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Almost half of melanomas are driven by mutations in the gene encoding a MAPK pathway kinase BRAF. 

The current standard of care in these tumors relies on the inhibition of BRAF in combination with the 

downstream kinase MEK. However, resistance to these inhibitors develops rapidly and inevitably. An urgent 

need for new therapeutics has led researchers to study the underlying mechanisms of treatment resistance. 

One proposed escape mechanism has been the activation and nuclear localization of YAP, the co-activator of 

the TEAD transcription factors. YAP-TEAD transcriptional activation regulates cell proliferation and 

inhibition of apoptosis.  

Here, BRAF-driven A375 melanoma cells were treated with the BRAF inhibitor dabrafenib and MEK 

inhibitor trametinib. Already after 3 days, dabrafenib alone or in combination with trametinib (DT) 

diminished cell number and decreased proliferation. The effect was more pronounced after 7 days of 

treatment. ERK phosphorylation, which was used as the readout of MAPK pathway activity, was inhibited 

by dabrafenib and even more by DT, as expected, and the effect was highest on day 3. In addition, clear 

morphological changes were seen, and the cells changed toward an EMT-like phenotype. Furthermore, a 3-

day treatment with dabrafenib or DT increased TEAD-target gene expression, suggesting activation of YAP-

TEAD.  

After continuous DT treatment for over 2 months, the cells, hereby referred to as A375-DT, became partly 

resistant to the treatment and resumed proliferation. In these A375-DT cells, ERK phosphorylation was 

lower than in parental cells, while YAP nuclear localization and TEAD target gene expression were 

modestly, but significantly, enhanced. Hence, the activation of YAP-TEAD may be one of the mechanisms 

leading to DT treatment resistance.  

As a next step, compounds that have been shown to bind TEAD and inhibit its transcriptional activity, here 

referred to as TEAD inhibitors (TEADi), were used. When TEADi were combined with DT in parental cells, 

TEAD inhibition only modestly inhibited cell growth in comparison to the DT treatment alone. However, 

when TEADi were combined with DT in the A375-DT cells, a significantly higher, yet partial, inhibition of 

cell growth was observed. Importantly, TEADi decreased the YAP-TEAD target gene expression in A375-

DT cells. Together these results suggest that although YAP-TEAD is activated, the A375 cells use also other 

resistance mechanisms. Thus, further studies in other BRAF mutant melanoma cell models are needed to 

determine the relevance of TEADi in combination with standard of care (BRAF and MEK inhibitors) in the 

treatment of melanoma patients. 
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1 INTRODUCTION 

1.1 Drug resistance 

1.1.1 Intrinsic and acquired resistance 

Despite the latest advances in cancer treatment, the emergence of treatment resistance remains a 

major challenge (Marine et al., 2020; Holohan et al., 2013). Drug resistance, in specific, implies a 

phenomenon in which the tumor does not respond to the pharmacological treatment, or the 

treatment loses its ability to prevent the growth and spreading of cancer cells. In other words, the 

tumor cells become tolerant to the drug, but in contrast to the drug-tolerant cells, the drug-resistant 

cells can proliferate under the treatment. (Marine et al., 2020)  

Drug resistance can be roughly divided into intrinsic (primary) and acquired (secondary) resistance 

(Holohan et al., 2013; Marine et al., 2020). The categorization into these two groups is not 

straightforward and can vary depending on the mode of response assessment (Marine et al., 2020). 

However, in this master’s thesis, intrinsic resistance refers to resistance where the treatment does 

not lead to an objective clinical response at any point of treatment, and acquired resistance refers to 

resistance that develops after a clinical response is initially achieved with treatment (de Conti et al., 

2021; Marine et al., 2020). 

1.1.2 Genetic and non-genetic resistance 

The genetic evolution of cancer cells is often considered a primary means to elicit treatment 

resistance. In genetic evolution, some cancer cells carry a pre-existing genetic change or obtain new 

genetic changes that give the cells a survival advantage against the treatment (Figure 1. A). These 

genetic changes include mutations, gene amplifications, gene deletions, and chromosomal 

translocations. (Marine et al., 2020) Mutations can cause resistance for example by altering the drug 

binding (Chong and Jänne, 2013), modifying the targeted signaling pathway to be constitutively 

active (Diaz et al., 2012; Siravegna et al., 2015), changing into another survival pathway (Miller et 

al., 2011), or making somatic gene reversion mutations (Christie et al., 2017). However, all the 

treatment-resistant cancers do not bear any specific mutations which could explain the emergence 

of the treatment resistance (Figure 1. B). This observation has led the researchers to suspect that 

there must be other, non-genetic, mechanisms that induce the cells to become resistant to the 

therapy. (Marine et al., 2020) 
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Non-genetic resistance mechanisms often include transcriptional reprogramming, which is achieved 

by the simultaneous activation of epigenetic regulators and transcription factors. Cancer cells can 

also utilize regulatory elements that are silenced in healthy cells. (Marine et al., 2020; Bell et al., 

2019; Knoechel et al., 2014) The cells can for example use developmental programs (Bell et al., 

2019; Marine et al., 2020) and switch their whole phenotype towards an undifferentiated/invasive 

phenotype (Kemper et al., 2014; Shaffer et al., 2017; Marine et al., 2020), which leads to increased 

treatment resistance (Konieczkowski et al., 2014). Studies have shown that some cells that are 

already present in the treatment-naïve tumor can survive under primary drug treatment and move on 

into a transcriptional state that makes the cells tolerant to the treatment and eventually enables the 

cells to proliferate under the treatment conditions. These cells are called drug-tolerant persister 

(DTP) cells. (Bell et al., 2019; Marine et al., 2020; Sharma et al., 2010) These DTP cells form 

minimal residual disease (MRD), which drives relapse in cancer patients (Rambow et al., 2018).  

The cells surviving in the presence of therapeutic pressure share multiple characteristics. Usually, 

these cells have a restricted cell cycle, and they resemble quiescent cells that have temporarily 

arrested their cell cycle into the G0 state. In a physiological context, quiescence is common in adult 

stem cells that are present in tissues with a low need for regeneration. Importantly, quiescence is 

also a common feature observed in cancer stem cells. (de Conti et al., 2021) The surviving cancer 

cells can also become senescent. In contrast to quiescence, in senescence, the cells exhibit generally 

irreversible cell-cycle arrest that in a physiological context is induced by, for example, DNA 

damage, telomere shortening, oncogene activation, or increased stress signaling. In cancer cells, 

senescence can be induced by cancer treatment such as chemo- or radiotherapy. In contrast to 

healthy cells, senescent cancer cells can return to the cell cycle as a result of changes in the 

microenvironment or epigenetic alterations. (Gorgoulis et al., 2019; Patel et al., 2016; Saleh et al., 

2019; de Conti et al., 2021) 

Another characteristic frequently seen in treatment-resistant cell populations is altered cellular 

metabolism. Resistant cells often have slowed down metabolism, and the cells rely on oxidative 

phosphorylation in their energy production while they downregulate glycolysis. This predisposes 

the resistant cells to increased oxidative stress. (de Conti et al., 2021; Viale et al., 2014) In addition, 

resistant cells can use substitutive sources of energy, including fatty acid oxidation and autophagy, 

which maintain sufficient ATP production in the resistant cells (Ma et al., 2014; Li et al., 2019; 

Viale et al., 2014; de Conti et al., 2021). 
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Treatment-resistant cells are often anti-apoptotic. Resistance to apoptosis has been found necessary 

for drug resistance, however, it remains unknown if the deficient apoptotic process is the most 

important factor enabling the survival of a small population of resistant cells. In addition, the 

resistant cells have been noticed to use immune evasion and they have increased cellular plasticity. 

(de Conti et al., 2021) Cellular plasticity paves the way for other non-genetic resistance 

mechanisms to emerge. It is a result of changes in the cell’s transcriptional programs, epigenome, 

signaling pathways, and transcription factors. (de Conti et al., 2021; Sharma et al., 2010) 

Additionally, to maintain cellular homeostasis, the cancer cells activate different stress response 

pathways to tackle abnormal oncogenic signaling, which allows the cancer cells to survive under 

the stressful environment induced by the drug (de Conti et al., 2021). Cancer cells can 

simultaneously use multiple of these above-mentioned processes for therapeutic evasion (Marine et 

al., 2020).  

Genetic and non-genetic resistance do not occur in isolation from one another. Instead, genomic 

changes and the treatment-induced epigenetic and transcriptional changes together contribute to the 

emergence of treatment resistance. For example, studies have shown that some genetic alterations in 

cancer cells can predispose the cells to certain non-genetic resistance mechanisms. (Marine et al., 

2020) It has also been suggested that non-genetic resistance mechanisms provide a small population 

of cells with rapid means to survive under the treatment. These cells can later develop genetic 

changes that reinforce the resistance and lead to the disease progression (Figure 1. C). (de Conti et 

al., 2021; Hata et al., 2016) 
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Figure 1. The development of genetic and non-genetic resistance. A cancer cell with certain genetic 
alterations can survive under the drug treatment and form minimal residual disease (MRD). Later these cells 
can develop resistance and start to expand causing relapse (A). Cancer cells without pre-existing genetic 
alterations that could enable cell survival, can undergo transcriptional and epigenetic changes that allow the 
cell survival upon treatment. These cells are called drug-tolerant persister (DTP) cells. The DTP cells can 
later develop non-genetic resistance and begin to expand, which causes cancer to relapse (B). In addition to 
non-genetic resistance mechanisms, the DTP cells can develop genetic resistance that provides the cells 
with a survival advantage under the treatment (C). The figure is modified from de Conti et al., 2021 and 
created with BioRender.com. 

1.2 The Hippo pathway 

1.2.1 The biology of the Hippo Pathway 

The first discovered component of the Hippo pathway, Warts kinase, was found in Drosophila 

melanogaster in 1995. The discovery of Warts was soon after accompanied by the discovery of 

other kinases in this pathway. Later in mammals, the counterpart kinases were discovered one by 

one, which eventually led to the discovery of this conserved pathway also in mammals. The name, 

Hippo pathway, originates from studies in Drosophila larvae, in which it was noticed that 

dysregulation of the pathway led to the reduction of apoptosis and hyperproliferation of cells, which 

resulted in a hippopotamus-like overgrowth of organs and development of tumors. (Piccolo et al., 

2014) 
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The Hippo pathway in mammals consists of two kinases: mammalian sterile 20-like kinase 1/2 

(MST1/2) and large tumor suppressor kinase 1/2 (LATS1/2). Both kinases need a regulatory 

subunit, SAV1 for MST1/2 and MOB1 for LATS1/2, for their function. First, MST1/2 binds with 

SAV1 which causes the phosphorylation and activation of the LATS1/2-MOB1 complex. (Chan et 

al., 2005; Piccolo et al., 2014; Yamaguchi and Taouk, 2020) Secondly, LATS1/2 phosphorylates 

Yes-associated protein (YAP) and transcriptional co-activator with a PDZ-binding motif (TAZ) 

