoplasmic/membrane and nuclear protein fractions
in SKmel28 cells (left panel) and 501Mel cells (right panel).
B Kaplan—Meier survival curve of cutaneous melanoma patients with
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Table 1 List of genes involved in the ubiquitination process that are bound by MITF, correlated with MITF in the CCLE melanoma cell line

panel, and inhibited by siMITF.

Chr no. Distance to TSS Max read Gene name Gene description exp Log FC MITF H/L  siMITF1  siMITF2

Chr 1 —476/-89 31/189 TRIM63 Tripartite motif containing 63,  6.78 5.27 —4.32 -4.34
E3 ubiquitin protein ligase

Chr 4 -17 41 HERCS HECT and RLD domain 7.00 2.00 -1.17 -1.07
containing E3 ubiquitin protein
ligase 5

Chr 8 -96 37 FBXO032 F-box protein 32 690 1.12 -1.39 -1.56

association of HERCS expression with survival (Supple-
mentary Fig. 1E) was observed in the same cohort. Note
that MITF expression is also associated with a poor survival
in this cohort. This is not the case in the TCGA cohort.

Additional analysis of FBXO32 expression in the
GSE12391 cohort, containing different stages of the dis-
ease, including nevi, dysplastic nevi, primary, and meta-
static melanomas, showed that FBXO032 expression was
increased in metastatic melanoma as compared to earlier
stages (Fig. 1C).

Taken together these observations prompted us to
investigate the role of FBX032 in melanomas.

FBX032 is a MITF target

First, we analyzed FBXO32 expression in three melanoma
cell lines and four short-term cultures derived from patients’
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biopsies in our laboratory. FBX032 expression was vari-
able and roughly followed the expression of MITF, except
for cells isolated from patient 1 that expressed high level of
FBXO032 but almost no MITF (Fig. 2A). Of note, these
cells, isolated from a patient after treatment with BRAF
inhibitor, are resistant to BRAF inhibitors. Then, we
showed that adenovirus-forced MITF expression led to an
increase in FBXO32 protein expression in both 50IMEL
and A375 melanoma cell lines (Fig. 2B), while MITF
silencing decreased the expression of FBOX32 and DCT, a
known transcriptional target of MITF in MeWo and 501Mel
cell lines (Fig. 2C). Inhibition of FBXO32 expression
ensuing MITF silencing was also verified by gPCR in
501Mel, MeWo, and two short-term melanoma cultures
(Supplementary Fig. 2A-E). It should be noted that MITF
silencing in cells from patient 1 did not result in a consistent
inhibition of FBXO32 expression, further strengthening the
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Fig. 2 FBXO032 is a MITF target. A Western blot analysis of
FBX032 and MITF expression in normal human melanocytes
(NHM), A375, 501Mel, SKmel28 cell lines, and in short-term
culture of metastatic melanomas isolated from four different patients
(I-4). B FBXO32 expression in 501Mel and A375 cells after

lack of epistatic regulation of FBXO32 by MITF in these
cells.

Finally, looking at the MITF ChIP-Seq data from
Davidson’s lab [21], the UCSC image capture of the
FBXO032 gene showed a binding of MITF at the FBX032
promoter and in intronic region (Fig. 2D). Therefore, our
data demonstrate an epistatic relation between MITF and
FBXO032, the latter being a direct transcription target
of MITF.

FBX032 controls migration of melanoma cells

In view to explore the biological functions of FBXO32 in
melanomas, we studied the effect of FBXO32 silencing or
forced expression on the motility of melanoma cells. Using
two different siRNA targeting FBXO32, in melanoma cell
expressing high endogenous FBXO032 (cells from patient
2), we observed that the inhibition of FBXO32 expression
(Fig. 3A) led to a decrease in the migration of melanoma
cells in Boyden chambers assays as demonstrated by the
pictures of the lower face of the wells (Fig. 3B) and by
quantification of three independent experiments (Fig. 3C).
Similarly, the migration ability of 501Mel was reduced
when FBXO032 expression was downregulated by doxycy-
cline inducible specific shRNA (Supplementary Fig. 3A, B).
Furthermore, the effect of FBXO32 silencing on migration
cannot be ascribed to an inhibition of proliferation because
after 16 h, the time used for migration evaluation, we did
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adenovirus-mediated MITF forced expression. C FBX032 and DCT
expression in 501Mel and MeWo cells after siRNA-mediated MITF
downregulation. HSP90 expression was probed as loading control.
D UCSC image capture of the FBX032 gene from MITF ChIP-Seq
experiments [21] shows major MITF-binding sites.

not observe relevant effect on 501Mel and SKmel28 pro-
liferation, while the effect on migration is statistically sig-
nificant (Supplementary Fig. 3C-J).

Conversely, forced FBXO32 expression using a lenti-
viral vector (Fig. 3D) stimulated the migration of SKmel28
melanoma cell line (Fig. 3E, F).

Taken together, these data demonstrate that FBXO032
enhances the migration of melanoma cells.

FBX032 controls proliferation and xenograft tumor
development

In short-term culture from patient 1, FBX032 knockdown
by two different siRNA (Fig. 4A) inhibited cell proliferation
(Fig. 4B). Conversely, forced expression of FBXO032 in
SKmel28 cell line, by lentivirus infection (Fig. 4D),
increased the formation of colonies (Fig. 4C). FBX032-
forced expression in 501Mel cell line (Fig. 4E) increased
proliferation in vitro (Fig. 4F). FBXO32-forced expression
also increased proliferation in A375 (Supplementary Fig.
4A, B) and SKmel28 cell lines expressing low level of
endogenous FBXO032 (Supplementary Fig. 4C).
Furthermore, FBXO32-forced expression also favored
the growth of MeWo and SKmel28 xenografts in nude mice
(Fig. 4G, H). The same observations were made for xeno-
grafts with A375 cell line (Supplementary Fig. 4D). The
increased expression of FBXO32 in the tumors was verified
by western blot (Supplementary Fig. 4E). These data
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Fig. 3 FBXO32 controls migration of melanoma cells. A Western
blot analysis of FBXO32 expression after transfection of siRNAs
targeting FBXO32 in melanoma cells isolated from patient 2. HSP90
expression was probed as loading control. B Representative image of
the effects of FBXO32 downregulation on Boyden migration of mel-
anoma cells from patient 2. Bar = 100 ym. C Quantification of patient

indicate that FBXO32 favors the proliferation of melanoma
cells, both in vitro and in vivo.

FBX032 regulates the transcriptional program in
melanoma cells

Then, we sought to gain insights on the molecular
mechanisms involved in the modification of migration and
proliferation induced through FBXO32 expression mod-
ulation. To do so, we performed a transcriptomic analysis in
three different melanoma cell lines and one short-term
culture (patient 2) treated with either control or
FBXO032 siRNA. Statistical analysis (absLog2FC >0.75,
Adj. p-value <0.05) identified 331 genes regulated upon
FBXO032 knockdown, 216 downregulated, 115 upregulated
(Supplementary Table 1). The heat map of the most dif-
ferentially regulated genes (top 50) is shown (Fig. 5A).
Ingenuity pathway analysis revealed that this gene list was
associated with an inhibition of cell proliferation and
migration (Table 2), in agreement with the proliferation and
migration data obtained previously. IPA upstream activators
analysis indicated that gene expression changes could result
from MITF, MYC, or TGFp pathway inhibition (Supple-
mentary Table 2). The same analysis also predicted the
activation of three microRNAs (mirl45, mirl24, Let7), p53,
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2 melanoma cell migration after FBX032 downregulation (mean ratio
+SD, n=3). D Western blot analysis of FBX032 in SKmel28 cells
after lentivirus-mediated transduction. HSP90 expression was probed
as loading control. E Effects of FBXO32-forced expression on
SKmel28 migration. Bar=100pum. F Quantification of SKmel28
migration after FBX032-forced expression (mean ratio = SD, n = 3).

and KDMS5B, a histone lysine demethylase, suggesting a
link with epigenetics that is strengthened by the upregula-
tion of HDAC3 in FBXO032 depleted cells.

In agreement with the results obtained from gain- and
loss-of-function experiments, upon FBXO32 silencing,
CDKG6 a protein kinase involved in cell proliferation was
downregulated and SMAD?7, an inhibitor of TGFp signaling
linked to cell migration, was upregulated.

Furthermore, western blot analysis in 501Mel cells
infected with FBXO32-encoding lentivirus showed an
increase in CDK6 expression, while FBXO32 knockdown
led to its inhibition (Fig. 5B). Then, Boyden chamber
experiments showed that CDK6 inhibition reduced migra-
tion in both parental and FBX032 overexpressing 501Mel
cells (Fig. 5C, D). The same observations have been made
in A375 cells (Supplementary Fig. 5A, B). CDK6 knock-
down also inhibited the proliferation of parental and
FBXO32-overexpressing 501Mel and A375 cells (Fig. SE).

We also validated the effect of FBXO32 on SMAD7
expression, by western blot showing increased SMAD7
level in cells treated with a siRNA to FBXO32 and a
decreased SMAD?7 level in cells with forced FBXO32
expression (Supplementary Fig. 6A). Furthermore, using
TGFp reporter assay, we demonstrated that the inhibition of
SMADT expression, which was increased upon FBXO32
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Table 2 Ingenuity pathway analysis’ of the genes regulated upon
FBXO032 silencing.

Diseases or functions annotation p-value z-score  Molecules
Proliferation of cells 339E-04 -3.66 104
Neoplasia of epithelial tissue 2.71E-04 -256 243
Cell proliferation of tumor cell lines 3.71E-03 -2.50 49
Cell proliferation of breast 8.20E-03 -2.39 17
cancer cells

Epithelial cancer 4.34E-04 -2.36 241
Formation of cellular protrusions 7.73E-03 -2.35 28
Apoptosis of blood cells 5.98E-03 -2.27 18
Development of neurons 3.00E-04 -2.17 31
Invasion of tumor cell lines 6.19E-03 -2.16 24
Neuritogenesis 3.19E-04 -2.01 25

knockdown, prevented the inhibition of the TGFf pathway
in this condition, indicating that SMAD7 is a key player in
the inhibition of the TGFf pathway evoked by
FBXO032 silencing (Supplementary Fig. 6B, C).

FBX032 is associated with chromatin remodeling
complex at regulated loci

As FBXO032 is not a transcription factor, it remained to
understand how it can modulate gene expression. To answer
this question, we performed a tandem affinity purification of
Myc/DDK tagged FBXO32 expressed in SKmel28 cells.
Then, mass spectrometry analysis identified 216 proteins
specifically associated with FBXO032 in two independent
experiments (Supplementary Table 3). Analysis using
David Tools identified enrichment in the GO terms asso-
ciated with chromosome organization, ribosome biogenesis,
RNA processing, and cellular stress (Supplementary
Table 4). Consistently, among the FBXO32 partners, we
found several members of chromatin remodeling com-
plexes, including SMARCAS belonging to the ISWI com-
plexes [26], SMARCDI, and SMARCA4 that are
associated with BAF/PBAF complexes. SMARCA4
(BRG1) was an attractive candidate to pursue since it was
previously described to play a key role in melanoma biol-
ogy [21]. Moreover, SMARCA4 (as well SMARCDI1 and
SMARCAS3) could make the link between FBX032 and the
transcription machinery.

First, we verified the association of FBX032 with BRG1
(SMARCA4). Western blot analysis after immunoprecipita-
tion with anti-DDK showed that BRG1 was pulled down
with FBXO032 in DDK-tagged FBXO32-expressing
SKMEI28 cells, but not in control cells (Fig. 6A). Note that
SMARCAS5 (BAF60A) was also co-immunoprecipitated
with FBXO032. Furthermore, we have also been able to
show an interaction between endogenous BRG1 and
FBXO032 in 501Mel cells after immunoprecipitation with
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anti-BRG1 antibody (Supplementary Fig. 7). Immuno-
fluorescence studies showed a nuclear labeling of FBX032
that largely overlapped with BRG1 (Fig. 6B).

Then, we hypothesized that FBXO032 interacted with
BRGI and chromatin at loci regulated upon
FBXO32 silencing. First, we analyzed BRG1 [21] and
H4K4me3 [4] ChIP-Seq data. We observed deposition of
active histone marks at CDK6 and HDAC3 promoters,
overlapping with BRGI binding sites (Fig. 6C, D). There-
fore, we performed ChIP-qPCR experiments after immu-
noprecipitation of chromatin either with anti-BRGI or anti-
DDK antibodies, in S01MEL cells expressing or not tagged
FBXO032.

Then, qPCR analyses with primers spanning the CDK6
and HDAC3 promoter regions (red bar) showed a strong
enrichment in anti-DDK immunoprecipitations from cells
expressing tagged FBXO32 compared to parental cells
(Fig. 6E, F). After immunoprecipitation with anti-BRGI,
we also observed a strong enrichment compared to non-
relevant antibody. As expected, there was no significant
change between parental and DDK-FBXO32-expressing
cells. These data confirm that BRG1 is bound at CDK6 and
HDAC3 promoters and demonstrate that FBXO32 interacts
with chromatin at loci it regulates.

Discussion

Compelling research works demonstrated the pivotal role of
MITF in melanocyte and melanoma through its ability to
promote essential biological processes such as differentia-
tion, survival, and proliferation, but also to damper motility
and invasion [19]. This large pleiotropism indicates that
MITF impacts and coordinates numerous key molecular
pathways, to regulate melanocytes and melanoma home-
ostasis. Here, we demonstrate that MITF regulates global
ubiquitination in melanoma cells, at least in part, through
FBX032. FBX032 is a phosphorylation-dependent sub-
strate recognition component of SCF E3 ligase complex and
was initially identified as a key regulator in muscle home-
ostasis and heart development [22, 24]. However, the
downregulation of FBXO032 upon MITF knockdown cannot
totally explain the inhibition of nuclear ubiquitination in
MITF-depleted cells. Indeed, overexpression of FBXO032 in
MITF knockout cells was not sufficient to rescue the
decrease in ubiquitination (data not shown). This is not
surprising since MITF also regulated directly TRIM63 and
indirectly many other genes involved in ubiquitination
process. As no MITF binding was detected in the promoter
of these genes, the said genes did not appear in our bioin-
formatic analysis.

More recently, FBXO32 has been also involved in cancer
development and several reports ascribed an anti-
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Fig. 6 FBXO32 is associated with chr inr deling compl

at regulated loci. A Co-immunoprecipitation and western blot ana-
lysis showing interaction between FBX032 with BRG1 and BAF60a
in SKmel28 transduced with Myc/DDK-tagged FBXO32 vector.
B Immunofluorescence labeling of FBX032 (green) and BRG1 (red)
in isolated melanoma cells from patient 2. The photos taken by the
confocal microscopy show a colocalization of the two proteins in the
nucleus. Bar =5um. C UCSC capture of HDAC3 locus showing

tumorigenic role to FBX032 [27, 28]. However, in agree-
ment with our data in melanoma, FBXO32 was also shown
to favor breast cancer cell xenograft development [29] and
analysis of all the TCGA cohorts showed that high levels of
FBX032 were associated with bad prognosis in mesothe-
lioma, kidney renal papillary cell carcinoma, pancreatic
adenocarcinoma, and brain lower grade glioma (not shown).

The pro-tumoral function of FBXO32 was confirmed by
biological studies demonstrating that FBXO32-forced
expression favors proliferation and migration of mela-
noma cells, while FBXO32 downregulation has opposite
effects. Strengthening these observations and its pro-
tumorigenic role, FBXO32-forced expression greatly
favors xenograft development in nude mice. The mechan-
isms by which FBX032 knockdown inhibits cell pro-
liferation is not clear. We observed no apoptosis, a weak G1
arrest, and a faint increase in senescence markers (not
shown) after FBXO32 depletion.

At the molecular level, transcriptomic analysis shed light
on the molecular cascades affected upon FBX032 inhibition.
FBOX32 regulates genes overlapping with that regulated by
MITF, suggesting that FBX032 might mediate some of the
downstream transcriptional effects of MITF. Among the top
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Ctl FBXO32 Ctl FBXO32 Ctl FBXO32 Cells
ctl DDK BRG1 P

BRGI-binding site (upper panel) overlapping H3K4me3 active mark
(lower panel). D UCSC capture of CDK6 locus showing BRGI
binding site (upper panel) overlapping H3K4me3 active mark
(lower panel). E, F ChIP-qPCR analysis in parental and FBX032
overexpressing 501Mel cells, after immunoprecipitation with DDK
antibody. DNA was amplified either with HDAC3 promoter primers
(E) or CDK6 promoter primers (F) (mean +SD, n=3).

upregulated genes, SMAD7 appears to mediate the inhibition
of the TGFb pathway in FBXO32 knockdown cells, in line
with previous reports showing that FBXO32 downregulation
inhibits the epithelial mesenchymal transition (EMT) induced
by TGFb in human breast epithelial cells [29]. Of note, the
increase in the invasive properties is frequently associated
with increased EMT, of cancer cells in general [30] and of
melanoma cells specifically [31].

In addition, CDK6 belongs to the top downregulated
genes upon FBXO032 silencing. CDK6 inhibition mimics
the effect of FBXO32 knockdown, indicating that the loss
of CDK6 participates to the anti-proliferative and anti-
invasive effects of FBXO032 inhibition. The role of CDK6
in both proliferation and invasiveness has been already
reported in squamous carcinoma cells [32]. Therefore, the
transcriptional rewiring elicited by FBXO32 depletion in
melanoma cells predicts an inhibition of proliferation and
invasion, in agreement with the results of ours in vitro and
in vivo functional studies.

To identify the link between FBX032 and transcription
regulation, we performed a proteomic analysis to identify
FBXO032-interacting proteins that unveiled FBXO32 part-
ners functioning in the chromatin remodeling process.
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Indeed, we identified ISWI, BAF, and PBAF components
associated with FBXO32. As expected, component of the
SCF complexes were also identified among FBXO32 part-
ners. Note that FBX032 was reported to bind and regulate
CTBP1 in breast cancer cells [29], but we identified CTBP1
neither in the proteomic analyses nor in classical co-
immunoprecipitation experiments (not shown).

Among the BAF components, we focused on
SMARCA4, and confirmed its association with FBX032.
However, we have not been able to identify the member of
the core BAF/PBAF complex that is ubiquitinated by
FBXO032. We therefore concluded that FBXO32 might
ubiquitinate an accessory BAF protein that in turn regulates
the BAF complex activity. Nevertheless, the direct link
between FBXO032, the BAF complex, and transcriptional
regulation was further confirmed by ChIP-qPCR experi-
ments showing that FBXO32 together with SMARCA4
interacted with chromatin at HDAC3 and CDK6 genes that
are respectively upregulated and downregulated in FBX032
knockdown cells.

Therefore, we hypothesized that FBXO32 can interact
with both activating and repressive complexes. However,
according to the proteomic results, the complexes interact-
ing with FBXO032, BAF, PBAF, and NUMAC (containing
CARM]1) [33] are generally considered as activating com-
plexes. No transcriptional repressors, such as HDAC or
REST, which were reported to be associated with
SMARCAA4, were found in the list of FBXO32 interacting
proteins. Nevertheless, it should be noted that in one of the
two proteomic analyses, HDAC1 was associated with
FBXO032, suggesting an interaction with the SIN3A/HDAC
repressive complex [34].

In conclusion, our work establishes the role of MITF as a
regulator of the ubiquitination pathway, in melanoma
cells, through transcriptional regulation of several genes,
among which FBXO032. FBOX32 by interacting with
chromatin remodeling complexes containing SMARCA4
regulates the transcriptional repertoire and multiple key
biological functions, responsible of melanoma progression
and dissemination.
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Supplemental table 1. List of the 331 genes
regulated by FBX032 silencing, 216 down-
regulated, 115 up-regulated.