(Yamaguchi and Taouk, 2020; Piccolo et al., 2014). Finally, the phosphorylated YAP/TAZ interact 

with 14-3-3 which leads to the cytoplasmic retention of YAP/TAZ (Zhao et al., 2007; Yamaguchi 

and Taouk, 2020). Phosphorylated YAP/TAZ can also be ubiquitinated by E3 ligase Beta-

transducin repeat-containing protein (β-TrCP) which results in the proteosome-dependent 

degradation of YAP/TAZ (Yamaguchi and Taouk, 2020; Zhao et al., 2010). Thus, the activation of 

the Hippo pathway inhibits the activation of YAP and TAZ. When YAP/TAZ are 

dephosphorylated, they move into the cell’s nucleus. YAP/TAZ lack a DNA-binding domain, and 

therefore, they must bind with different DNA-binding transcription factors, such as TEA domain 

family transcription factors (TEAD) 1–4, to begin the expression of the target genes (Piccolo et al., 

2014; Nguyen and Yi, 2019). In the nucleus, YAP/TAZ regulate genes that are associated with cell 

proliferation, growth, and migration. These genes include for example CTGF, MYC (MYC proto-

oncogene), AXL (AXL receptor tyrosine kinase), CYR61 (Cysteine-rich angiogenic inducer 61), and 

CCND1 (Cyclin D1). (Yamaguchi and Taouk, 2020) A simplified schematic of the Hippo pathway 

is illustrated in Figure 2. 
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Figure 2. The mammalian Hippo pathway. Mammalian sterile 20-like kinase 1/2 (MST1/2) binds with its 
regulatory subunit SAV1 and phosphorylates the complex of large tumor suppressor kinase 1/2 (LATS1/2) 
and its regulatory subunit MOB1. LATS1/2-MOB1 phosphorylates Yes-associated protein (YAP) and 
transcriptional co-activator with a PDZ-binding motif (TAZ). The phosphorylated YAP/TAZ interact with 14-3-
3 which leads to the cytoplasmic retention of YAP/TAZ. The phosphorylated YAP/TAZ can also be 
ubiquitinylated by E3 ligase β-TrCP, which results in the proteosome-dependent degradation of YAP/TAZ. 
Inactivation of the Hippo pathway leads to the dephosphorylation of YAP/TAZ. Dephosphorylated YAP/TAZ 
move into the cell’s nucleus and form a transcription complex with TEA domain family transcription factors 
(TEAD) 1–4 and begin the expression of target genes. YAP/TAZ regulate genes that are associated with cell 
proliferation, growth, and migration, such as CTGF, CYR61, ANKRD1, and AMOTL2. Modified from Piccolo 
et al., 2014. The figure is created with BioRender.com.  

 

The identified regulators of the Hippo pathway, and therefore regulators of YAP/TAZ, are for 

example Thousand and one (Tao) kinase, multiple mitogen-activated protein kinase kinase kinase 

kinase family members, Serine/Threonine Kinase 25, Scribble, the Crumbs complex, and 

Neurofibromin-2 (NF2) (Plouffe et al., 2016; Meng et al., 2015; Zheng et al., 2015; Cordenonsi et 

al., 2011; Varelas et al., 2010; Lim et al., 2019; Yin et al., 2013). It is known that the Hippo 

pathway is one of the most important regulators of YAP/TAZ activity, but other regulators have 

been identified as well. Another well-established controller of YAP/TAZ activity are the 

mechanical signals that are created by the cell’s extracellular microenvironment. It has been 

observed that stretching of the cell causes the activation of YAP/TAZ and their nuclear 

accumulation. (Dupont et al., 2011) In contrast, when the cell morphology is controlled to be round, 
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YAP/TAZ become inactivated and locate in the cytoplasm (Piccolo et al., 2014). It has also been 

noticed that a more rigid extracellular matrix promotes the nuclear localization and activation of 

YAP/TAZ whereas softer extracellular matrix results in YAP/TAZ inactivation (Dupont et al., 

2011). In addition to mechanical signals and the Hippo pathway, YAP/TAZ are also regulated by 

Rho-GTPases and G protein-coupled receptors (Dupont et al., 2011; Piccolo et al., 2014; Yu et al., 

2012). 

YAP/TAZ expression is redundant in normal and healthy cells, but they are crucial in promoting 

tissue repair upon injury (Bai et al., 2012; Cai et al., 2010; Chen et al., 2014; Lee et al., 2014; Su et 

al., 2015) and during embryonic development (Halder et al., 2012). YAP/TAZ also play a role in 

mediating the cell’s structural characteristics like polarity, cytoskeletal organization, and shape 

(Halder et al., 2012). Interestingly, researchers have found that YAP/TAZ function as oncogenic 

co-transcription factors in most solid tumors. It has been suggested that YAP/TAZ are necessary for 

the formation and growth of these cancers. (Zanconato et al., 2016b) More specifically, YAP/TAZ 

activation has been shown to induce aberrant cell proliferation (Camargo et al., 2007; Dong et al., 

2007; Zhao et al., 2007), avoidance of apoptosis (Dong et al., 2007; Kurppa et al., 2020), cancer 

stem cell features (Cordenonsi et al., 2011), chemoresistance, and metastasis (Zanconato et al., 

2016b; Chan et al., 2008). In addition, high expressions of YAP/TAZ and/or their nuclear 

localization have been found to correlate with poor clinical outcomes and disease progression in a 

variety of cancers (Zanconato et al., 2016b; Piccolo et al., 2014; Sun et al., 2015; Muramatsu et al., 

2011; Wang et al., 2010; Zhang et al., 2011; Hall et al., 2010; Xu et al., 2009; Kang et al., 2011). 

It has been discovered that the Hippo pathway is one of the most frequently altered pathways in 

cancer (Sanchez-Vega et al., 2018), and mutations and/or epigenetic silencing have been found in 

several Hippo pathway proteins, such as MST1/2, LATS1/2, Salvador Family WW Domain 

Containing Protein 1 (WW45), MOB, NF2, and Kidney and Brain Expressed Protein (KIBRA) in 

human cancers (Pan, 2010; Bao et al., 2011; Hill et al., 2011). However, these mutations alone 

cannot explain the magnitude of YAP/TAZ dysregulation found in cancers, and therefore the 

researchers suspect that there might be a still missing link in the pathway that could explain this 

dysregulation. One possible explanation is the non-genetic alterations taking place in the cell, such 

as an epigenetic inactivation of the Hippo pathway. (Piccolo et al., 2014) 

1.2.2 YAP upregulation as a resistance mechanism to targeted therapies 

Most cancer patients eventually develop resistance to targeted therapies, which creates one of the 

biggest challenges in current cancer treatment. Interestingly, YAP/TAZ signaling has been 
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identified as an important mediator of treatment resistance, especially to compounds targeting the 

epidermal growth factor receptor (EGFR) and mitogen-activated protein kinase (MAPK) pathway. 

(Nguyen and Yi, 2019) 

Studies in BRAFV600E-mutant melanoma have shown that BRAF inhibitor treatment considerably 

increases the expression of NF2 single guide RNAs (Shalem et al., 2013). NF2 gene encodes Merlin 

which belongs to the ezrin-radixin-moesin protein family. Merlin is a scaffold protein that mediates 

cytoskeletal messages inside the cell by activating LATS1/2 and MST1/2, which in turn leads to the 

inactivation of YAP/TAZ (Yin et al., 2013; Zhang et al., 2010). In addition, studies have identified 

that a long noncoding RNA EMICERI mediates BRAF inhibitor resistance (Joung et al., 2017). 

EMICERI promotes resistance by increasing the expression of MOB3B, a member of the striatin-

interacting phosphatase and kinase (STRIPAK) complex that prevents the activation of the Hippo 

pathway components LATS1/2 and MST1/2. Thus, expression of EMICERI results in increased 

YAP/TAZ activation and BRAF inhibitor resistance. (Joung et al., 2017; Bae et al., 2017; Hwang 

and Pallas, 2014; Nguyen and Yi, 2019) Moreover, in BRAF-mutant melanoma cells, BRAF 

inhibitor treatment promoted actin cytoskeleton remodeling, which has been suggested to lead to 

Rho-mediated LATS1/2 inhibition and subsequent activation of YAP (Kim et al., 2016; Yu et al., 

2012). In BRAF or Kirsten rat sarcoma viral oncogene homolog (KRAS) mutant tumor cells, YAP 

inhibited apoptosis upon treatment with the MAPK pathway inhibitors by binding with TEAD and 

increasing the transcription of BCL2L1, a gene encoding an antiapoptotic protein Bcl-xL (B-cell 

lymphoma-extra large) (Nguyen and Yi, 2019; Lin et al., 2015). YAP1 has also been shown to 

mediate resistance to trametinib in head and neck squamous cell carcinoma (Mudianto et al., 2021). 

EGFR, a receptor tyrosine kinase upstream of the MAPK pathway, is frequently mutated or 

amplified in several human cancers. Mutations in EGFR drive tumorigenesis and drug resistance, 

and therefore, tyrosine kinase inhibitors are developed to inhibit the aberrant EGFR signaling. 

Increased YAP activation has been found to function as a resistance mechanism to EGFR inhibitors, 

which is not surprising because receptor tyrosine kinases function upstream of the MAPK pathway. 

Thus, resistance to EGFR inhibitors and MAPK pathway inhibitors are arguably mediated by a 

similar collection of YAP/TAZ target genes. (Nguyen and Yi, 2019) For example, AXL, a target 

gene of YAP/TAZ, has been found to mediate resistance to BRAF and EGFR inhibitors in non-

small cell lung cancer (NSCLC) (Ghiso et al., 2017; Lee et al., 2016; Xu et al., 2015; Zuo et al., 

2018). It has also been shown that combined inhibition of EGFR and Mitogen-activated protein 

kinase kinase (MEK) in EGFR mutant NSCLC uncovers a population of dormant cells that show 

high activation of YAP. In these dormant cells, YAP-TEAD in complex with an epithelial to 
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mesenchymal transition (EMT) transcription factor Snail Family Transcriptional Repressor 2 

(SLUG) inhibited the expression of pro-apoptotic Bcl2 Modifying Factor (BMF) and restricted the 

apoptosis induced by EGFR/MEK blockade. In addition, the deletion of YAP1 or combined 

pharmacological inhibition of TEAD and YAP both enhanced the EGFR/MEK inhibitor treatment-

induced apoptosis resulting in the depletion of the dormant cell population. (Kurppa et al., 2020) 

YAP1 has also been observed to bypass oncogene addiction after the ablation of KRAS, a GTPase 

belonging to the MAPK pathway (Zanconato et al., 2016a). Genome-scale DNA screens of human 

KRAS mutant colon cancer cell lines revealed that YAP1 promoted survival upon KRAS 

knockdown. YAP1 rescued the loss of KRAS by binding with Activator protein 1 (AP-1) 

transcription factor and Fos Proto-Oncogene, AP-1 Transcription Factor Subunit (FOS) to promote 

EMT. (Shao et al., 2014) Another study found that after the extinction of oncogenic KRAS, the 

YAP1 gene locus was amplified and overexpressed in an advanced pancreatic ductal 

adenocarcinoma mouse model that was genetically engineered. In this model, YAP1 in complex 

with TEAD2 was shown to promote DNA replication and cell cycle progression co-operatively with 

the E2F transcription factor. (Kapoor et al., 2014; Nguyen and Yi, 2019) Moreover, YAP 

knockdown has been shown to block the activation of a compensatory Phosphoinositide 3-kinase-

AKT serine/threonine kinase (PI3K-AKT) signaling in KRAS mutant pancreatic ductal 

adenocarcinoma cells, which sensitized these cells to pan-RAF inhibitor treatment (Zhao et al., 

2017; Nguyen and Yi, 2019).  

Taken together, YAP/TAZ use multiple different downstream effectors to convey the emergence of 

treatment resistance. Therefore, it is important to study how and to what extent different YAP 

effector pathways promote the development of treatment resistance in different circumstances. It is 

also important to study how different mutations, epigenetic changes, and the tumor 

microenvironment affect the cell subpopulations within the tumor to choose their resistance 

mechanism against the same treatment. (Nguyen and Yi, 2019) 

1.2.3 TEAD 

TEAD activation has been shown to contribute to the resistance against MAPK pathway inhibition 

in melanoma cells (Huh et al., 2019; Verfaillie et al., 2015). Mammals have four evolutionary 

conserved homologs of TEAD (TEAD1–4), which are S-palmitoylated (Noland et al., 2016; Huh et 

al., 2019). Protein palmitoylation in general is important for the protein’s localization in membrane 

and protein trafficking (Huh et al., 2019). However, it is known that the S-palmitoylation of TEAD 

is not necessary for its nuclear localization (Tang et al., 2021). It is still controversial if the S-
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palmitoylation is needed to ensure the TEADs’ stability (Noland et al., 2016; Tang et al., 2021), but 

it is known as essential for the YAP/TAZ-TEAD-interaction and therefore for TEADs’ 

transcriptional activity (Noland et al., 2016; Tang et al., 2021).  

The TEAD-interaction domain of YAP has been found essential for YAP-mediated tumor growth, 

EMT, and oncogenic transformation (Lamar et al., 2012; Zhao et al., 2008). In a previous study, the 

YAP-TEAD-interaction was shown to be necessary for A375 melanoma cells in mediating cell 

proliferation and survival under vemurafenib treatment (Fisher et al., 2017). In addition, it has been 

observed that YAP’s ability to provoke the invasion of melanoma cells is reliant on TEAD1–4 

(Fisher et al., 2017; Zhang et al., 2020). The cell invasion was regulated by the expression of YAP-

TEAD target genes AXL, THBS1, and possibly CYR61, and CRIM1 (Zhang et al., 2020).  

YAP-TEAD has become an interesting target for drug discovery and development. Small molecule 

inhibitors that disrupt the YAP-TEAD-interaction have been developed of which photosensitizer 

verteporfin was first identified in 2012 (Liu-Chittenden et al., 2012; Zhou et al., 2014; Santucci et 

al., 2015). Later, inhibitors of TEAD transcriptional activity and peptidomimetic compounds that 

disrupt the YAP-TEAD-interaction have been developed (Santucci et al., 2015; Fan et al., 2022; 

Nouri et al., 2019; Liu-Chittenden et al., 2012; Jiao et al., 2014). However, peptide-based inhibitors 

have often poor pharmacokinetic properties and cell permeability, which limit their therapeutic 

potential. Moreover, due to its shallowness and large surface area, the YAP-TEAD interaction site 

is an arduous target to develop new small molecule inhibitors with eligible potency. (Hu et al., 

2022)  

Given the importance of TEAD auto-palmitoylation for the YAP-TEAD interaction and 

transcriptional activity, the auto-palmitoylation site has become an interesting drug target. Indeed, 

the conserved and deep hydrophobic binding pocket that lays away from the YAP-TEAD 

interaction site has made the TEAD auto-palmitoylation site a promising target. (Hu et al., 2022; 

Chan et al., 2016) To this day, several compounds that covalently or non-covalently inhibit TEAD 

auto-palmitoylation have been developed (Bum-Erdene et al., 2019; Kaneda et al., 2020; Li et al., 

2020; Tang et al., 2021; Holden et al., 2020; Hu et al., 2022).  

In this master’s thesis, two novel TEAD inhibitors (TEADi), Compound A and VT-103 are used. 

Compound A is a TEAD inhibitor developed by Orion Pharma that inhibits the auto-palmitoylation 

of TEAD1–4. VT-103 is a selective non-covalent inhibitor of TEAD1 auto-palmitoylation that 

blocks the palmitoyl-CoA binding site. VT-103 disrupts YAP/TAZ-TEAD1 protein-protein 

interaction, and in mice, it had an excellent oral bioavailability (≥75%) and long half-life (>12h). In 



15 
 

human NF2-deficient mesothelioma (NCI-H226 cells) xenograft model VT-103 significantly 

downregulated the expression of YAP-TEAD target genes CTGF and CYR61. More importantly, 

VT-103 dose-dependently led to the regression of NCI-H226 tumors in mice without showing 

adverse effects on body weight. In another mouse xenograft model with NCI-H2373 mesothelioma 

cells, VT-103 downregulated CTGF expression. In a mouse xenograft model with NCI-H2373 cell 

line-derived NCI-H2373-Tu-P2 tumors, VT-103 induced tumor regression without showing an 

adverse effect on body weight. (Tang et al., 2021)  

1.3 Melanoma 

1.3.1 The development and treatment of melanoma 

Melanoma is a cancer of melanocytes which are located in the deep layer of the epidermis and 

produce the pigment of the skin (Patel et al., 2020; Isola et al., 2016). It is the third most common 

type of skin cancer after basal cell carcinoma and squamous epithelial cell carcinoma, but it has the 

highest mortality rate. Over the past 30 years, the incidence of skin melanoma has promptly 

increased resulting in a higher number of patients with invasive melanoma, however, in younger 

age groups the incidence of melanoma seems to be decreasing. (American Cancer Society, 2022; 

Batus et al., 2013; Siegel et al., 2022) 

One of the most important risk factors for melanoma is exposure to ultraviolet (UV) radiation 

(American Cancer Society, 2022; Patel et al., 2020). Chronic and direct UV radiation causes 

damage to melanocyte DNA which may lead to cancer-initiating genetic changes (Patel et al., 2020; 

Hodis et al., 2012). In addition to UV radiation, also genetics plays a role in the development of 

melanoma (Palmer et al., 2000; Patel et al., 2020). Mutations in Cyclin-dependent kinase inhibitor 

2A (CDKN2A) and cyclin-dependent kinase 4 (CDK4) are the most frequently found heritable 

genetic alterations in melanoma patients (Patel et al., 2020; Isola et al., 2016). Moreover, increased 

melanocortin-1 receptor polymorphism may also increase the risk for the development of melanoma 

(Patel et al., 2020; Liu and Sheikh, 2014). Melanocortin-1 receptor controls skin pigmentation in 

response to UV radiation (Wolf Horrell et al., 2016). Other risk factors for melanoma include male 

sex, fair skin, age, and a high number of (atypical) nevi (Siegel et al., 2022; American Cancer 

Society, 2022; Liu and Sheikh, 2014; Lasithiotakis et al., 2008). 

The first change in melanoma is the formation of a benign nevus, which is a result of melanocyte 

proliferation. However, the formation of a nevus is a common, harmless, and non-cancerous event. 

Next, melanocytes form a dysplastic nevus with large and atypical melanocytes. This is followed by 
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a radial growth phase and in situ melanoma, which is usually confined to the epidermis. The radial 

growth phase is followed by the vertical growth phase and the tumor starts to spread into the dermis 

and subcutis forming a malignant melanoma. Finally, the tumor starts to metastasize into distant 

tissues, primarily to lymph nodes, and skin, but also to the lungs, bone, liver, brain, and small 

intestine. (Chin et al., 1998; Patel et al., 2020) 

Melanoma is treated with surgery, radiotherapy, chemotherapy, photodynamic therapy, 

immunotherapy, and targeted therapy. If melanoma is detected early, in stages I or II, it is usually 

curable with surgery. (Domingues et al., 2018; Patel et al., 2020) In association with the surgery, a 

biopsy can be taken from the sentinel lymph node to exclude the possibility of metastasis (Patel et 

al., 2020). However, in stages III and IV, when the tumor has spread, melanoma is a very 

aggressive cancer with limited treatment options (Batus et al., 2013; Patel et al., 2020). In these 

later stages, more systemic treatments are needed, such as chemotherapy, targeted therapy, and 

immunotherapy (Domingues et al., 2018; Batus et al., 2013; Patel et al., 2020). Before 

immunotherapies, the five-year survival rate for metastatic melanoma was only 15–20 %. Luckily, 

immunotherapies have increased the long-term survival rate by up to 50 %, but the variation 

between patients remains high. (Dickson & Gershenwald, 2011; Dobry et al., 2018; Larkin et al., 

2019; Patel et al., 2020; Robert et al., 2019; Silva & Long, 2017)  

1.3.2 The MAPK pathway in melanoma 

The development of a malignant tumor starts after melanocytes develop molecular changes in 

growth regulatory pathways. These molecular changes can occur, for example, in the MAPK 

signaling pathway. The MAPK pathway is a conserved signaling pathway that transmits forward 

extracellular signals that guide and control cell proliferation, growth, differentiation, migration, and 

apoptosis. Thus, mutations in this pathway have multiple effects on cell function that can drive the 

development and progression of cancer. (Savoia et al., 2019; Patel et al., 2020; Dhillon et al., 2007; 

Burotto et al., 2014) 

Physiologically the MAPK pathway activation is initiated when a hormone, growth factor, or 

cytokine binds into a transmembrane protein, a receptor tyrosine kinase (RTK). The RTKs 

dimerize, undergo autophosphorylation, and are bound by adaptor proteins (mainly Growth factor 

receptor-bound protein 2 (GRB2)), which link guanine nucleotide exchange factors, such as Son of 

Sevenless homolog (SOS), to RTKs. This leads to the replacement of GDP to GTP in Ras-GTPases 

(KRAS, Neuroblastoma RAS viral oncogene homolog (NRAS), and HRas proto-oncogene 

(HRAS)). The Ras-GTPase subsequently phosphorylates one of the three isoforms of RAF serine-
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threonine protein kinases: ARAF, BRAF, or CRAF. The RAFs phosphorylate and activate MEK1 

and MEK2 kinases, which eventually phosphorylate ERK1 and ERK2, the only known target 

molecules of MEKs. Finally, the ERKs can directly or indirectly affect the cell’s function by 

phosphorylating several different proteins in the cytoplasm and nucleus. This eventually leads to 

changes in cell proliferation, survival, and apoptosis. (Savoia et al., 2019; Kun et al., 2021) A 

schematic of the MAPK pathway is illustrated in Figure 3.  

NRAS is the most frequently mutated RAS in melanoma (found mutated in 15–20 % of 

melanomas) whereas mutations in HRAS and KRAS are rare (McCain, 2013). However, the most 

common mutations resulting in the increased activation of the MAPK pathway are found in the 

BRAF gene (Burotto et al., 2014; Dhillon et al., 2007; Long et al., 2011; Cheng et al., 2017). 

Indeed, mutations in the BRAF are present in over 50 % of the melanomas that have metastasized 

(Davies et al., 2002; Burotto et al., 2014; Cheng et al., 2017; Patel et al., 2020; Pollock et al., 2002; 

Omholt et al., 2003; Dhillon et al., 2007). 

The most common BRAF mutation is the BRAFV600E which accounts for 80–90 % of mutations 

found in this kinase. In this mutation, the 600th amino acid valine (V) is substituted with glutamic 

acid (E). (Davies et al., 2002; Savoia et al., 2019; Omholt et al., 2003; McCain, 2013) The mutated 

BRAFV600E breaks out from the RAS-GTP-mediated regulation, begins to activate independently, 

and avoids the inhibition from repressor molecules, such as Sprouty RTK Signaling Antagonist 2 

(SPRY2), which leads to the MAPK pathway overactivation (Dhillon et al., 2007; Kun et al., 2021). 