Symbol Expr Log FC Adj p-value
REEPS 9.393 -2.546 0.0043
TMEM?245 9.671 -2.433 0.0043
FBXO032 8.985 -2.326 0.00311
TSPAN6 9.317 -2.038 0.00591
UHMK]1 9.66 -2.037 0.00807
CDK6 10.161 -1.996 0.00976
MRPLI17 10.825 -1.949 0.00394
GPD2 8.089 -1.943 0.0208
LAMP2 8.098 -1.93 0.00494
OXSRI 9.633 -1.879 0.00561
ZWINT 9.674 -1.844 0.0043
SLC25413 10.471 -1.736 0.00311
GOLTIB 8.079 -1.699 0.00591
CHSTI3 12.644 -1.673 0.0271
SMIMI3 9.935 -1.664 0.00623
MRPS27 10.12 -1.651 0.0067
GNB4 11.094 -1.65 0.0075
FHOD3 8.813 -1.629 0.00311
UBE2J1 8.502 -1.558 0.00394
SNX4 9.241 -1.558 0.0067
SLC447 6.984 -1.526 0.00774
TMEMI67A 9.206 -1.524 0.0043
IVNSIABP 10.681 -1.521 0.00772
GNBI 11.554 -1.506 0.00311
CNOT6 7.158 -1.5 0.00311
DENNDG6A 9.887 -1.49 0.00311
KAT2B 8.48 -1.466 0.00385
SYPL1 10.634 -1.447 0.0043
ERP29 8.973 -1.438 0.00544
LRRN4CL 7.216 -1.432 0.0145
INSIG! 9.823 -1.426 0.00311
MIGAI 8.703 -1.413 0.00518
STAT6 10.561 -1.411 0.0043
DG 11.077 -1.369 0.00455
APIGI 9.163 -1.325 0.0043
CCSER2 8.144 -1.306 0.00385
PPIP5K2 8.935 -1.303 0.0043
IL13RAI 9.884 -1.302 0.00876
ZDHHCI3 7473 -1.266 0.00989
VAMP3 9.342 -1.264 0.0043
SRXNI 11.34 -1.262 0.0043
JAZF1 8.071 -1.26 0.00867
MOBIB 8.215 -1.258 0.0132
MYOID 9.21 -1.254 0.00385
RCORI 8.931 -1.253 0.00311
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GRK3
ARFGEF1
D44
COROIC
ATP6V0.44
IPO7
FZD6
TMEM64
ANOG
RBMS!
SLC22418
FAM784
MEX3C
050x2
TMEM304
GPRI9
STX3
HI-9
SLC224184S
C301f18
CORO24
HNRNPK
NLN
CCNA2
RAPIGDSI
EIF5A42
PDHX
PHTF?2
SLC25424
PII5
ETNKI
FBX028
MAD2LI
RCHY!
MTMR2
TPCN?
NIPAI
ASA4P2
NREP
TMEMI77
CADMI
OBSLI
TFF3
DYNLT3
PRECE
NAPEPLD
RHNOI
HIVEP2
TMEMI73
TBCEL
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8.838
8435
10.659
11.348
9.455
9.177
7.994
8.243
9.219
11.685
11.681
8.49
10.307
7.874
10.792
9.08
9.021
10.509
8.317
8.033
8.542
11.496
7.716
8.996
8.076
7.86
9.327
9494
9.261
8.582
8.685
8.066
9.804
6.516
7.747
8.32
8.761
9.041
8.707
11.32
9.992
9.524
7.335
8.802
7.502
8.324
8.034
8.407
0.698
6.594

-1.246
-1.233
-1.231
-1.216
-1.211
-1.207
-1.2
-1.2
-1.185
-1.166
-1.164
-1.162
-1.157
-1.152
-1.143
-1.133
-1.131
-1.129
-1.128
-1.122
-1.119
-1.118
-1.108
-1.105
-1.096
-1.091
-1.091
-1.089
-1.083
-1.082
-1.082
-1.076
-1.076
-1.069
-1.069
-1.062
-1.062
-1.06
-1.058
-1.058
-1.051
-1.05
-1.043
-1.043
-1.042
-1.042
-1.037
-1.032
-1.032
-1.023

0.00311
0.00595
0.0384
0.00636
0.0134
0.0123
0.0305
0.00861
0.00833
0.00824
0.0158
0.0132
0.00772
0.0226
0.0207
0.0426
0.00699
0.0132
0.0372
0.0441
0.0305
0.0089
0.00867
0.0284
0.0161
0.0135
0.00602
0.0293
0.00385
0.0293
0.0228
0.00825
0.0212
0.0432
0.016
0.00755
0.0145
0.0043
0.00385
0.0043
0.0067
0.013
0.0043
0.0243
0.00824
0.0112
0.0481
0.0117
0.0067
0.0043



CMTM4
XPR1
GSKIP
ZNF264
MYLS
NUMBL
PPCS
TBCIDI
COMMD?2
SLC948
PANK3
LOCI00130370
NOO?2
CDCA7
ILI7RD
PLSCR4
ABLIM3
MBD?2
DNAHII
GPRI37B
SPTS554
BTBD7
PDHB
FMRI
CCDC115
BLOCIS6
wWwCs
BLMH
UCN2
GALNT3
D3
KILK6
HMGCS!
TMEMI187
BMP2K
ECHDCI
TRPM1
VGF
TEX30
ACSF2?
CCSAP
PHC3
MYLK
ARHGEF17
RHBDLI
C2007f194
HSDLI
CMTR2
P2RX7
D2
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9.497
7436
10.296
7.55
7.681
8.395
9.361
6.683
7.331
8.184
9.904
7.762
10.274
8.082
6.508
6.612
8.097
10.779
7.121
11.412
9.232
7.857
11.079
7.221
10.526
10.657
7.883
9.374
12.039
7.113
11.219
7.013
8.624
8.241
6.79
9.736
6.569
16.752
9.5
8471
7.755
9.347
8.027
9462
9.679
9.134
7.394
6.981
9.667
8.184

-1.023
-1.02
-1.014
-1.008
-1.004
-1.003
-1.003
-0.997
-0.99
-0.98
-0.98
-0.978
-0.976
-0.974
-0.969
-0.969
-0.969
-0.968
-0.967
-0.965
-0.962
-0.961
-0.961
-0.959
-0.958
-0.955
-0.953
-0.952
-0.946
-0.943
-0.941
-0.938
-0.937
-0.931
-0.927
-0.918
-0.914
-0.913
-0.91
-0.907
-0.903
-0.903
-0.899
-0.898
-0.898
-0.897
-0.895
-0.892
-0.886
-0.885

0.0115
0.0067
0.0179
0.0158
0.00755
0.00861
0.00867
0.0043
0.00795
0.0337
0.0145
0.01
0.0239
0.00976
0.0174
0.0145
0.00772
0.0238
0.00867
0.0441
0.00772
0.00634
0.0151
0.00755
0.0103
0.0145
0.0254
0.0395
0.0308
0.0267
0.0239
0.0254
0.039
0.0103
0.00591
0.0207
0.0484
0.0428
0.0148
0.00699
0.0147
0.00825
0.0483
0.0112
0.0444
0.0277
0.00867
0.019
0.027
0.0228



SLC25440
WDRSI
GMIP
CUL4A
ATP6VICI
GSEC
RBBP4
RFC3
TPM3
RHOO
PPP6C
RNF38
BAI4P2
MTIL
BRWDI
CASP7
KIF23
SYINC
FAMI26B
PFKFB4
MAP3K?
MAGEAID
RABIIFIPI
MICALL?
RHPN?
LY9%
IFFO?2
SLCI9A42
MCMBP
NSD2
SIPAIL?
ATPSMC3
GHDC
NATSL
GNPTAB
HMBOX]
MTIE
PDS5B
ARHGAP4
NI3SE
FLNA
S100B
GATAD24
NDUFA3
SPINI
MTIHLI
SMARCD3
CHD9
Corf59
PIP4K24
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6.83
12.054
9.072
10.951
11.446
7.683
10.644
11.236
11.287
7.263
11.194
9.129
9.387
13.02
7.406
9.407
8.646
7.781
8.071
10.112
8.438
7.62
8.148
10.148
11.219
9.166
10.15
10.668
10.591
7.711
9.361
15.595
8.64
8.337
10.781
8.24
11.718
7.169
13.088
7.08
6.8
7.626
8.83
11.304
8.247
12.939
10.633
7.881
8.052
9.862

-0.88
-0.878
-0.877
-0.877
-0.875
-0.874
-0.874
-0.873
-0.872
-0.871
-0.871
-0.867
-0.861
-0.856
-0.853
-0.853
-0.852

-0.85
-0.844
-0.841
-0.839
-0.837
-0.837
-0.837
-0.837
-0.834
-0.828
-0.823
-0.822

-0.82
-0.816
-0.816
-0.814
-0.812
-0.812
-0.811
-0.809
-0.806
-0.806
-0.802

-0.8
-0.8
-0.799
-0.797
-0.795
-0.794
-0.792
-0.791
-0.79
-0.79

0.0319
0.00825
0.0174
0.0394
0.0189
0.0305
0.0157
0.0481
0.0155
0.0288
0.0067
0.019
0.0145
0.04
0.0067
0.0176
0.0381
0.027
0.018
0.0161
0.048
0.0377
0.0163
0.0337
0.00755
0.0492
0.0067
0.0271
0.0186
0.0216
0.0145
0.019
0.0193
0.0145
0.0212
0.0337
0.0384
0.00832
0.0426
0.0209
0.0242
0.0174
0.01
0.00867
0.0134
0.0441
0.0341
0.0134
0.00867
0.019



SLC7A8
ovos2
TMEM63A4
YAPI
UQCRB
NRAS
TEXI19
PANX2
PPPIR2
AHNAK
RIDA
PLS3
SLC6AS8
MPI
ABCB6
TAFI12
DDX]I
HSPBS
COPS2
METAP2
ABCCS
SNHG21
NFYA
TGFBRI
RABIIFIP3
WRAP353
EIF282
MAFG
SPOP
GCSH
METTLI6
KLF9
PCTP
DPH3
WDFYI
SNORA78
NDST2?
PSMD3
ACTR3B
GPRI37
SMAD7
BIGI
IER3
TSPAN33
TRAF3IPI
ALG3
NDEL!
TXNDC5
ARL4C
SARIA
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6.699
12.043
7.393
0.685
12.912
8.849
6.65
7.098
7.258
9.821
8.717
10.52
9.952
10.309
11.177
10.656
13.36
7.864
10.367
7.887
10.84
8.25
7.996
6.529
9.297
7.175
7.968
11.542
8.13
12.724
10.585
10.948
10.224
11.857
9.546
12.42
9.29
10.888
8.09
8453
7.398
0.548
12.605
8.059
8.788
11.703
7474
11.708
8.601
10.057

-0.786
-0.785
-0.778
-0.776
-0.776
-0.775
-0.77
-0.768
-0.766
-0.766
-0.765
-0.765
-0.764
-0.761
-0.761
-0.76
-0.759
-0.755
-0.755
-0.753
-0.752
0.75
0.751
0.752
0.752
0.753
0.756
0.757
0.774
0.774
0.776
0.779
0.78
0.78
0.784
0.786
0.789
0.789
0.79
0.791
0.793
0.793
0.802
0.805
0.805
0.806
0.808
0.817
0.822
0.823

0.0117
0.039
0.0112
0.0383
0.018
0.0292
0.0204
0.0126
0.0165
0.0191
0.0461
0.0341
0.027
0.0233
0.0471
0.0301
0.027
0.0102
0.0135
0.0409
0.018
0.0228
0.0187
0.019
0.0226
0.0238
0.0161
0.0212
0.0123
0.0191
0.0254
0.042
0.0174
0.0243
0.014
0.0363
0.0331
0.0089
0.0337
0.0434
0.00953
0.0193
0.0463
0.0212
0.0395
0.0366
0.0193
0.0247
0.0187
0.0223