Patients with BRAF-mutant melanoma are usually younger than patients with wild-type BRAF 

(Patel et al., 2020; Hodis et al., 2012; Long et al., 2011), and the tumor can locate in regions that 

have not been chronically exposed to the sun (Long et al., 2011; Cheng et al., 2017; Burotto et al., 

2014; Dhillon et al., 2007; Hodis et al., 2012). BRAF-mutant melanoma patients have also a shorter 

survival time than patients with non-BRAF-mutant melanoma (Patel et al., 2020; Long et al., 2011; 

Cheng et al., 2017; Burotto et al., 2014; Dhillon et al., 2007).  

The current standard of care for BRAF-mutant metastatic melanoma includes metastasectomy if the 

patient is eligible for the procedure, and a treatment regimen with molecularly targeted therapies or 

immune checkpoint inhibitors is designed for the patient (Cheng et al., 2017; Patel et al., 2020). 

Currently, the molecularly targeted therapies consist of a combination treatment with BRAF and 

MEK inhibitors. However, treatment with BRAF and MEK inhibitors eventually leads to the 

emergence of resistance against these inhibitors, which has been a trigger for the development of 

immune therapies and small molecule inhibitors with new targets. (Patel et al., 2020) Currently 
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available immunotherapies against metastatic melanoma target cytotoxic T-lymphocyte antigen 4 

(CTLA-4) and programmed cell death protein 1 (PD1) (Millet et al., 2017; Patel et al., 2020). New 

small molecule inhibitors target for example C-ros oncogene (ROS) and AXL, which have been 

associated with the emergence of drug resistance (Patel et al., 2020). 

 

Figure 3. The MAPK pathway. In physiological conditions, the MAPK pathway is activated by the binding of a 
hormone, growth factor, or cytokine into the receptor tyrosine kinase (RTK). The RTKs dimerize, undergo 
autophosphorylation, and bind to guanine nucleotide exchange factors (GRB2, SOS). The guanine 
nucleotide exchange factors catalyze the replacement of GDP to GTP in Ras-GTPases (RAS). 
Subsequently, the Ras-GTPase phosphorylates RAF serine-threonine protein kinases (CRAF, BRAF), which 
further phosphorylate MEK1/2. The signaling cascade finally leads to the phosphorylation of ERK1/2. The 
ERK1/2 can phosphorylate several proteins in the cell’s cytoplasm and nucleus, which leads to the changes 
in cell’s function. These changes include decreased apoptosis and increased cell proliferation, survival, 
angiogenesis, metastasis, and invasion. In BRAF mutant melanoma the BRAF is constitutively active due to 
genetic mutations BRAF, such as V600E. This leads to the overactivation of the MAPK pathway and 
aberrant cell growth that contributes to the development and progression of the melanoma tumor. Modified 
from Kun et al., 2021. The figure is created with BioRender.com. 

1.3.3 BRAF and MEK inhibitors in the treatment of BRAF-mutant melanoma 

Before targeted therapies, the patients with BRAF-mutant metastatic melanoma had a worse 

prognosis than patients with wildtype BRAF (Long et al., 2011; Sullivan & Flaherty, 2013). The 

development of compounds targeting the MAPK pathway has improved the prognosis of melanoma 

patients with BRAF mutation. Targeted therapies have neutralized the negative impact of BRAF 
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mutation and have even improved the prognosis over patients with wild-type BRAF. (Long et al., 

2011) 

The BRAF inhibitors are small molecules that target the mutated BRAF either by binding into an 

ATP binding pocket of an activated BRAF or into the hydrophobic binding site next to the ATP 

binding pocket, which stabilizes the BRAF into its inactive conformation (Savoia et al., 2019). 

Sorafenib was the first non-selective BRAF inhibitor that targeted also multiple tyrosine kinases 

and RTKs, but it failed to show improvement in the progression-free survival (PFS) and other 

efficacy endpoints in the phase 3 trial (McCain, 2013). In 2011 vemurafenib, the first inhibitor 

targeting the ATP-binding domain of mutated BRAFV600E/D/R, became on the market (Savoia et al., 

2019; McCain, 2013). Dabrafenib is a BRAFV600E/K/D inhibitor that binds into the ATP binding 

pocket of an activated BRAF. It was approved by the U.S. Food and Drug Administration (FDA) in 

2013, and it is used for the treatment of patients with unresectable or metastatic melanoma. (Savoia 

et al., 2019) Dabrafenib showed a favorable effect on PFS compared to the dacarbazine (5.1 months 

for dabrafenib vs. 2.7 months for dacarbazine; p < 0.0001), although the effect on overall survival 

(OS) was not statistically significant (Hauschild et al., 2012). 

Trametinib is a reversible small molecule inhibitor of MEK1 and MEK2 kinases. It was first 

approved by the FDA in 2013 for the treatment of unresectable or metastatic melanoma with 

BRAFV600E or BRAFV600K mutation. Trametinib can be used as a monotherapy, but it is more often 

combined with dabrafenib. (Savoia et al., 2019) The combination was approved in 2018 by the 

FDA for the treatment of unresectable or metastatic melanoma with BRAFV600E/K mutations (Kun et 

al., 2021). The combination has been shown to improve and prolong the effect of the treatment 

compared to the dabrafenib monotherapy, which is observed as longer PFS (median PFS was 9.4 

months for dabrafenib and trametinib combination vs. 5.8 months for dabrafenib monotherapy; P < 

0.001), better OS (median OS was 25.1 months for dabrafenib and trametinib combination vs. 18.7 

months for dabrafenib monotherapy; P = 0.0107) and delayed emergence of treatment resistance 

(Kun et al., 2021; Long et al., 2015, 2017; Flaherty et al., 2012). Additionally, the combination has 

shown fewer adverse events compared to dabrafenib monotherapy (Flaherty et al., 2012; Long et 

al., 2014a). Thus, the combined treatment with dabrafenib and trametinib has become the standard 

of care for melanoma patients harboring BRAF mutations (Long et al., 2015; Kun et al., 2021; 

Long et al., 2017). 
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1.3.4 Resistance to BRAF and MEK inhibitors in melanoma 

BRAF inhibition alone is an effective treatment for BRAF mutant melanoma, but resistance occurs 

rapidly through different mechanisms. The most common driver of BRAF inhibitor resistance is the 

reactivation of the MAPK pathway through activating mutations in MEK1/2. In addition, BRAF 

amplification, aberrant BRAF slicing (BRAFV600E splice variants), upregulation of RTKs, and 

activating mutations in NRAS have been found to drive the resistance to BRAF inhibitors through 

the MAPK pathway reactivation. (Long et al., 2014; Marin-Bejar et al., 2021; Poulikakos et al., 

2011; Shi et al., 2012, 2014) BRAF inhibitor resistance can also emerge independently from the 

MAPK pathway, for example, through RTK-mediated activation of alternative survival pathways, 

such as the PI3K-AKT pathway (Nazarian et al., 2010; Yang et al., 2021; McCain, 2013). Also, 

activating genetic mutations in the PI3K-PTEN-AKT pathway members have been discovered in 

22 % of progressive melanomas (Shi et al., 2014). The enrichments of the Mammalian target of 

rapamycin (mTOR) signaling and other stress-response signatures have been found in melanoma 

cells escaping BRAF inhibition (Yang et al., 2021). In addition, researchers have found that BRAF 

inhibitor-resistant cells have enriched EMT pathways and mesenchymal-like dedifferentiated gene 

signatures (Yang et al., 2021). The tumor microenvironment has also been found to contribute to 

the emergence of BRAF inhibitor resistance (Straussman et al., 2012). 

As with BRAF inhibitor monotherapy, the most common resistance mechanism to MEK inhibitor 

monotherapy is the reactivation of the MAPK pathway. This reactivation can happen after 

alterations or genetic mutations occur in the components of the signaling cascade, such as RAS, 

RAF, Neurofibromin-1, or MEK1/2. (Caunt et al., 2015; Kozar et al., 2019) For example, mutations 

in MEK1/2 can result in their constitutive activation or the MEK inhibitor binding site may undergo 

structural changes that can prevent the drug binding (Patel et al., 2020). Importantly, several RTKs 

upstream of the MAPK pathway have been shown to mutate in response to MEK inhibition (Caunt 

et al., 2015). RTKs are shared by multiple signaling pathways, through which they can promote 

resistance to MEK inhibition independently from the MAPK pathway (Kun et al., 2021). The most 

mutated signaling pathways contributing to MEK inhibitor resistance include PI3K and STAT 

(Caunt et al., 2015; Kun et al., 2021; Dai et al., 2011; Halilovic et al., 2010). Moreover, it has been 

discovered that alterations in the Hippo pathway promote adaptive resistance to MEK inhibition 

(Kun et al., 2021; Lin et al., 2015). Indeed, it has been shown that the inhibition of one pathway 

often shifts the cells to use other pathways to drive cell proliferation and survival (Kun et al., 2021).  
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Despite that many BRAF-mutant tumors have a good response to MEK and BRAF inhibitors, 

eventually, over 50 % of patients treated with a monotherapy develop tumor recurrence only after 6 

to 8 months of treatment (Patel et al., 2020; Long et al., 2014b; Hauschild et al., 2012; Welsh et al., 

2016). Therefore, BRAF and MEK inhibitors are often combined to achieve a more sustained effect 

(Savoia et al., 2019; Patel et al., 2020; Long et al., 2014b). However, 50 % of patients treated with 

the combination of dabrafenib and trametinib developed resistance at 9–10 months of treatment 

(Long et al., 2014a). There is also a population of patients with BRAF-mutant melanoma who carry 

intrinsic resistance mechanisms to monotherapy and combination therapy, and they show no 

clinically observed response to these treatments (Patel et al., 2020).  

Resistance to the combination of BRAF and MEK inhibitors includes very similar resistance 

mechanisms to resistance to BRAF inhibitor monotherapy. However, it has been shown that tumors 

resistant to the combination treatment carry a greater magnitude of genetic alterations, and the 

alterations are more frequently found in combination with each other (Moriceau et al., 2015). As in 

resistance to BRAF or MEK inhibitor monotherapies, the most common resistance mechanism to 

the combined BRAF/MEK inhibition involves the reactivation of the MAPK pathway. The MAPK 

pathway can be reactivated, for example, by BRAF amplification, gain-of-function mutations in 

BRAFV600E/K, MEK1, MEK2, KRAS, or NRAS, or by deletion of Dual specificity protein phosphatase 

4 (DUSP4) (Moriceau et al., 2015; Hugo et al., 2015; Villanueva et al., 2013; Long et al., 2014a). 

In contrast to the resistance to BRAF inhibitor monotherapy, alternative BRAF splicing does not 

seem to be a resistance mechanism to the combination treatment (Long et al., 2014a).  

The resistance mechanisms that do not involve the MAPK pathway are proposed to be common in 

BRAF/MEK inhibition resistance because numerous resistance mechanisms to BRAF inhibitor 

monotherapy remain sensitive to MEK inhibitors, or combined BRAF/MEK inhibition (Long et al., 

2014a). Indeed, genetic changes are often found in the parallel PI3K-AKT pathway (Wang et al., 

2021). Genetic alterations found in this pathway include loss-of-function mutations or deletions in 

PTEN, SOS1, AXL, MET Proto-Oncogene (MET), EGFR, SOS2, Rac Family Small GTPase 2 

(RAC2), and Phosphoinositide-3-Kinase Regulatory Subunit 1 (PIK3R1) (Long et al., 2014a; Wang 

et al., 2021; Moriceau et al., 2015; Hugo et al., 2015). For example, dysfunctional PTEN may result 

in the overactivation of the PI3K-AKT pathway that drives the development of resistance. 

However, it is known that mutations in PTEN alone are not sufficient to cause resistance and 

additional changes are usually found in the phosphorylation of AKT. (Patel et al., 2020) Mutations 

have been also discovered in genes that are important for cell cycle regulation, such as 
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Retinoblastoma 1 (RB1), Tumor protein 53 (TP53), and CDKN2A (Moriceau et al., 2015; Long et 

al., 2014a; Hugo et al., 2015).  

It has been found that 20 % of resistant melanomas have no resistance driving single-nucleotide 

alterations or BRAF amplifications that could explain the emergence of resistance. These melanoma 

cells may use non-genetic resistance mechanisms to evade the combination treatment. (Marin-Bejar 

et al., 2021) The non-genetic resistance mechanisms to BRAF/MEK inhibition can manifest alone 

or in combination with genetic resistance (Moriceau et al., 2015). Several transcriptional 

mechanisms have been identified, including overexpression of mutant NRAS mRNA and protein 

(Moriceau et al., 2015), overexpression of wildtype NRAS and KRAS, and up- and downregulation 

of PTEN, CDKN2A, and DUSP4 (Hugo et al., 2015). The combination and monotherapy-resistant 

cells can also adopt different metabolic pathways and transcriptional states that are more tolerant to 

the treatment. The resistant melanoma cells can change toward a dedifferentiated cell state that has 

high AXL expression and low Microphthalmia-associated transcription factor (MITF) and SRY-box 

transcription factor 10 (SOX10) expressions. (Yang et al., 2021) Interestingly, it has been shown 

that melanoma cells with high MITF expression are more responsive to the therapy than the cells 

with low MITF expression. The low MITF expression has also been associated with an invasive 

gene signature. (Hoek et al., 2008; Konieczkowski et al., 2014; Kun et al., 2021)  

Studies have shown that increased activation of YAP/TAZ-TEAD may function as a non-genetic 

resistance mechanism to targeted therapies in melanoma (Hugo et al., 2015; Kim et al., 2016; Lin et 

al., 2015; Fisher et al., 2017). A previous study has shown that the YAP1 gene signature was 

enriched without simultaneous mRNA over-expression in MAPK pathway inhibition-resistant 

melanoma tumors and cell lines. These resistant cell lines had elevated YAP1 and phospho-YAP1 

protein levels in the cytoplasm and/or nucleus compared to the treatment naïve parental cell lines. 

Interestingly, YAP1 knockdown resensitized the cells to BRAF or BRAF/MEK inhibition. (Hugo et 

al., 2015) In another study, YAP1 knockdown did not increase the responsiveness of melanoma 

cells to cytotoxic chemotherapy but improved the response to vemurafenib and trametinib. YAP1 

and TAZ overexpressions also decreased sensitivity to vemurafenib and trametinib in HCC364 lung 

adenocarcinoma cells. (Lin et al., 2015) Lastly, it has been suggested that downregulations of MITF 

and SOX10 in treatment-resistant melanoma cells are driven by YAP overexpression, and it was 

shown that YAP expression affected the levels of EGFR, c-MYC, phosphorylated ERK (pERK), 

and phosphorylated AKT in melanoma cells treated with vemurafenib (Kim et al., 2016).  



23 
 

Changes in the tumor microenvironment and intra-tumoral immunity have been found in 

combination-resistant cells. An analysis of gene enrichment data of resistant and matched baseline 

tumors revealed recurring enrichments in signatures associated with Nuclear factor kappa B (NFκB) 

signaling, inflammation, and monocyte functions. Also, over-expression of MET proto-oncogene 

(MET) and Interleukin 8 (IL-8) genes, macrophage markers (Cluster of Differentiation 163 (CD163) 

and CD163 Molecule Like 1 (CD163L1)), and genes involved in leukocyte function (e.g., 

Chemokine (C-C motif) ligand 8 (CCL8) and Colony Stimulating Factor 3 Receptor (CSF3R)) have 

been found. The resistant tumors may also express Cluster of differentiation 8 (CD8) T-cell 

deficiency and exhaustion. Additionally, down-regulation of immune response modulation gene 

CTLA4, antigen-presenting genes (e.g., Major histocompatibility complex, class I, A and B (HLA-A 

and HLA-B), Transporter associated with antigen processing 1 (TAP1), and β2 microglobulin 

(B2M)), and Wingless-related integration site (Wnt) signaling genes (e.g., Lymphoid enhancer-

binding factor 1 (LEF1), Wnt family member 10A and 11 (WNT10A and WNT11), and Frizzled-6 

(FZD6)) have been discovered. Also, epigenetic mechanisms, such as changes in DNA methylation 

have been found. (Hugo et al., 2015)  

1.4 Summary and the research project 

Metastasized melanoma is an aggressive skin cancer with a high mortality rate. Over half of the 

metastasized melanomas are driven by genetic mutations in the MAPK pathway kinase BRAF. The 

current standard of care in BRAF-mutant melanoma targets the BRAF and the downstream kinase 

MEK. Unfortunately, resistance to these compounds emerges rapidly and inexorably. Hence, it is of 

utmost importance to find novel therapy options for patients developing resistance. One proposed 

resistance mechanism has been the activation and nuclear localization of the Hippo pathway 

effector YAP, the co-activator of TEAD transcription factors. YAP-TEAD transcriptionally 

mediates resistance to targeted therapies by restoring cell proliferation, inhibiting apoptosis, and 

increasing the cells’ invasive and metastatic capacity. Thus, the disruption of YAP-TEAD 

interaction provides a novel target to prevent the emergence of treatment resistance to BRAF/MEK 

inhibition. 

The rationale for this research project is to assess if combined inhibition of BRAF and MEK 

activates YAP in a BRAF-mutant melanoma cell line A375, and whether a triple combination of 

BRAF, MEK, and TEAD inhibitors is more efficacious than the BRAF/MEK inhibition. The study 

aims to find a new resistance mechanism to targeted therapies in the A375 cell line and to find a 
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new indication for TEAD inhibitor treatment in preventing the emergence of treatment resistance to 

targeted BRAF/MEK inhibition. 

The study is conducted by using a combination of the BRAF inhibitor dabrafenib and the MEK 

inhibitor trametinib and their effect in ERK phosphorylation, cell proliferation, apoptosis, 

senescence, cellular morphology, and YAP-TEAD activation is measured in A375 cells. The effect 

of combined dabrafenib and trametinib treatment is assessed on treatment days 3, 7, and 10, as well 

as after a 14-week continuous treatment. For the triple combination treatment, two novel TEADi, 

Compound A (Orion Pharma) and VT-103 (Tang et al., 2021) are used and the cell proliferation, 

apoptosis, senescence, cell morphology, and YAP-TEAD activation in the cells are measured.  
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2 RESULTS 

2.1 BRAF/MEK inhibition reduces cell growth and ERK phosphorylation in A375 

cells 

To study the effect of dabrafenib and trametinib treatment on BRAF mutant melanoma, Α375, a 

human metastatic melanoma cell line harboring BRAFV600E mutation, was used. First, a dose-

response with 1 nM–10 µM concentrations of dabrafenib or trametinib was performed to study the 

potency of these compounds in inhibiting the growth of A375 cells. The IC50 values for dabrafenib 

and trametinib were 3.6 nM and 2.3 nM, respectively (Figure 4. A). The IC50 value represents the 

minimal concentration of a compound that is required for half-maximal inhibition in cell 

proliferation. During the dose-response assay, the cell number decreased dose-dependently, but no 

cell death was observed. 

To identify the minimum concentrations of dabrafenib and trametinib that inhibit A375 cell growth 

when used in combination, 5 concentrations (1 nM, 3 nM, 10 nM, 30 nM, and 100 nM) were 

selected based on the dose-response curves of each compound. The minimum combination 

concentrations having a maximal inhibitory effect were selected to avoid unspecific and 

toxicological effects. Especially, the concentration of trametinib was selected to be as low as 

possible because MEK inhibitors block the MAPK pathway also in healthy tissues which 

contributes to their bad tolerability among patients (Sullivan and Flaherty, 2013).  

The number, shape, size, and intensity of nuclei and the confluency of the cells were used to 

evaluate the optimal concentrations for combination treatment. The addition of 30 nM dabrafenib 

reduced the cell number by 79 % showing near maximal effect (Figure 4. B), and it had a moderate 

effect on the nuclear roundness (Figure 4. C–D). This concentration was also near the IC95 value of 

dabrafenib (23.7 nM) that was obtained from the dose-response curve (Figure 4. A). The IC95 

represents the minimal concentration of a compound that is required for maximal inhibition in cell 

proliferation. The 1 nM concentration of trametinib reduced the cell number by 51 % (Figure 4. B) 

without affecting nuclear roundness (Figure 4. C–D). However, when 1 nM trametinib was 

combined with 30 nM dabrafenib the cell number was inhibited by 87 % (Figure 4. B) and there 

was a dramatic effect on nuclear roundness (Figure 4. C–D). Indeed, 30 nM dabrafenib in 

combination with 1 nM trametinib was more efficacious than dabrafenib or trametinib alone, and 

the combination showed a maximal inhibitory effect. These concentrations were also in line with 

the concentrations used previously in the literature (Lin et al., 2015; Marin-Bejar et al., 2021). In 
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follow-up studies, a combination of 30 nM dabrafenib and 1 nM trametinib (hereby termed DT) was 

used.  

 

Figure 4. Dabrafenib and trametinib for inhibition of cell growth in A375 cells A) Dose-response curve. Cells 
were incubated for 4 days with the compounds. The IC50 values for dabrafenib and trametinib were 3.6 nM 
and 2.3 nM, respectively. Data are shown as means ± s.e.m.; n = 4 biological replicates. B) Inhibition 
percentage with 1–100 nM dabrafenib and trametinib alone or in combination. The data are visualized with 
SynergyFinder 3.0 web application (Ianevski et al., 2022). Data are shown as means; n = 4 biological 
replicates. C) Immunofluorescence images for HOECHST 33342 staining showing nuclear morphology and 
cell number after a 3-day incubation with 30 nM dabrafenib and 1 nM trametinib alone or in combination. 
DMSO and nocodazole were used as controls. Bars 100 µm, 10x magnification. D) Heatmap showing the 
nuclear roundness in response to different concentrations of dabrafenib and trametinib monotherapy or 
combination therapy. Red represents round nuclear morphology and blue irregular morphology. The data are 
visualized with Spotfire 12 Data visualization and Analytics Software (TIBCO). 
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To further study the effect of dabrafenib and DT treatment on cell growth and the MAPK pathway, 

the cells were treated with 30 nM dabrafenib (hereby dabrafenib) or DT for up to 10 days. The 

number of cells in each treatment was calculated with DAPI staining and the MAPK pathway 

activity was measured with an antibody against pERK. Dabrafenib decreased ERK phosphorylation 

by 95 % (Figure 5. A–B) and substantially decreased the cell number compared to the control 

(DMSO) after 3 days of treatment (Figure 5. C). Unfortunately, the activation of ERK could not be 

measured from the control wells on treatment days 7 and 10 because the wells became too confluent 

to obtain reliable data. Also, different time points could not be compared to each other due to 

different cell numbers and culture times. On the 10th day of dabrafenib treatment, 30 % of the cells 

were pERK positive (Figure 5. A–B) and the cell number was significantly lower than in control 

wells (Figure 5. C). Similarly, a 3-day DT treatment decreased ERK phosphorylation by 93 % 

(Figure 5. A–B) and dramatically reduced the cell number compared to the control (Figure 5. C). 