ClI9orfI2
NUPI33
INF2
CASTORI
HOTAIRMI
CHERP
TMEMI34
MGAT?
B4GALTS
SLC35Fs
LINCO0673
GALNT2
LOCI00287015
IPPK
ARHGEF26
ST6GALNACI
CI90rf57
REV3L
FAM?234B
ASBI3
RPL274
CCNJ
MOB3B
ITPRIP
ADCY9
DNAL4
Céorfl20
SPRRZE
RUNXI
SPRR2F
NFKBIA
R3HDM?
DANCR
MINPPI
PAGI
CXCLI
ERVMER34-1
CALMLA
ILF3-DT
NUP9S§
NUAKI
NONO
SPRR2A
PXN
ClIorf96
ICK
HS3STI
SNHG19
LINC01003
DEXT
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10.116
6.88
10.883
9.082
7.959
8.306
9.429
9.805
11.961
8.346
8.37
10.335
7.46
7.25
8.044
7.46
8.776
9.408
8.542
10.209
6.656
7.124
8.612
10.655
8.823
7.339
7.46
8.593
7.407
8.335
11.093
9.22
11.845
7.81
9.004
8.039
0.149
8.98
9.896
10.526
8.298
11.755
8.69
13.306
12.773
8.309
8.326
11.351
8483
11.42

0.823
0.825
0.83
0.836
0.839
0.841
0.843
0.845
0.845
0.855
0.86
0.866
0.868
0.869
0.875
0.877
0.877
0.877
0.879
0.884
0.891
0.891
0.891
0.892
0.902
0.907
0.918
0.918
0.925
0.929
0.934
0.936
0.936
0.962
0.967
0.982
0.994
0.996
1.007
1.027
1.034
1.037
1.042
1.047
1.068
1.078
1.083
1.083
1.088
1.095

0.0346
0.0132
0.0372
0.0161
0.0293
0.00658
0.0239
0.0112
0.0314
0.0237
0.0228
0.0208
0.0335
0.0228
0.0471
0.0321
0.0239
0.0179
0.0165
0.0285
0.019
0.0243
0.021
0.0152
0.0186
0.0223
0.0368
0.0151
0.0293
0.0167
0.0293
0.00625
0.0419
0.0103
0.0132
0.0337
0.0228
0.0102
0.0104
0.00455
0.0333
0.00564
0.0322
0.0043
0.0043
0.0326
0.00867
0.0238
0.0308
0.047



CRELDI
RHOB
IL6R
OLIGI
TENTSA
TRIMII
BCL74
IP6K?
LOC730183
POGLUT?
SENP3
LINC01481
NFKBIZ
SF3B3
ARLGIPI
NAAGO
ONECUT?
RPIA
MLX
AMMECRIL
PDCD6IPP2
KMT5A4
SNHGI6
CPOX
PIK3R2
GNGI0
Corfi6
RASDI
TRAPPCI0
NCALD
MIPEP
HDAC3
SLC7AI1
OPN3
NCOA7
CDC425E2
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7.27
9.181
7.399
7.775
9.286
7.78
8.61
10.911
8.071
8.315
10.368
7.737
7.157
13.496
9.419
12.394
7.636
10.837
10.753
10.008
10.791
7.534
13.54
10.901
12.898
11.597
7.749
7.439
7.66
7.731
10.483
11.149
10.248
6.79
9.149
9.375

0.0187
0.00591
0.0131
0.0174
0.0067
0.0178
0.00595
0.0174
0.0103
0.0135
0.00385
0.0174
0.0075
0.0172
0.0167
0.00684
0.00883
0.00591
0.00634
0.0103
0.0197
0.00989
0.00867
0.0043
0.0274
0.0193
0.00591
0.0372
0.00463
0.00824
0.0247
0.00385
0.00311
0.027
0.00636
0.00385



28
29

30

31
32
33

Upstream Regulator  Molecule Type Z-score p-value

MITF Transcription 280 1.38E-05
regulator

MYC Transeription 232 2.10E-03
regulator

TGFB Growth factor -2.14 1.29E-02

PAX7 Transcription -194  2.25E-02
regulator

mir-145 Microma 1.98 3.77E-03

TP53 Transcription 208  1.06E-02
regulator

let-7 Microrna 238 3.13E-04

KDMS5B A remscrpHon 245  1.58E-02
regulator

miR-124 Microrna 2.69 2. 45E-03

Supplemental table 2. TPA® upstream activators analysis of the genes regulated upon FBX032

silencing.
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Supplemental table 3. List of the peptides
identified by mass spectrometry in two
independent experiments.

UNIQUE UNIQUE

Erotein PEPTIDE EXP1 PEPTIDE EXP2

ACACA
ACO1
ACOT9
AGL
AIFM2
AKAPI12
AKAPS8
AP3B1
APPL1
ARIHI
ARMTI1
ASCC3
ASNS
ATAD3A
ATP2B1
ATXNIO
AUP1
BICD2
BRIX1
CSorf22
CARMI1
CDKI11B
CDK9%
CEP131
CKAPS
CLIP1
CLPB
CLPX
CNOT1
COPG2
COPS3
COPS4
COPS6
CPSF1
CPSF7
CRNKL1
CSTF1
CSTF3
CTNNDI1
CTPS1
CUL4A
CUL4B
DCTN1
DCTN4
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DDX24
DEK
DHCR24
DHPS
DKFZp686E1899
DKFZp686M24262
DKFZp781N0678
DNM2
DPP9
DYNCILI1
EHD4
EIF2B3
EIF3M
ELAC2
ERALIL
ERLIN2
FAF2
FAMI129B
FAMOSA
FARSA
FBX032
FGFR10P
GDI1
GIGYF2
GLGl1
GMPPA
GNAI13
GNAS
GNLI
GPKOW
GTF3Cl1
GTPBP10
GTPBP4
H2AFY
hCG_2002731
hCG_31253
HELLS
HERCS
HGS
HMCES
HSPAI14
HSPBP1
HSPC142
IDH3B
IGF2R
IKBKAP
ILVBL
IPO9
KRR1
LACTB
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LASIL
LBR
LOC102724159
LOC51035
LRWDI1
LTA4H
LYAR
MADIL1
MAPK3
MCMBP
METTL2B
MGEAS
MORF4L1
MPI
MRI1
MRPL37
MRPL39
MRPS35
MRPSS5
MRPS9
MSH2
MSTO1
MTHFDI1L
NADK2
NAEI1
NAGK
NCAPG
NCDN
NCKAP1
NCLN
NME7
NOC4L
NOP56
NPLOC4
NSF
NSUN4
NUP107
NUP155
NUP37
NUPS88
NUP98
OGFR
OGT
OSBPL9
PAF1
PAK2
PARVA
PBEF1
PC
PDLIMI1
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PDLIMS
PFKM
PKNI1
PLAA
PLEC
PMPCA
PMPCB
PNKP
POFUT1
POLR2A
POP1
PPMIF
PPMEI
PPP1RS
PRIM2
PRKACA
PRPSAP]
PSMC4
PSMDI2
RCN2
RECQL
RPL29
RRPS
RSL1D1
SAMHDI1
SAP30BP
SDADI
SEC23A
SEC61Al
SERPINB6
SMARCA4
SMARCAS
SMARCDI1
SMC4
SMU1
STT3A
STT3B
SUPT6H
SURF4
TBCE
TBRI1
TEX10
TFG
TIMM44
TIP1
TMEM43
TOP2A
TOR1AIP2
TRIP12
TRMT1
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TRMT2A
TSG101
TTC4
TTLL12
TUBAIC
TUBB2A
TUBB3
TUBB6
TUBGCP3
U2SURP
UAP1
UBE3A
UCHLS
UNC45A
USP10
USP11
USP48
UTP20
VPS16
VPS26B
VTAIL
WDR3
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Category

Term

Genes

Fold
Enrichment

Benjamini

Chromatin,|
Epigenetic

chromosome
organization

MORFALL, MADIL1, DYNCILI1, NUP9S, COPS6, COPS3, COPSA4,
HCFC1, DEK, TOP1, NCAPG, SMARCDI1, PRIM2, H2AFY, NATIO0,
PRKAAI, NUP37, OGT, LRWD1, TOP2A, TRIP12, HELLS, GNL3,
CKAPS, MSH2, LIG1, HMBOX1, CDK9, PKN1, RRP8, LASIL, NUP155,
SMC4, PPMIF, RECQL, PNKP, CUL4A, ASCC3, POLD2, MAPK3,
MCMBP, SMARCAS, CLIP1, NUP107, CUL4B, AKAPS, PAF1, CARM]I,
SMARCA4, SUPTGH

2,78

7,40E-08

Ribosome

ribosome
biogenesis

KRR1, GTPBP4, SDADI1, NOCAL, NUPS8, GTPBP10, RRPS, ERALI,
LASIL, RPL29, RSL1D1, MRPS9, BRIX1, WDR3, NAT10, NOPS6,
LOC102724159, UTP20, GNL1, TEX10, GNL3, NSUN4

4,32

1.48E-05

[Ribonucleoprotein|
complex
biogenesis

KRR1, GTPBP4, SDAD], NOCAL, CRNKL1, NUP8S, GTPBP 10, CNOT1,
ERALI, LASIL, RRP8, RPL29, RSL1D1, MRPS9, BRIX1, WDR3,
CELF2, NATI10, NOP56, LOC102724159, UTP20, GNL1, EIF3M, TEXI10,
NSUN4, GNL3

3,57

2,17E-05

Cell Cycle

mitotic cell cycle
process

DYNCILII, MADILI, NUP98, USP8, CNOT1, TUBGCP3, NUMAL
NCAPG, PRIM2, H2AFY, PRKACA, NUP37, TOP2A, HELLS, TUBB3,
CEP131, NUPSS, CKAPS, MSH2, LIG1, BIRC6, NUP155, DCTNI, SMC4,
NAE1, PSMC4, CUL4A, PSMD12, FGFR1OP, MCMBP, CLIP1, CDK11B,
NUP107, CUL4B, AKAPS, CARM1, GIGYF2, SMARCA4. DNM2

2,89

2,94E-06

mitotic cell cycle

DYNCILI, MADIL1, NUP93, USPS, ASNS, CNOT1, TUBGCP3,
NUMAI, PAK2, NCAPG, PRIM2, HZAFY, PRKACA, NUP37, TOP2A,
HELLS, TUBB3, CEP131, NUPSS, CKAP5, MSH2, LIG1, BIRCG,
NUP155, DCTNI, SMC4, NAE1, PSMC4, CUL4A, PSMD12, FGFRIOP,
MCMBP, CLIP1, CDK11B, NUP107, CUL4B, AKAPS, CARMI, GIGYF2,
SMARCA4, DNM2

2,79

3,16E-06

cell cycle

MADIL1, DYNCILI, TSG101, PREAGI, CNOTI, PAK2, PRIM2,
H2AFY, NUP37, PREACA, TOP2A, TUBB3, DHCR24, GTPBP4, NUPSS,
LIG1, HERCS, CDK9, RRPS, DCTN1, FGFR1OP, MAPK3, MCMBP,
CLIP1, CDK11B, AKAPS, NUP107, CARMI, GIGYF2, SMARCA4,
NUP98, USPS, HCFC1, ASNS, TUBGCP3, NUMAL, NCAPG, SH3GLB1,
PREAAI, HELLS, CEP131, MSH2, CKAPS, BIRC6, NUP155, APPL1,
SEPT10, SEPT11, SMC4, NAE1, RPS6KA3, PSMC4, PSMD12, CUL4A,
CULA4B, DNM?2