After 10 treatment days with DT, the proportion of pERK-positive cells was only 16 % (Figure 5. 

A–B) and the cell number was significantly lower compared to the control (Figure 5. C). Thus, the 

initial responses to dabrafenib and DT treatments were very similar, but DT treatment led to more 

pronounced MAPK pathway inhibition. These results confirmed that in vitro double inhibition of 

BRAF and MEK is more efficacious than BRAF inhibition alone. 
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Figure 5. The activation of the MAPK pathway and cell count of A375 cells under 30 nM dabrafenib alone or 
in combination with 1 nM trametinib. A–B) Immunofluorescence images for phosphorylated ERK (orange) 
and DAPI (blue) (A) and their quantification (B). The cells with pERK intensity >1200 were considered pERK 
positive. Data are shown as means ± s.e.m.; n = 2 biological replicates. Bars 200 µm, 20x magnification. C) 
Quantification of the number of DAPI-positive cells. Data are shown as means ± s.e.m.; n = 12 biological 
replicates. 

2.2 BRAF/MEK inhibition reduces cell proliferation without affecting apoptosis and 

senescence in A375 cells 

The reduced cell number in dabrafenib and DT-treated wells can be explained by the inhibition of 

cells’ proliferative capacity, induction of apoptosis, or cellular senescence. Thus, the cells were 

stained for markers of these processes. 

First, the Ki67 antibody was used to study the proliferation in A375 cells treated with dabrafenib or 

DT for up to 10 days. Ki67 is an antigen present in all active phases of the cell cycle and absent in 

quiescent cells (G0). Thus, the Ki67 antibody can be used to determine proliferating cancer cells (Li 

et al., 2015b). The treatment with either dabrafenib or DT distinctively decreased the proportion of 

Ki67-positive cells (Figure 6. A). After 3 days of treatment, the proportion of Ki67-positive cells 

had decreased by 42 % in dabrafenib-treated cells and by 63 % in DT-treated cells compared to the 

control (82 % of control cells were Ki67-positive) (Figure 6. B). On treatment day 3, most control 

cells were Ki67-positive whereas in dabrafenib and DT treatment only single cells were Ki67-

positive (Figure 6. A). On the 10th day of treatment, the proportions of Ki67-positive cells in 

dabrafenib and DT were 6 % and 10 %, respectively. (Figure 6. B) Thus, the decreased cell 

proliferation accounted for the reduction in cell number upon dabrafenib or DT treatment.  

Next, it was studied if apoptosis contributed to the reduced cell number during dabrafenib or DT 

treatment. To study the apoptosis, Caspase-3/7 reagent was added into the growth medium of A375 

cells together with dabrafenib or DT. During a 5-day incubation period, no excessive apoptosis was 

observed in the treatment groups compared to the DMSO control (Figure 6. C). Conversely, there 

were more apoptotic cells in the control group because these wells became over-confluent over 

time. (Figure 6. C) Thus, apoptosis did not contribute to the reduction in cell number in response to 

dabrafenib or DT treatment.  

Finally, it was studied if the cells became senescent in response to the dabrafenib and DT treatment. 

A375 cells were incubated with dabrafenib or DT for two days and the cells were stained with β-

galactosidase, a marker of senescence (Dimri et al., 1995). No difference was observed in the 

number of senescent cells between the treatments and control. This finding suggested that 

senescence did not contribute to the cell phenotype. (Figure 6. D) 
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Figure 6. Proliferation, apoptosis, and senescence in A375 cells treated with 30 nM dabrafenib alone or in 
combination with 1 nM trametinib. A) Immunofluorescence images showing Ki67 positive cells (orange) on 
treatment days 3, 7, and 10. Nuclei are stained with DAPI (blue). Bars 200 µm, magnification 20x. B) 
Quantification of the immunofluorescence data showing the proportion of proliferating cells detected with the 
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Ki67 antibody. Cells with nuclear Ki67 intensity value >4500 were considered positive. Data are shown as 
means ± s.e.m.; n = 2 biological replicates. C) Apoptosis detected with Incucyte Caspase-3/7 Green 
Apoptosis Assay Reagent. The images were taken with Incucyte® S3 on the 4th day of treatment. Apoptotic 
cells are seen as light green. Bars 400 µm, 10x magnification. D) Light microscopy images of cells that were 
treated for 2 days with dabrafenib or DT and stained with Senescence β-Galactosidase Staining Kit. 
Senescent cells are stained blue. Bars 200 µm, 20x magnification. 

2.3 BRAF/MEK inhibition induces morphological changes in A375 cells 

The morphological changes induced by the administration of dabrafenib or DT were studied with 

phalloidin staining. Phalloidin is a toxin that binds to the filamentous actin (F-actin) (Kumari et al., 

2020). The obtained immunofluorescence images were analyzed with Columbus software. The 

software was trained to identify three different morphological cell types: normal, large, and 

elongated.  

The phalloidin staining showed that dabrafenib and DT treatments had induced drastic changes in 

the cell morphology (Figure 7. A). On treatment day 3 the proportion of cells with normal 

morphology noticeably decreased in the wells treated with dabrafenib or DT, and most of the cells 

became significantly enlarged and round (large phenotype) (Figure 7. A–B). On the 7th treatment 

day, approximately one-third of the treated cells exhibited large morphology and one-third had 

become elongated resembling the cells undergoing EMT (Kalluri and Weinberg, 2009) (Figure 7. 

A–B). These morphological changes persisted also on the 10th treatment day (Figure 7. A–B). These 

data suggested that treatment with dabrafenib or DT strongly affected the cell morphology, and the 

treatments might have induced an EMT-like phenotype switching (Pedri et al., 2022; Li et al., 

2015a) in a proportion of cells.  

To study if the treated cells were undergoing an EMT-like phenotype switching, the cells were 

stained with an antibody against vimentin, a type III intermediate filament expressed in 

mesenchymal cells, which overexpression is associated with an EMT-like phenotype switching and 

melanoma metastasis (Usman et al., 2021; Cristofani et al., 2022; Li et al., 2010; Pedri et al., 2022; 

Rad et al., 2016). The amount of vimentin increased after 3 days of dabrafenib and DT treatment 

compared to the control (Figure 7. C–D). The increase was more pronounced in DT cells (Figure 7. 

D). On the 7th and 10th treatment days, vimentin intensity remained higher in DT-treated cells than 

in dabrafenib-treated cells (Figure 7. C–D). Thus, the cells treated with dabrafenib or DT may 

undergo an EMT-like phenotype switching. Interestingly, the vimentin expression in DT-cells was 

higher than in dabrafenib-treated cells suggesting that more cells in the combination treatment 

might have been undergoing the phenotype switching than in dabrafenib treatment.  
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Figure 7. Cell morphology and EMT-marker vimentin expression in A375 cells treated with 30nM dabrafenib 
alone or in combination with 1nM trametinib. A) Immunofluorescence images for phalloidin staining (orange) 
and DAPI (blue). Bars 200 µm, magnification 20x. B) Quantification of different cell shapes identified with 
Columbus software. The cells in DMSO control were considered to express the normal phenotype. Data are 
shown as means ± s.e.m.; n = 2 biological replicates. C) Immunofluorescence images for vimentin (orange) 
and DAPI (blue). Bars 200 µm, magnification 20x.  D) Quantification of vimentin intensity on a ring region 
around the nucleus. Data are shown as means ± s.e.m.; n = 2 biological replicates. 
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2.4 BRAF/MEK inhibition increases YAP1 nuclear localization and TEAD target 

gene expression 

A previous study by Kim et al. has discovered that the nuclear localization of YAP increases in 

response to treatment with BRAF inhibitor vemurafenib. In addition, they showed that vemurafenib 

treatment induces actin cytoskeleton remodeling by increasing actin stress fiber formation and 

actomyosin tension, which leads to increased YAP/TAZ activation. This finding suggested that the 

Hippo pathway and actin cytoskeleton cooperatively contribute to the activation of YAP/TAZ in 

melanoma cell resistance to BRAF inhibition (Kim et al., 2016). To study if YAP/TAZ-TEAD were 

activated during dabrafenib or DT treatment, the nuclear localization of YAP1 was examined with a 

YAP1 antibody, and the expressions of YAP1 and four YAP-TEAD target genes, CYR61, CTGF, 

ANKRD1 (Ankyrin repeat domain 1), and AMOTL2 (Angiomotin like 2) were measured by RT-

qPCR during a 10-day incubation with the compounds.  

After 3 days of treatment the proportion of cells with a high YAP1 nuclear to cytoplasmic (N/C) 

ratio, which indicated YAP1 nuclear localization and activation, was increased by 31 % in DT-

treated cells and by 11 % in dabrafenib-treated cells compared to the control (43 % of control cells 

had YAP1 located into the nucleus) (Figure 8. A–B). The expressions of CYR61 (P < 0.0001) and 

CTGF (P = 0.0001) were significantly increased in DT-treated cells compared to the control, while 

there was no significant difference in expressions of AMOTL2 or ANKRD1 (Figure 8. C). In 

addition, the expression of CYR61 was significantly higher (P = 0,0148) in DT-treated cells than in 

dabrafenib-treated cells (Figure 8. C). In dabrafenib-treated cells, the expressions of CYR61 

(P = 0,0004) and CTGF (P = 0.0024) were increased significantly compared to the control (Figure 

8. C). 

The N/C ratio of YAP1 could not be measured from the control wells at later time points because 

the wells became too confluent to obtain reliable data (Figure 8. A). In addition, different cell 

numbers and culture times prevented the comparison of YAP1 N/C ratio or gene expression data 

between different time points. On the 7th treatment day, the proportion of cells with a high YAP1 

N/C ratio in dabrafenib- and DT-treated cells was 19 % and 32 %, respectively (Figure 8. B). The 

expressions of CYR61 and CTGF were significantly increased in both, dabrafenib and DT-treated 

cells (P < 0.0001) compared to the control while the expressions of ANKRD1 and AMOTL2 were 

not significantly altered (Figure 8. D).  
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Finally, on the 10th treatment day, the proportion of cells with a high YAP1 N/C ratio was 13 % in 

dabrafenib-treated cells and 26 % in DT-treated cells. (Figure 8. B) The expressions of CYR61and 

CTGF remained significantly increased (P < 0.0001) in dabrafenib and DT treated cells compared 

to the control, and the expressions of AMOTL2 and ANKRD1 were not significantly altered (Figure 

8. E). Additionally, CYR61 expression was significantly higher (P = 0.0067) in DT-treated cells 

compared to dabrafenib-treated cells (Figure 8. E).  

The expression of YAP1 was not significantly altered between the treatment groups on any 

treatment day (Figure 8. C–E). This suggested that neither dabrafenib- nor DT-treatment directly 

affected YAP1 expression, and the changes in YAP-TEAD target gene expression were not induced 

by changes in YAP1 expression.  
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Figure 8. YAP-TEAD activation in A375 cells treated with 30 nM dabrafenib alone or in combination with 
1 nM trametinib for up to 10 days. A) Immunofluorescence images for YAP1 (orange) and DAPI (blue). Bars 
200 µm, magnification 20x. B) Quantification of YAP1 immunofluorescence data. The cells with YAP1 
nuclear to cytoplasmic (N/C) ratio >1.3 were considered to have YAP1 located in the nucleus. Data are 
shown as means ± s.e.m.; n = 2 biological replicates. C–E) Expressions of YAP-TEAD target genes and 
YAP1 on days 3 (C), 7 (D), and 10 (E) of dabrafenib- or DT-treatment. Data are shown as means ± s.e.m.; 
n = 2 biological replicates, 2 technical replicates. GAPDH was used as a housekeeping gene and the data 
were normalized to a biological replicate of DMSO on treatment day 3. 

2.5 Long-term BRAF/MEK inhibition suppresses ERK phosphorylation, but has a 

minimal effect on cell growth and proliferation 

Next, the A375 cells were cultured in a medium containing dabrafenib (A375-D) or DT (A375-DT) 

until they resumed proliferation. After 14 weeks of treatment, cell growth inhibition was evaluated 

using a dose range of 1 nM–10 µM dabrafenib and trametinib. The growth of A375-DT cells was 

inhibited at higher concentrations of dabrafenib (IC50 = 13.2 nM) (Figure 9. A) and trametinib 

(IC50 = 22.1 nM) (Figure 9. B) compared to parental cells (dabrafenib IC50 = 3.6 nM, trametinib 
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IC50 = 2.3 nM) (Figure 9. A–B). In addition, dabrafenib inhibited cell growth only partially even at 

high micromolar concentrations (Figure 9. A). In A375-D cells the effect was very modest with a 

partial inhibition and an IC50 of 8.6 nM for dabrafenib (Figure 9. A) and an IC50 of 9.2 nM for 

trametinib (Figure 9. B). Taken together, these findings suggested that A375-DT and A375-D cells 

began to show resistance to the treatment with DT or dabrafenib, and this was more prominent in 

A375-DT cells. However, it must be noted that A375-D and A375-DT cells were not entirely 

resistant cell lines to dabrafenib or trametinib. 

 

Figure 9. Dose-response curves for dabrafenib and trametinib in A375 parental cells and A375 cells treated 
with 30 nM dabrafenib (A375-D) or 30 nM dabrafenib and 1 nM trametinib (A375-DT) for 14 weeks. The 
parental cells were treated with dabrafenib or trametinib for 4 days, and the A375-D and A375-DT cells were 
treated for 6 days. Data are shown as means ± s.e.m.; n = 4 biological replicates. A) The IC50 values for 
dabrafenib in A375, A375-D, and A375-DT cells were 3.6 nM, 8.6 nM, and 13.2 nM, respectively. B) The 
IC50 values for trametinib in A375, A375-D, and A375-DT cells were 2.3 nM, 9.2 nM, and 22.1 nM, 
respectively. 

 

To confirm that A375-D and A375-DT cells were proliferating under long-term dabrafenib and DT 

treatment, the proportions of proliferating cells in parental, A375-DT, and A375-D cells were 

assessed with the Ki67 antibody (Figure 10. A). In addition, the cells were stained with pERK 

antibody to study the MAPK pathway activation (Figure 10. B). The proportion of proliferating 

cells was 15 % lower in A375-D cells and 22 % lower in A375-DT cells than in parental cells (87 % 

of the parental cells were Ki67-positive) (Figure 10. C). These differences were also statistically 

significant (dabrafenib: P = 0.0274; DT: P = 0.0047) (Figure 10. C). Thus, the proportion of 

proliferating cells had recovered near the treatment naïve level in both cell lines. 

As expected, the proportion of pERK-positive cells was 83 % less in A375-DT cells than in parental 

cells (98 % of parental cells pERK-positive) (Figure 10. D). This difference was statistically 

significant (P <0.0001) (Figure 10. D). The proportion of pERK-positive cells was also significantly 
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higher in A375-D cells (P<0.0001) than in the A375-DT cells (Figure 10. D). In A375-D cells the 

proportion of pERK-positive cells was 41 % less compared to parental cells (Figure 10. D). 

Taken together, these results showed that A375-DT and A375-D cells were able to continue 

proliferation despite the presence of compounds, suggesting that the cells had adapted to the 

treatments. More importantly, these results showed that the MAPK pathway was reactivated in 

A375-D cells while in A375-DT cells the MAPK pathway activation remained low. Together these 

findings suggested that A375-D cells used resistance mechanisms involving the MAPK pathway 

reactivation while A375-DT cells relied on other resistance mechanisms.  
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Figure 10. Proliferation and the MAPK pathway activation in parental, A375-D, and A375-DT cells. A) 
Immunofluorescence images showing Ki67 positive cells (orange) and DAPI (blue). B) Immunofluorescence 
images for phosphorylated ERK (orange) and DAPI (blue). Bars 200 µm, magnification 20x. C) Quantification 
of immunofluorescence data showing the proportion of proliferating cells detected with Ki67 antibody. Cells 
with nuclear Ki67 intensity value >4500 were considered positive. D) Quantification of immunofluorescence 
data showing the proportion of cells with phosphorylated ERK. The cells with pERK intensity >1200 were 
considered pERK positive. Data are shown as means ± s.e.m.; n = 3 biological replicates. 
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2.6 Long-term BRAF/MEK inhibition induces a distinctive cellular morphology 

Next, to study the cellular morphology and EMT-like phenotype switching in parental, A375-D, and 

A375-DT cells, the cells were stained with phalloidin and an antibody against vimentin (Figure 11. 

A–B). The morphology between cell types was dramatically different. (Figure 11. A, C). While the 

A375-D cells had mostly reverted to the normal phenotype, the A375-DT cells mainly expressed 

the large phenotype (Figure 11. A, C). In contrast to the cells that had been in the DT combination 

treatment for 10 days, the A375-DT cells had mostly lost the elongated phenotype (Figure 7. A–B 

and Figure 11. A, C). The cell lines did not have statistically significant differences in vimentin 

expression (P = 0.0670) indicating that there was no ongoing EMT-like phenotype switching in 

A375-D and A375-DT cells (Figure 11. D).  



41 
 

 

Figure 11. Cellular morphology and vimentin expression in A375, A375-D, and A375-DT cells. A) 
Immunofluorescence images of cells stained for phalloidin (orange) and DAPI (blue). B)  
Immunofluorescence images for vimentin (orange) and DAPI (blue). Bars 200 µm, magnification 20x. C) 
Quantification of different cell morphologies identified with Columbus software. Data are shown as means 
± s.e.m.; n = 4 biological replicates. D) Quantification of vimentin intensity on a ring region around the 
nucleus. Data are shown as means ± s.e.m.; n = 3 biological replicates. 

2.7 Long-term BRAF/MEK inhibition induces the activation of YAP-TEAD 

Next, to study if YAP-TEAD activation was enhanced in A375-DT cells, the cells were stained with 

YAP1 antibody (Figure 12. A), and the expressions of YAP1 and four YAP-TEAD target genes 
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were studied by RT-qPCR. The YAP1 immunostaining showed that the proportion of cells with a 

high YAP1 N/C ratio was 79% higher in A375-DT cells compared to parental cells (YAP1 was 

located in the nucleus in 24 % of parental cells) (Figure 12. B). This difference was also statistically 

significant (P = 0.0142) (Figure 12. B). Total YAP1 expression was not significantly altered 

between these two cell lines. (Figure 12. C) 

The expression of YAP-TEAD target gene ANKRD1 was 8 times higher in A375-DT cells 

compared to parental cells (Figure 12. C). Indeed, this increase was statistically significant 

(P < 0.0001) (Figure 12. C). In addition, CYR61 expression had increased significantly (P < 0.0001) 

in A375-DT cells compared to the parental cells (Figure 12. C). However, there were no significant 

differences in the expressions of CTGF and AMOTL2 between the cell lines (Figure 12. C).  

These results suggested that YAP-TEAD was activated in A375-DT cells. Moreover, the 

aforementioned results (see section 2.4, Figure 8) showed increased YAP-TEAD activation also in 

parental cells during a 10-day treatment period with DT. Together these results suggested that YAP-

TEAD activation was a rapid response to the initiation of DT treatment and the activation remained 

increased after long-term treatment. 
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Figure 12. YAP1 subcellular localization and the expressions of YAP1 and YAP-TEAD target genes in A375 
and A375-DT cells. A) Confocal microscopy images for YAP1 (orange) and DAPI (blue). Bars 50 µm, 
magnification 63x.  B) Quantification of the confocal microscopy data of YAP1. The cells with YAP1 nuclear 
to cytoplasmic (N/C) ratio > 1.3 were considered to have YAP1 located in the nucleus. Data are shown as 
means ± s.e.m.; n = 3 biological replicates. C) The expressions of YAP-TEAD target genes and YAP1. Data 
are shown as means ± s.e.m.; n = 3 biological replicates, 2 technical replicates. GAPDH was used as a 
housekeeping gene and the data were normalized to the mean of parental cells’ DMSO control. 
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2.8 TEADi decrease the YAP-TEAD activation in A375-DT cells  

To study if TEADi affected the activation of YAP-TEAD in A375-DT cells, two TEADi, 

Compound A (Orion Pharma) and VT-103 (Tang et al., 2021), which are known to bind TEAD and 

inhibit YAP-TEAD transcriptional activity, were used. The YAP1 nuclear localization in A375-DT 

cells treated with 10 µM TEADi was assessed with the YAP1 antibody (Figure 13. A). The YAP1 

immunostaining showed that the proportion of cells with a high YAP1 N/C ratio was 24 % less in 

the cells treated with Compound A than in the control cells and the cells treated with VT-103 

(Figure 13. B) (42 % of control cells had YAP1 located in the nucleus). This decrease was 

statistically significant (Compound A vs. control: P = 0.0186; Compound A vs. VT-103: P = 

0.0172) (Figure 13. B). Surprisingly, Compound A decreased YAP1 nuclear localization while VT-

103 did not affect it.  

To confirm if TEADi binding to TEAD was successful, the YAP-TEAD target gene expression in 

parental and A375-DT cells was studied during 10 µM TEADi treatment. The cells were treated 

with TEADi for 6h and the cells’ RNA was extracted. The expressions of YAP1 and four YAP-

TEAD target genes were studied by RT-qPCR.  

After the addition of TEADi, the expressions of all four YAP-TEAD target genes decreased in both 

parental and A375-DT cells. In parental cells, Compound A significantly decreased the expressions 

of CYR61 (P = 0.0012), CTGF (P = 0.001), ANKRD1 (P = 0.0006), and AMOTL2 (P = 0.0016) 

while VT-103 decreased only CTGF (P = 0.0414) expression significantly (Figure 13. C). In A375-

DT cells Compound A decreased CYR61 (P = 0.0011) and ANKRD1 (P < 0.0001) expressions 

significantly, and similarly VT-103 decreased CYR61 (P < 0.0001) and ANKRD1 (P < 0.0001) 

expressions significantly (Figure 13. D). The decreases in CTGF and AMOTL2 expressions were 

not statistically significant with either compound (Figure 13. D). The YAP1 expression was not 

significantly altered by TEADi in parental or A375-DT cells (Figure 13. C–D). 