8,53E-06

cell cycle process

DYNCILI1, MADILI, NUP9S, USPS, TSG101, PREAG1, CNOTI,
TUBGCP3, NUMAL1, SH3GLB1, NCAPG, PRIM2, H2AFY, PRKAAL
PRKACA, NUP37, TOP2A, HELLS, TUBB3, DHCR24, CEP131, NUPSS,
CKAPS, MSH2, LIG1, BIRC6, CDK9, RRPS, NUP155, DCTNI, SMCA4,
NAE1, PSMDI12, PSMC4, CUL4A, FGFR1OP, MCMBP, CLIP1, CDK11B,
NUP107, AKAPS, CUL4B, CARM1, GIGYF2, SMARCA4, DNM2

1,03E-04

RNA

ncRNA metabolic
process

ELAC2, PUS1, UBAS, TRMTL, POLR2A, WARS, H2AFY, NATI10,
MRPL39, GTF3C1, NSUN4, KRR1, IKBKAP, GTPBP4, MOCS3, NOC4L,
CDK9, RRPS, LAS1L, METTL2B, RPL29, RSL1D1, MRPS9, POP1,
FARSB, WDR3, FARSA, NOP56, LOC102724159, UTP20, CPSF1,
TEX10, SMARCA4

3,81

1,14E-07

RNA processing

ELACZ, PUSL, CRNKLL, TRMT2A, U2SURP, TRMI 1, UBAS,

IVNS1ABP, POLR2A, DCPS, HNRNPM, GPKOW, PREACA, NATI10,

NSUN4, KRR1, IKBKAP, GTPBP4, MOCS3, CSTF3, NOC4L, CDK9,

LASIL, RRPS, METTL2B, RPL29, RSL1D1, MRPS9, PPPIRS, CPSF7,

POP1, WDR3, CELF2, PAF1, NOP36, LOC102724159, UTP20, CSTFI,
CPSF1, TEX10, SUPT6H

2,07

6,33E-07

neRNA
processing

KRR1, IKBKAP, GTPBP4, MOCS3, ELAC2, NOCAL, PUS1, RRPS,
UBAS, TRMT1, LASIL, METTL2B, RPL29, RSL1D1, MRPS9, POP1,
'WDR3, NAT10, NOP56, LOC102724159, UTP20, CPSF 1, TEX10, NSUN4

3,85

2,21E-05

Cellular
Stress

cellular response
to stress

ARMT1, MORFALL, MRPS35, COPS6, CLPB, COPS3, COPS4, DEK,
CNOTI, USP10, NUP37, TOP2A, GNL1, EIF2B3, AUP1, NUPSS, LIGI,
ERLINZ2, PKN1, CDK9, RRPS, DCTN1, RSL1D1, PNKP, RECQL,
SERPINB6, MRPS9, ASCC3, MAPK3, UCHLS, SMARCAS, NUPL07,
CARMI, GIGYE2, NUP9S, HACD3, UBAS, ASNS, POLR2A, STT3B,
SH3GLB1, INPPSF, PRKAAL SEC61A1, TRIP12, NPLOC4, MSH?2,
NUP155, RPS6KA3, PSMC4, CUL4A, GSK3A, GFPT1, POLD2, FAF?,

CUL4B, DNM2

(=]
—
12

2,04E-05

34

35
36
37

FBXO03
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Supplemental table 4. GO terms enrichment associated with the proteins interacting with



A

38
39
40
41
42
43
44
45
46

Percent survival

FBXO32: Survival, SCKMTCGA B HERCS: Survival, SCKM TCGA

== FBEXO32-Low == HERCS-Low

80. —— FBXO32-High = 8o —— HERCS-High
H
80 5 6o
a
40 5 4
2
o
20 o 20
p=0.1158
nl T T T T 1 nl T T T T 1
0 2500 5000 7500 10000 12500 0 2500 5000 7500 10000 12500
Time (Days) Time (Days)
D E .
pvalue = 126-10 : pvalue = 7 8e-12 e HERCS5 : Survival, GSE19234
R=029 " =4 R=031 : 100
- g g =~ HERCS-Low
g g _é 80. == HERCS5-High
- - il
3 2 Z 6
é £ 2
g & =
g £ 5 X
@
a 20
FBX032 p=0.1354
s 5 . ‘ ‘ s 0 50 100 150
log2(mitf TPM) log2{mitf TPM) Time {Days)

Supplemental Figure 1. (A) Kaplan-Meier survival curve of cutaneous melanoma patients
with low (black line) or high (red line) expression level of FBX032 from TCGA SKCM dataset.
(B) Survival curve of melanoma patients with low (black line) or high (red line) expression
level of HERCS from TCGA SCKM dataset. (C) Correlation between MITF and FBX032
expression in melanoma from TCGA cohort. (D) Correlation between MITF and HERCS
expression in melanoma from TCGA cohort. (E) Survival curve of melanoma patients with low
(black line) or high (red line) expression level of HERCS from GSE19234 dataset.
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isolated from patients. *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001.
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55  Supplemental Figure 3. (A) Expression of FBX032 in 501Mel after transduction with
56  doxycycline inducible shRNAs targeting FBX032. HSP90 was probed as loading control. (B)
57  Effects of shRNAs-mediated FBX032 downregulation on migration of 501Mel cells. Bar=100
58  pm. (C)Expression of FBX032 in 501Mel after transduction with empty or FBX032 lentivirus.
59  HSP90 was probed as loading control. (D, E) Effects of FBX032 overexpression, on migration
60  of 501Mel cells (D) representative image, (E) quantification of 3 independent experiments
61  (Meant/- SD). (F) Effects of FBX(032 overexpression on proliferation of 501Mel cells. Graph
62  represent meant/-SD of 3 independent experiments. (G) Expression of FBX032 in SKmel28
63 after transduction with empty or FBX032 lentivirus. HSP90 was probed as loading control. (D,
64 E) Effects of FBX032 overexpression, on migration of SK28mel cells (D) representative
65  image, (E) quantification of 3 independent experiments (Mean+/- SD). (F) Effects of FBX(032
66  overexpression on proliferation of SKmel28 cells. Graph represent meant/-SD of 3
67  ndependent experiments.
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Supplemental Figure 4. (A) Quantification of A375 cells proliferation after empty vector
(black line) or FBXO032 virus (blue line) transduction, from 24h to 96h (mean + SD, n = 6). (B)
Western blot analysis of FBX032 expression after lentivirus mediated FBX032 forced
expression in A375 cells. HSP90 expression was probed as loading control. (C) Quantification
of SKmel28 cells proliferation after empty vector (black line) or FBX032 (blue line)
transduction, from 24h to 96h (mean + SD, n = 6). (D) Tumor growth after A375 cells
xenografts transduced with empty vector (black line) or FBX032 (red line) (mean = SD, n =
10). (E) Expression of FBX032 in 6 different tumors after SKmel28, A375 or MeWo cells
xenografts. HSP90 was probed as loading control.
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Supplemental Figure 6. (A) Western blot analysis of SMAD?7 expression after transfection of
siRNAs targeting FBX032 (right panel) or transduction by FBX032 expressing lentivirus (left
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with the TGFb reporter and the indicated siRNAs. When indicated cell were incubated to TGFb
(5nM, for 18h). TGFb reporter activity was calculated as % of basal activity (mean = SD, n=
3). (C) gPCR analysis of SMAD7 expression in the different conditions as in B.
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Vyznam aberantné aktivované drahy
Hedgehog/Gli pro nadorovou progresi

Importance of Aberrantly Activated Hedgehog/Gli Pathway

iIn Tumour Progression

Kreisingerovéa K., Ondrusova L., Horak, P, Vachtenheim, J.

Ustav Igkafské biochemie a laboratorni diagnostiky, 1. LF UK a VFN Praha

Souhrn

Vychodiska: Nadorova onemocnéni jsou druhou nejéastéjéi piicinou Gmrti v Ceské republice.
Lécba tohoto typu onemocnéni je pro pacienty velmi ndro€na a jeji Uspéinost je casto limitovana
kvili €astym relapstim. Navic se mohou objevit metastazy, nejcastéji v plicich a jatrech, které
zhorSuji pacientovu progndzu na preziti. Signalni draha Hedgehog (Hh) je jednou z vyznam-
nych signalizaénich kaskad, které ovliviuji rozvoj a nasledné udrzovani mnoha typt nador(. Jeji
aberantni signalizace poméha burikam uniknout apoptdze, narusuje energeticky metabolizmus
bunék, ma vliv na proces epitelidlné-mezenchymalniho prechodu, pomaha nadorovym burikdm
uniknout imunitnimu systému, udrzuje nadorové kmenové bunky a podili se na tvorbé metastaz.
Role signalni drahy Hh v rozvoji, udrzovani a progresi nadordi je intenzivné studovana. Bylo vy-
vinuto nékalik typt inhibitort této signalni drahy. Nejvice studované byly inhibitory receptoru
Smoothened, ale vzhledem k casto vznikajici rezistenci se nyni dostava do popfedi vyzkum dal-
sich skupin inhibitor(, které cili mimo receptor Smoathened. Zda se, Ze tyto inhibitory by mohly
pomoci piekonat rezistenci inhibici piimych efektorti dréhy, tj. transkripénich faktora Gli, neza-
visle na membranové signalizaci. Tyto nové léky davaji nadéji pacienttim, u kterych v soucasné
dobé lécba selhdva. Cil: Tento souhrnny ¢lanek se snazi shrnout poznatky o roli signdlni drdhy
Hh v rozvoji nadori a popisuje nékteré zasadni pokroky ve vyvoji cilenych inhibitor( této drahy.

Klicova slova
apoptoza - epitelidiné-mezenchymalni pfechod - metastazy - chemorezistence - cilenad mole-
kuldrni terapie - signalni draha Hedgehog — nadorové kmenové buriky

Summary

Background: Cancer is the second most common cause of death in the Czech Republic. The
treatment of this disease is very exhausting for the patients and the treatment has often limited
success only. The disease often relapses after a period of remission. Moreover, metastases often
appear in lungs, liver or other organs and worsen patient's prognosis and probability of survi-
val. The Hedgehog (Hh) signaling pathway is one of the important pathways that affects ini-
tiation and maintenance of various types of tumours. When aberrantly activated, Hh signaling
pathway helps cells escape apoptosis, disturbs cell energy metabolism, influences the process
of epithelial-mesenchymal transition, helps to escape immune system, maintains cancer stem
cells and supports metastasis. The role of Hh signaling cascade in tumour initiation, mainte-
nance and progression is intensively studied. Several types of inhibitors of this pathway were
developed. The most intensively studied were inhibitors of the receptor Smoothened. Due to
commonly occurring resistance, the research of other groups of inhibitors is in the centre of
interest. These new drugs do not target receptor Smoothened but proteins standing down-
stream of Smoothened (inhibition of final Gli transcription factors). The drugs could give new
hope to patients whose treatment fails. Purpose: This review summarizes the findings about
the role of Hh signaling pathway in tumour development and describes the progress in the
development of targeted inhibitors of this pathway.

Key words
apoptosis — epithelial-mesenchymal transition - metastasis - drug resistance — molecular tar-
geted therapy — Hedgehog signaling pathway — cancer stem cells
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VYZNAM ABERANTNE AKTIVOVANE DRAHY HEDGEHOG/GLI PRO NADOROVOU PROGRESI

Uvod

Signalni draha Hedgehog (Hh)/Gli je
evolu¢né velmi konzervovana od Dro-
sophily po ¢lovéka. Poprvé byla popsana
v roce 1980, kdy Nisslein-Volhard a Wie-
schaus provedli velky screening mutaci,
které ménily vyvoj télniho planu larev
octomilky [1]. Od té doby je tato draha
pfedmétem intenzivniho vyzkumu
a ukazalo se, Ze hraje zasadni roli v em-
bryonalnim vyvoji, ve kterém ovliviuje
diferenciaci bunék, proliferaci a polari-
zaci tkani. Hh signalizace je dllezitd ve
vyvoji mozecku, muzského reproduktiv-
niho traktu, kosti, stfeva nebo neurdini
trubice [2]. V dospélosti je aktivita drahy
ve vétsiné tkani velmi nizka, ale je du-
lezita pro udrzovani kmenovych bunék
a je soudasti reparace a regenerace
tkéni [3-5]. Aberantni aktivace dréhy
Hh byla nalezena u mnoha typd nadord,
vede k rozvoji metastdz a podili se na re-
zistenci k chemoterapii [6].

Signalni draha Hedgehog

a aktivace transkripcnich

faktord Gli

Signalni draha je aktivovana navazanim
ligandu na transmembrdnovy recep-
tor Patched (Ptch). Byly identifikovany
tfi rizné ligandy, které aktivuji drahu
Hh. Jsou to Sonic Hedgehog (Shh), De-
sert Hedgehog (Dhh) a Indian Hedge-
hog (Ihh). Tyto ligandy maji v embryo-
nalnim vyvoji riznou tkanovou expresi.
Véechny tii ligandy se mohou vézat na
receptor Ptch a tim spustit Hh signali-
zaci [7]. Pokud nedojde k navazani li-
gandu, neaktivovany receptor Ptch blo-
kuje receptor Smoothened (Smo). Tim je
signalizace inaktivovana a transkripéni
faktory Gli 1-3 neaktivuji transkripci ci-
lovych proonkogennich gend. Pokud li-
gand aktivuje Ptch, dojde k uvolnéni
blokace receptoru Smo a ten se dostava
na povrch primarniho cilia a nasledné
ovliviuje cytoplazmaticky komplex slo-

Zzeny z proteint Suppression of Fused
(SuFu), Gli a dalsich proteinG. Nasledné
dochézi k uvolnéni proteint Gli z kom-
plexu, vzniku jejich aktivnich forem a tim
aktivaci signalni drahy Hh. Gli proteiny
jsou zinc-fingerové transkripcni faktory.
Nyni jsou znamy 3 varianty téchto pro-
teind. Gli1 je aktivator drahy Hh, vaze se
na promotory cilovych gent a tim spou-
sti jejich transkripci. Gli2 je také povazo-
vany predeviim za aktivator transkripce,
nicméné mé i represorovou doménu
a muze se jako represor chovat. Protein
Gli3 mGzZe byt aktivitorem nebo represo-
rem drahy Hh, zalezi na buné&éném kon-
textu, Aktivace drahy Hh ma za nasle-
dek spusténi transkripce cilovych gend.
Témi jsou v prvni fadé komponenty
drahy Hh (Gli1, Ptchi, Ptch2, Hhip), dale
regulatory bunécného cyklu (CCDN2,
CCNE1, cyklinD2), regulatory apoptozy
(BCL-2, survivin, PAX6), geny epitelialné-
-mezenchymalniho prechodu (epithe-

Neaktivovana draha Hh

Jadeo

primami cllium

Cilové geny Gli faktord
Pich), Bel-2, Survivin, cyklinD2)
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Obr. 1. Signalni draha Hedgehog (Hh).

V nepfitomnosti Hh ligandu receptor Patched (Ptch) blokuje receptor Smoothened (Smo) a z proteinového komplexu, tvofeného pro-
teiny Gli, SuFu a dalsimi, se uvolfiuje represorova forma Gli proteint. Represorové Gli proteiny blokuji transkripci cilovych gent drahy Hh.
Po aktivaci receptoru Ptch ligandem dréhy Hh (v tomto pfipadé Shh), dochazi k translokaci receptoru Smo na povrch primarniho cilia, nd-
sledné dojde k ovlivnéni proteinového Gli/SuFu komplexu, ze kterého se uvolnuji aktivni formy Gli faktor(. Po jejich translokaci do jadra

aktivuji transkripci cilovych gend drahy Hh.
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lial-mesenchymal transition — EMT)
ZEB1, ZEB2, Twist2 [7-10] a mnoho dal-
Sich, pfevainé proonkogennich gent
(obr. 1).

K aktivaci Gli faktor( vsak muze dojit
i nekanonicky. To znamena, ze Gli fak-
tory jsou piimo aktivovany proteiny z ji-
nych signalnich drah a procesu aktivace
se v tomto pfipadé neucastni upstream
receptory drahy Hh, tj. Ptch a Smo. Ne-
kanonicka signalizace je casta prede-
véim u malignich onemocnéni. Vétiina
signalnich drah, které nekanonicky ak-
tivuji Gli faktory, jsou stejné jako drdha
Hh vyznamné pro rozvoj malignit a po-
rozumeéni jejich propojeni je tedy zcela
zésadni. Pozitivni regulacni vliv na tran-
skrip¢ni aktivitu Gli mé napfiklad draha
KRAS-MEK-ERK u bunék karcinomu za-
ludku [11]. Podobné bylo prokazano,
Ze Ras-MEK/AKT stimuluje transkripéni
aktivitu Gli1 u melanomu [12]. Dal-
sim dulezitym faktorem, ktery ovliv-
fuje Gli faktory, je rdstovy transfor-
mujici faktor beta (TGF-f), ktery je
dilezity béhem embryonalniho vy-
voje a pfi udrzovani homeostazy do-
spélych tkani. TGF-§ je zasadni pro
expresi Gli a pro proliferaci cyklopa-
min-rezistentnich bunék karcinomu sli-
nivky [13]. Analyza Gli2 promotoru pro-
kazala, ze SMAD3 a f-katenin se vazou
na Gli2 promotor v odpovédi na TGF-f3,
a Gli2 se proto da& povazovat za piimy
transkripéni cil TGF-B [14]. Dalezitd sig-
nélni draha PI3K-AKT-mTOR, které se
ucastni mnoha bunécénych procesd,
také dokadze nekanonicky ovlivihovat
aktivaci Gli. PI3K brani proteazomové
degradaci Gli2 a usnadnuje tak aktivaci
Gli2 a jeho translokaci do jadra [15].
Bylo popsdno mnoho dalsich proteind,
které ovliviuji Gli faktory, patfi mezi
né proteinkinaza C, DYRK1 a DYRK2 ki-
nazy nebo 5'-adenosinmonofosfat-ak-
tivovana proteinkinaza (AMPK) [16,17].
Je jasné, ze nekanonicka signalizace je
u nadorovych onemocnéni stejné du-
lezita jako signalizace kanonicka, oba
dva typy se v nadorech casto vysky-
tuji spole¢né. Vyzkum lécby nadoro-
vych onemocnéni by mél tedy sméfo-
vat ke kombinované terapii, ktera bude
blokovat jak klasickou drahu Hh, tak sa-
motné Gli faktory, pfipadné jejich dalsi
spoustéde.

Role Hh v nadorové progresi

Je zfejmé, ze draha Hh je vyznamna pfi
rozvoji mnoha typl nador(. Zasadni
vliv hraje draha Hh v rozvoji medu-
loblastomu [18], bazaliomu [19], karci-
nomu pankreatu [20] nebo karcinomu
plic [21]. U mnoha dalsich typ tumord
tato draha pfispiva k rozvoji nadorové
progrese. Témeéf viechny zasadni zmény,
které vedou k progresi nadorl, jsou
néjak ovlivhovany drahou Hh. K témto
vyznamnym pfipadim patfi napfiklad
uniknuti programované buné¢né smrti,
ovlivnéni ¢innosti telomerazy, angioge-
neze, naruseni energetického metabo-
lizmu bunék, EMT, uniknuti imunitnimu
systému, ovlivnéni genomové stability
nebo ovlivnéni schopnosti tvofit me-
tastazy a udrzovani viability nadoro-
vych kmenovych bunék. V dalsim textu
jsou blize popsény nékteré tyto pfipady,
u kterych je vyznam drahy Hh zcela
zfejmy a prokézany.

Apoptéza

Apoptdza neboli programovand bu-
nécna smrt je proces, ktery fidi auto-
destrukci bunék, které jsou natolik po-
skozené, ze na né nestadi repara¢ni
mechanizmy buriky. Naruseni procesu
apoptozy ovliviiuje homeostazu bunék
a nasledné i tkani a je povazovéno za
silné proonkogenni cinitel. Ukazuje se,
ze signélni drédha Hh je vyznamnym re-
guldtorem apoptézy. Hh signalizace
ovliviiuje expresi nékterych proapop-
totickych i antiapoptotickych proteini
a tim urcuje, zda bunka vstoupi do apo-
ptézy, nebo ne. Dvé védecké skupiny
v roce 2004 soucasné prokazaly, Zze an-
tiapoptoticky protein BCL2 je pfimym
transkripénim cilem Gli faktord. Jejich
vysledky se lidily tim, Ze jedna skupina
urcila za hlavni regulator BCL2 protein
Gli1 [22], zatimco druhd povaZovala za
requlator genu BCL2 transkripénf fak-
tor Gli2 [23]. V roce 2011 byl dal3i antia-
poptoticky protein XIAP oznacen jako
transkripéni cil faktoru Gli2 [24]. Zvy-
seni hladiny antiapoptotického pro-
teinu survivinu v nadorovych bui-
kach bylo také pripsano signalni draze
Hh [10]. Vysoka exprese survivinu byla
v nadorovych bunkach snizena pomoci
inhibitoru GANT61, coz je specificky in-
hibitor faktord Gli. Za hlavni mediator

exprese byl v této studii oznacen faktor
Gli2, ktery aktivoval expresi survivinu
mnohem vice nez Gli1. V jiné nedavné
studii autofi prokazali, ze Hh neovliv-
fiuje jen antiapoptotické proteiny, ale
také proteiny proapoptotické. U bunék
TP53-mutovaného rhabdomyosarkomu
ameduloblastomu autofi ukazali, ze sni-
Zeni exprese proteinu Gli1 zvysuje ex-
presi proapoptotického proteinu Noxa.
Podle této studie Gli1 reprimuje protein
Noxa pravdépodobné pies early growth
response protein 1 (EGR1) [25]. Nejzna-
méjsi nadorovy supresor p53 je také
ovliviiovan drahou Hh. Signalizace Hh
aktivuje ubikvitin ligdzu Mdm?2, ktera
ubikvitinuje pravé protein p53, ¢imz sni-
zuje mnozstvi akumulovaného proteinu
p53 v bunkach [26]. Na cholangiokar-
cinomovych bunkach bylo ukazano, ze
Hh signalizace také dokaze ovlivnit, jak
konkrétné bude apoptoza probihat, zda
vnéjéi apoptotickou cestou, nebo vnitini
(mitochondrialni) cestou. Hh reguluje
expresi XIAP proteinu (viz vyse), ktery re-
primuje vnéjii apoptotickou drahu. Za-
blokovani Hh signalizace vede ke snizeni
exprese XIAP proteinu a tim se v bun-
kach opét maze aktivovat vnéjsi apop-
toticka draha [24]. Ze stavu soucasného
poznani mazeme vyvodit, Zze draha Hh
narusuje rovnovahu apoptotickych sig-
nalt v nadorovych burkach a vychyluje
ji smérem k potla¢eni apoptdzy. Timto
Hh signalizace velmi pfispivé k iniciaci
nadorového bujeni a k daldimu rastu jiz
rozvinutych nadora.

EMT a schopnost nadori
metastazovat
Epitelidiné-mezenchymalni pfechod
(EMT) je bunéény mechanizmus, ktery
je velmi dlleZity v pribéhu embryo-
nélniho vyvoje a béhem reparace tkani.
Epitelidlni fenotyp bunék se v procesu
EMT méni na fenotyp mezenchymovy.
EMT vyznamné ovliviuji vyvojové drahy
Wnt, Notch a Hedgehog (Hh). Proces
EMT je také velmi dulezity béhem roz-
voje nadorového bujeni, umoziuje bun-
kam primarniho nadoru uvolnit se do
krve nebo lymfy a nasledné se usadit ve
vzdalenych organech s GpIné jinym pro-
stiedim, nez jaké bylo v primarnim na-
doru. Béhem procesu EMT dochazi ke
snizeni adhezivity bunék, ke ztraté bu-
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nécné polarity a ziskani invazivnich
a migracnich vlastnosti [27]. Pro indukci
EMT staci v burice aktivovat nékolik fak-
tor(, jako napfiklad ZEB1 a ZEB2, LEF-1,
Snail1 a Snail2 (Slug).

Béhem procesu EMT dochézi ke sni-
Zeni nebo uplnému vymizeni exprese
E-cadherinu, ktery je béznou adhezivni
molekulou v burikach. Déle se zvyiuje
exprese mezenchymalnich markerd, ja-
kymi jsou vimentin, N-cadherin a fibro-
nektin [28]. U vétsiny typ( nadorovych
bunék jiz byla prokézana souvislost mezi
drahou Hh a EMT a migraénimi schop-
nostmi bunék. Piimy vliv Hh/Gli drahy na
EMT byl prokazan v klinické studii zkou-
majici pacientky s karcinomem prsu,
kde vysoké hladiny Shh/Gli1 korelovaly
s vysokou expresi proteind Snail1 a vi-
mentinu a s nizkou expresi E-cadherinu.
V pokusech na bunécnych kulturach pak
zablokovani faktord Gli1 a Gli2 pomoci
specifického inhibitoru GANT61 vedlo ke
snizeni invazivity a migrace bunék [29].
Podobné jsou vysledky klinické studie
zabyvajici se karcinomem jicnu. Abe-
rantni exprese Gli1 a Gli2 korelovala se
snizenou expresi E-cadherinu a zvyse-
nou expresi proteind Snail1, Slug, N-cad-
herinu a vimentinu. Inhibice Gli faktor(
i v tomto pfipadé snizila mobilitu a inva-
zivitu bunék [30]. U pankreatickych na-
dorovych bunék podobnych kmenovym
burikam (cancer stem-like cells — CSLC)
draha Hh ovliviiuje EMT a dalsf invazivni
vlastnosti. Inhibice Hh signalizace Smo
(knockdown receptoru Smo) snizila az
inhibovala proces EMT, invazivitu, che-
morezistenci, plicni metastazy a tumo-
rigenezi pankreatickych CSLC [31]. Zda
se, ze Gli1 nema u pankreatickych bunék
vliv na iniciaci EMT, ale podporuje EMT
indukovanou TGF-fi1 a epidermalnim
rastovym faktorem (epidermal growth
factor - EGF) [32]. TGF-B1 podobné zvy-
suje expresi Gli u nemalobunééného
karcinomu plic a tim pfispiva k rozvoji
EMT [33].

Role Hh signalizace v procesu EMT
a ve schopnosti bunék metastazovat je
méné jasna u nadoru prsu. Podle studie
publikované v roce 2017 se zda, 7e ne-
metastazuji bunky, které prosly proce-
sem EMT, ale bunky z okoli téch, které
procesem EMT prosly. Migraéni schop-
nosti téchto bunék se pravdépodobné

zvysuji diky parakrinni aktivaci faktort
Gli [34]. Hh signalizace také zvy3uje mi-
graéni schopnosti a invazivitu nddoro-
vych bunék tim, Ze aktivuje AKT drahu
a nasledné aktivuje matrix metaloprotei-
nazy. Matrix metaloproteinaza 9 (MMP-
9) je takto upregulovana napfiklad u kar-
cinomu zaludku [35], u dlazdicového
karcinomu dutiny ustni [36] a spole¢né
s matrix metaloproteinazou 2 (MMP-2)
je zvysena u bunék hepatocelularniho
karcinomu [37].

Nadorové kmenové bunky

Za nadorové kmenové bunky (can-
cer stem cells, CSC) je povazovana mala
frakce nadorovych bunék, ktera ziskala
vlastnosti podobné kmenovym bunkam.
Predeviim jde o schopnost sebeobnovy
bunék, které jsou povaZzovany za jakési
JJadro” nadoru. CSC jsou také rezistentni
viéi chemoterapii a rekrutuji se z nich
metastatické bunky. Obecné se tedy
predpoklada, ze tyto bunky jsou zod-
povédné za udrzovani a rozvoj nadoru
a také za rezistenci vici protinddorové
lé¢bé [38]. CSC maji aberantné aktivo-
vané razné signalni drahy, které béhem
normélniho vyvoje hraji dilezitou roli
v embryondlnim vyvoji a pfi diferenciaci
bunék. Neni tedy piekvapivé, ze draha
Hh je povazovana za jednu z klicovych
cest pro rozvoj a udrzeni vlastnosti nado-
rovych kmenovych bunék [39]. Pfedpo-
klada se, ze Hh mimo jiné aktivuje expresi
gen(, které jsou povazovany za mar-
kery kmenovosti bunék. Jeden z téchto
gend, transkriptni faktor Nanog, je pfi-
mym transkripénim cilem signalni drahy
Hh [40]. Hh signalizace déle ovliviiuje
i dalSi markery kmenovych bunék: SOX2,
Bmil a OCT4 [41,42]. Role Hh v udrzovani
CSC byla popsédna u mnoha typt nadord,
napf. u akutni a chronické myeloidni leu-
kemie, mnohocetného myelomu, karci-
nomu prsu nebo gliomu [43,44].

Cilena terapie

Vzhledem ke stale lepsimu poznani pro-
stfedi nadord, procesd iniciace, progrese
a metastazovani nadord se také rozviji
oblast cilené lé¢by nadorG. V posled-
nich letech bylo pfipraveno mnoho niz-
komolekularnich inhibitort jednotlivych
komponentl drahy Hh. Jako prvni byl
z rostliny Veratrum Californicum izolovan

inhibitor cyklopamin, ktery zplsobuje
zavazné vyvojové abnormality u zvifat.
V roce 1998 bylo prokazéano, ze tento al-
kaloid inhibuje Hh signalizaci pfimym
navazanim na receptor Smo [45]. Dalsi
zkoumani viak ukazalo, ze cyklopamin
mé pomérné nizkou ucinnost, a navic jej
nelze uzivat peroralné. Dalsi zkoumani
brzy pfineslo ucinnéjii derivaty cyklopa-
minu, napiiklad sonidegib (erismodegib,
LDE-225), saridegib (patidegib, IPI-926)
avismodegib (GDC-0449). Dva inhibitory
Smo byly schvaleny americkym Ufadem
pro kontrolu potravin a lé¢iv (Food and
Drug Administration — FDA) i Evropskou
lékovou agenturou (European Medici-
nes Agency — EMA) pro lé¢bu bazaliomu.
Prvnim z nich je vismodegib. Byl schva-
len FDA v roce 2012 pro lé¢bu metasta-
tického bazaliomu [46]. V roce 2013 pak
byl schvalen také EMA. Od té doby pro-
béhlo nékolik daldich klinickych studii,
které studovaly vliv vismodegibu u dal-
sich typl nadord. U zadné viak vysledky
nedopadly tak dobfe jako u bazaliomu.
Vismodegib se napiiklad testoval jako
monoterapie u pacientl s metastatic-
kym kastracné rezistentnim karcinomem
prostaty; testovana lécba vsak neproka-
zala vyraznou klinickou aktivitu vismo-
degibu [47].V dalsich studiich byl vismo-
degib pouzit jako soucast kombinované
terapie. Napfiklad u pacient( s metasta-
tickou formou kolorektélniho karcinomu
byl vismodegib podéavan v kombinaci
s bevacizumabem a chemoterapii. Vliv
tohoto typu lé¢by na prodlouzeni pa-
cientova Zivota se viak v této studii sig-
nifikantné neprokazal [48]. Dalsi klinické
studie stéle probihaji nebo jsou ve fazi
hledani vhodnych pacientl [49]. Dru-
hym inhibitorem Smo, ktery je schva-
leny FDA a EMA je sonidegib [50]. Oba
Giady jej schvalily v roce 2015 k lé¢bé lo-
kalné pokrocilého bazaliomu, ktery neni
vhodny k chirurgické lé¢bé nebo radio-
terapii. Dal3i inhibitor Smo patidegib
(saridegib) mél slibné vysledky ve fazi ll
klinickych zkousek a nyni zacina faze Il
klinickych zkousek, kdy preparat bude
podavan ve formé 2% gelu k lokalnf apli-
kaci. Testovaci lé¢ba je uréena pro pa-
cienty s Gorlinovym syndromem, ktery
zplsobuje chronickou formu bazaliomu.
Lé¢ba patidegibem ma za cil snizit cel-
kovy poéet bazaliom, coZ by mélo vést
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ke snizeni poétu nutnych operaci.V sou-
¢asné dobé je tato studie ve fazi hle-
dani pacientd, ktefi se zG¢astni klinické
zkousky [51]. Zatim poslednim inhibito-
rem Smo schvélenym FDA je glasdegib.
Byl schvélen v roce 2018 k lé¢bé noveé
diagnostikované akutni myeloidni leu-
kemie u pacientd = 75 let nebo u pa-
cientl, u kterych je vylouéena inten-
zivni indukéni chemoterapie. Lé¢bha
glasdegibem je doprovazena podava-
nim nizkych davek cytarabinu [52]. Dal-
sich inhibitord Smo je cela fada a jsou
intenzivné studovany; patfi mezi né na-
priklad taladegib nebo itrakonazol, coz
je latka s protiplisnovymi vlastnostmi.
Problémem vsak je, Ze v mnoha nado-
rech je receptor Smo mutovany a vyse
zminéné Smo inhibitory jsou tedy méné
ucinné nebo neuéinné. Neucinnost Smo
inhibitord i pfi nemutovaném Smo je
lehce vysvétlitelna tim, ze draha Hh
muze byt velmi ¢asto aktivovana neka-
nonicky jinymi signalnimi cestami a ne-
potiebuje tedy upstream signalni pod-
néty. Tento problém se nyni obchazi
pouzitim inhibitord jinych komponent
drahy Hh. Napiiklad inhibitor robotniki-
nin se vaze na extracelularni Shh a blo-
kuje tak Shh signalizaci [53]. Shh také
blokuji protilatky 5E1, 3H8 a 6D7 (MEDI-
5307) [54]. Dalsi skupinou jsou inhibi-
tory Gli faktor(. Nizkomolekularni inhibi-
tory GANTS8 a GANT61 zabranuji vazbé
Gli proteinti na DNA v jadfe a tak blokuji
jejich transkripcni aktivitu [55]. Tyto in-
hibitory zatim nejsou pouzivany v kli-
nickych studiich, nicméné jsou inten-
zivné zkoumany v in vitro, popf. in vivo
studiich se slibnymi vysledky. Proka-
zalo se, ze mnoho typt nadorovych
bunék je senzitivnich ke GANT61 in vitro
a ze GANT61 tyto bunky zabiji pro-
cesem apoptézy [56-58]. V dalsi stu-
dii GANT61 v kombinaci s obatocla-
xem (inhibitor rodiny proteint BCL2)
pusobil velmi slibné na bunky malig-
niho melanomu [59]. Mezi Gli inhibitory
patii také oxid arsenity, ltka schvalena
FDA pro lécbu akutni promyelotické
leukemie [60].

Lékova rezistence

Problémem cilené |é¢by nddort je, ze
béhem ni ¢asto vznika de novo ziskana
rezistence k danému typu lécby. V pii-

padé drahy Hh se nyni fesi predevsim re-
zistence v(di inhibitordm Smo, ktera sni-
Zuje moznosti léCby i eradikace CSC [61].
Na vyznamu ziskavaji inhibitory Smo,
které maji jiny mechanizmus Gcinku nez
cyklopamin a jeho derivéty a jiné bézné
inhibitory Smo. Napfiklad itrakonazol je
povazovan za inhibitor Smo, nicméné ne-
blokuje pfimo molekulu Smo, ale zabra-
fiuje kumulaci Smo v primarnim ciliu. Ku-
mulace a aktivace Smo v primarnim ciliu
je zasadni krok v Hh signalizaci; naruseni
tohoto procesu ma za nasledek preru-
seni signalizacni drahy [62]. Itrakonazol
(inhibitor Smo) a oxid arsenity (inhibi-
tor Gli), at kazdy zvlast, nebo v kombi-
naci, inhibuji rist meduloblastomu a ba-
zaliomu u mysi in vivo a prodluzuji zivot
mysi s meduloblastomem s mutovanym
Smo, ktery je rezistentni vici |écbé [63].
Dalsi dalezitou kategorii jsou inhibitory
.downstream” od Smo, které jsou nyni
predmétem intenzivniho zkoumani. In-
hibitor Gli faktord GANT61 ma slibné vy-
sledky v in vitro i in vivo studiich, nicméné
zatim neprobihd zadna klinicka studie.

Na druhou stranu lé¢ba Hh inhibitory
muze zvysit citlivost bunék/tumort rezi-
stentnich vici uréitému typu lé€by, na-
piiklad vici radioterapii. U bunék karci-
nomu prostaty GANT61 zvysil citlivost
rezistentnich bunék vici radioterapii jak
in vitro, tak in vivo. U mysiho modelu in
vivo se citlivost k nové 1é¢bé projevila sni-
Zenim nédorového ristu a byla spojena
se snizenou proliferaci a zvy3enou apo-
ptdzou [64]. Podobné je u lidského glio-
blastomu €asté snizena citlivost nadoru
vii¢i 1é¢bé chemoterapeutikem temo-
zolomidem. Poté, co byly buiky gliomu
vystaveny puscbeni GANT61, reagovaly
zvysenim citlivosti k temozolomidu [65].
V dal3i studii bylo prokazano, Ze Hh sig-
nalizace chranila bunky hepatocelular-
niho karcinomu pfed Gcinkem ionizacni
radioterapie; umléeni drahy Hh pomoci
protilatky proti Shh a pomoci Gli1 siRNA
zvrétilo tento jev a bunky byly nasledné
k terapii citlivé [66]. Jako dal3i pfiklad |ze
uvést studie kastracné rezistentniho kar-
cinomu prostaty, kdy kombinace uml-
¢eni fosfolipazy Ce a inhibice Gli faktorG
pomoci GANT61 vedla ke zvyseni citli-
vosti bunék vici enzalutamidu, ktery je
jednim z méla acinnych 1€kl na tento
typ karcinomu [67].

Zavér

Z vyse popsaného souhrnu je zfejmé, ze
vyzkum signalni drahy Hh od jejiho po-
psani v roce 1980 pokracuje pomérné
rychle. Draha Hh je zdsadni pro spravny
embryonalni vyvoj. | kdyz se zda, ze za-
kladni kostra signalni drahy je dobfe
prozkoumana, stale chybi nékteré dile-
Zité informace o jejim fungovéni. Neni
napfiklad znamy pfesny mechanizmus,
jakym Ptch blokuje receptor Smo. Infor-
mace o propojeni Hh signalizace s jinymi
signalnimi drahami, popt. informace
o aktivaci Hh komponent pomoci jinych
signalnich drah uréité neni kompletni
a na tomto poli maze dojit k mnoha
prilomovym objevim. Aberantni ak-
tivace dréhy Hh je spojena s rozvojem
rlznych typd nadord. Poznatky o tom,
ze draha Hh je velice dilezita v iniciaci,
rastu, rozvoji i udrzeni nadorového bu-
jeni, nasledoval uspésny vyvoj cilenych
Hh inhibitord. Problematicka je oviem
nizka ac¢innost mnohych z nich, pfitom-
nost zévaznych nezadoucich uéinkl
nebo vznikajici rezistence k dané lécbé.
Hh inhibitory jsou stéle testovany v rdz-
nych preklinickych i klinickych studiich,
vétiinou se jedna o inhibitory recep-
toru Smo. Snad se brzy objevi dalsi kli-
nické studie testujici napf. 1é¢bu po-
moci specifickych inhibitord faktord Gli.
Muazeme doufat, 7e nékteré z klinickych
studii pfinesou takové vysledky, které
umozni uvedeni alespoi nékterych inhi-
bitorii do klinické praxe a vyrazné zlepsi
nové moznosti lé¢by onkologickych
pacientd.
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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 HDACI1
represses BRCA2 in breast cells (Tripathi et al. 2005). Further E-box elements are targeted to
regulate E-Cadherin/CDHI1 expression. Slug silences expression of ITGA3 in epidermal
keratinocytes and regulates their proliferation and cell adhesion abilities by acting on ITGBI
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).
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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 — 501 Mel, 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 (AGLI2 — 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 AGLI2 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
GANT®61.

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 20uM 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. GLII 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, Zebl and Zeb2 in six of the cell lines. Alteration was reported also for
CSC markers Klf4 and ALDH1A1. KlIf4 expression was reduced in SK-MEL-5, SK-MEL-28
and MeWo, while ALDHI1A1 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-Vpl6 has the
hyperactive Vp16 AD N-terminal domain, which has higher affinity as a frans-acting factor.
This transcriptional regulation has been observed in Xenopus laevis (Kumasaka et al., 2005)
and melanocytes (Sanchez-Martin, 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-Vpl6. 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 (Sanchez-Martin 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 20uM GANTG61, showing no response to a 10uM 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),
GANTG61 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 (VIckova 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
GANT®61 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 pg/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 OndruSova, 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 “FBXO032 links
ubiquitination to epigenetic reprograming in melanoma cells” we show that levels of
FBXO032, acomponent 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 FBX032
(Terragni et al., 2011), but also of HERS 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

153 |



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
FBXO032 being a direct transcriptional target of MITF.

To determine the contribution of FBXO32 to the overall phenotype, we observed the
outcomes of FBXO032 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 FBX032 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 TGFf
pathways. Additionally, the activation of three microRNAs (mir145, mir124, Let7), p53, and
KDMS5B (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 KDMS5B alters
chromatin structure through histone demethylation, impacting gene expression. The increased
expression of histone deacetylase HDAC3 in FBXO032 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 FBX0O32 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 FBX0O32 expression, while its inhibition
occurred with FBX032 knockdown. CDK6 inhibition reduced migration in both parental and
FBXO032 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 SMAD?7 levels are negatively correlated to
FBXO32 levels. FBX032 knockdown leads to heightened levels of SMAD7, which in turn
inhibits the TGFp signaling pathway. Inhibition of SMAD7 expression restores TGFf 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 FBXO032 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),
SMARCAS and SMARCD1 were of our interest as they could link FBXO32 to the transcription
machinery. SMARCA4 was found in FBXO032 co-immunoprecipitate pull-down in 501Mel
cells and FBXO32-overexpressing SK-MEL-28 cells. Immunofluorescence assay further
advocated this interaction as nuclear labeling of FBX032 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 frans-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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