Taken together, these results suggested that inhibition of TEAD with Compound A and VT-103 was 

successful in both cell lines. Target gene expression of all measured genes decreased in both cell 

lines even if the decrease was not statistically significant in all of the genes (Figure 13. C–D). As 

expected, TEADi did not affect YAP1 expression in either cell line, which further suggested that 

the decrease in YAP-TEAD target gene expression was not caused by diminished cellular YAP1 

(Figure 13. C–D).  
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Figure 13. YAP-TEAD activation during 10 µM TEADi treatment. A) Immunofluorescence images for YAP1 
(orange) and DAPI (blue) in A375-DT cells after triple combination treatment with DT and Compound A or 
VT-103. Bars 50 µm, magnification 20x. B) Quantification of YAP1 immunofluorescence data. The cells with 
YAP1 nuclear to cytoplasmic (N/C) ratio >1.3 were considered to have YAP1 located in the nucleus. Data 
are shown as means ± s.e.m.; n = 3 biological replicates. C–D) The expressions of YAP-TEAD target genes 
and YAP1 in parental A375 cells (C) and A375-DT cells (D) after 6 h TEADi treatment. Data are shown as 
means ± s.e.m.; n = 3 biological replicates, 2 technical replicates. GAPDH was used as a housekeeping 
gene and the data were normalized to the mean of parental cells’ DMSO control. 

2.9 TEADi have a modest effect on cell growth and proliferation 

To assess whether the increased YAP-TEAD activity observed in A375-DT cells contributed to the 

differences in cell growth, the A375-DT cells were treated with TEADi. First, a dose range of 

1 nM–10 µM TEADi was used to evaluate the effect of TEAD inhibition on the growth of A375 

cells. The dose-response analysis showed that TEADi alone did not reduce the number of A375 

cells (Compound A: IC50 = ND; VT-103: IC50 = 37.0 nM) (Figure 14. A). This result was 

expected because YAP-TEAD activation was modest in parental cells and YAP-TEAD is often 

activated as a response to targeted therapies. 
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Next, a dose range of 1 nM–10 µM TEADi was used to evaluate the effect of TEAD inhibition and 

simultaneous DT treatment on parental A375 cells. With both inhibitors, Compound A and VT-103, 

there was a modest decrease in cell number with the highest concentrations of TEADi when the data 

were normalized to the DT treatment alone (Compound A: IC50 = 14.8 nM; VT-103: IC50 = 24.3 

nM) (Figure 14. B–C). The same dose range of TEADi in combination with DT in A375-DT cells 

led to a more pronounced inhibition in cell growth (Compound A: IC50 = 34.0 nM; VT-103: 

IC50 = 12.8 nM) (Figure 14. B–C). Indeed, there was a significant decrease in the growth of A375-

DT cells observed with a 3 µM concentration of Compound A (P= 0.0046) and VT-103 (P=0.0005) 

compared to the parental cells (Figure 14. B-C). However, the effect in A375-DT cells was quite 

modest, in line with the modest YAP-TEAD activation (see section 2.7, Figure 12.).   

 

Figure 14. Dose-response curves for TEAD inhibitors (TEADi), Compound A and VT-103, in A375 and A375-
DT cells. A) TEADi in treatment naïve parental A375 cells. The cells were treated for 4 days with the 
compounds. Data are shown as means ± s.e.m.; n = 4 biological replicates. B) Compound A in combination 
with the DT treatment on parental and A375-DT cells (P = 0.0046). The cells were treated for 6 days with the 
compound. C) VT-103 in combination with the DT treatment on parental and A375-DT cells (P = 0.0005). 
The cells were treated for 6 days with the compound. Data are shown as means ± s.e.m.; n = 8 biological 
replicates for A375 cells and n = 12 biological replicates for A375-DT cells.  
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The effect of 10 µM TEADi in cell proliferation, apoptosis, and senescence was further studied in 

A375-DT cells. As previously, the TEADi effect on cell proliferation in A375-DT cells was studied 

with Ki67 antibody (Figure 15. A). In the cells treated with Compound A, 8 % fewer cells were 

Ki67 positive than in the control cells treated with DMSO (89 % of control cells were Ki67-

positive) (Figure 15. B). Similarly, in the cells treated with VT-103, 13 % fewer cells were Ki67 

positive than in the control (Figure 15. B). Thus, TEADi decreased cell proliferation only modestly.  

Next, apoptosis in A375-DT cells was studied with a Caspase-3/7 apoptosis reagent, using 10 µM 

TEADi on top of DT treatment and staurosporine as a positive control. Apoptosis was followed for 

5 days. Cells in staurosporine became apoptotic already after 12 h of treatment (Figure 15. C). Thus, 

the cell number in these wells remained low throughout the experiment. In all other conditions, only 

few apoptotic cells were detected on treatment day 5 (Figure 15. C). The A375-DT cells in the DT 

medium with Compound A or VT-103 had grown significantly less, yet there were no more 

apoptotic cells detected than in the cells in DMSO or DT + DMSO medium (Figure 15. C). Thus, 

these findings suggested that the reduced cell number in the dose-response analysis was not caused 

by increased apoptosis. 

Finally, cellular senescence was studied with β-galactosidase staining in A375-DT cells treated with 

TEADi for two days. TEADi did not increase senescence in A375-DT cells compared to the DMSO 

control, suggesting that the reduction in cell number was not caused by increased senescence. 

(Figure 15. D). 

Taken together, despite the modest effect TEADi had on cell proliferation, the partial inhibition in 

A375-DT cell number during the dose-response analysis was most likely caused by decreased cell 

proliferation while apoptosis and senescence did not play a big role. 
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Figure 15. Proliferation, apoptosis, and senescence in A375-DT cells treated with 10 µM TEADi. 
A) Immunofluorescence images showing Ki67-positive (orange) A375-DT cells under triple combination 
treatment with DT and Compound A or VT-103. Nuclei are stained with DAPI (blue). Bars 50 µm, 
magnification 20x. B) Quantification of the immunofluorescence data showing the proportion of Ki67-positive 
cells. Cells with nuclear Ki67 intensity value > 4500 were considered positive. Data are shown as means ± 
s.e.m.; n = 3 biological replicates. C) Apoptosis detected with Incucyte Caspase-3/7 Green Apoptosis Assay 
Reagent in A375-DT cells treated with DMSO, DT, and DMSO, or triple combination with DT and 
Compound A or VT-103. Images are taken with Incucyte® S3 and the apoptotic cells are seen as light green. 
Bars 400 µm, 10x magnification. D) Light microscopy images of cells treated for 2 days with DT in 
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combination with Compound A or VT-103 and stained with Senescence β-Galactosidase Staining Kit. 
Senescent cells are stained blue. Bars 200 µm, 20x magnification. 

2.10 TEADi have no effect on cellular morphology or vimentin expression in A375-

DT cells 

Finally, to study if TEADi induced changes in cellular morphology or vimentin expression, the 

A375-DT cells were treated with 10 µM Compound A or VT-103 for 3 days, and the cells were 

stained with phalloidin (Figure 16. A) or vimentin antibody (Figure 16. B). The phalloidin staining 

did not show significant changes in cellular morphology between DMSO control, Compound A, 

and VT-103 treatment (Figure 16. C). Moreover, the vimentin staining did not show a significant 

difference in vimentin intensity between control and TEADi-treated cells (Figure 16. D). These 

results suggested that TEADi did not affect the morphology of A375-DT cells and TEAD inhibition 

did not reverse the morphological changes induced by long-term DT treatment. Also, the addition of 

TEADi did not induce or reduce EMT-like phenotype switching in A375-DT cells. However, it 

remains to be determined if YAP-TEAD activation contributed to the changes seen in cellular 

morphology and vimentin expression during the 10-day incubation with DT and if the addition of 

TEADi could have prevented these changes.  
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Figure 16. Cell morphology and vimentin expression in A375-DT cells after triple combination with DT and 
Compound A or VT-103. A) Immunofluorescence images of cells stained for phalloidin (orange) and DAPI 
(blue). Bars 50 µm, magnification 20x. B) Immunofluorescence images for vimentin (orange) and DAPI 
(blue). Bars 50 µm, magnification 20x. C) Quantification of different cell morphologies identified with 
Columbus software. Data are shown as means ± s.e.m.; n = 4 biological replicates. D) Quantification of 
vimentin intensity on a ring region around the nucleus. Data are shown as means ± s.e.m.; n = 3 biological 
replicates. 
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3 DISCUSSION 

This study assesses whether a triple combination of the current standard of care, dabrafenib and 

trametinib, together with TEADi is more effective in A375 melanoma cells to prevent cell growth 

compared to dabrafenib and trametinib treatment. The minimum concentrations of dabrafenib and 

trametinib, having a maximal inhibitory effect, are selected, and later combined with two novel 

TEADi, Compound A (Orion Pharma) and VT-103 (Tang et al., 2021) in A375-DT cells. First, the 

effect of DT on A375 cell growth, proliferation, apoptosis, senescence, cell morphology, and ERK 

phosphorylation, the marker of MAPK activation, are studied. The DT treatment decreases cell 

proliferation, and ERK phosphorylation, changes the cell morphology, and moderately increases 

YAP-TEAD activation. In long-term DT treatment, the ERK phosphorylation remains low, but the 

cell proliferation restores almost to the same level as the cell proliferation in parental treatment-

naïve cells suggesting that the cells use resistance mechanisms not involving the MAPK pathway. 

In addition, the YAP-TEAD activation remains moderately increased in A375-DT cells. Combined 

DT and TEAD inhibitor treatment moderately and partially decreases the growth and proliferation 

of A375-DT cells. TEADi combined with DT decrease the YAP-TEAD activation in A375 and 

A375-DT cells, suggesting that the TEADi’s binding to TEAD was successful. Taken together, 

these results suggest that YAP-TEAD is activated in A375 and A375-DT cells in response to the 

DT treatment, and the activation is used as a resistance mechanism. However, YAP-TEAD 

activation is modest, it is not essential for cell survival, and the cells likely rely on other resistance 

mechanisms that are more important for these cells than YAP-TEAD activation.  

In response to dabrafenib and DT treatments, the A375 cells exhibit only few apoptotic cells while 

the majority of the cells adopt a drug-tolerant phenotype. Similarly, Yang et al. have shown that 

dabrafenib treatment induces apoptosis only in 8 % of A375 cells while most cells enter a quiescent 

state (Yang et al., 2021). In contrast, Schulz et al. and Joshi et al. have shown that BRAF and MEK 

inhibitor combination therapy induces apoptosis in BRAF-mutated cell lines (Joshi et al., 2015; 

Schulz et al., 2022). Thus, the cells’ response to dabrafenib monotherapy or dabrafenib and 

trametinib combination therapy seems to be highly cell-line dependent. A similar conclusion has 

been presented by Yang et al. who demonstrated that melanoma cell lines had a dramatically 

different propensity for apoptosis in response to dabrafenib treatment (Yang et al., 2021). 

Despite the low emergence of apoptosis, dabrafenib and DT treatments significantly reduce the 

number of A375 cells by decreasing cell proliferation. Similarly, previous studies have shown that 

dabrafenib treatment reduces cell proliferation and induces a G0/G1 cell cycle arrest (Fratangelo et 
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al., 2018; Yang et al., 2021). Yang et al. have shown that almost half of the A375 cells escape 

dabrafenib treatment and begin to proliferate only after 3 days of treatment (Yang et al., 2021). 

Similarly, here the proportion of proliferating A375 cells is initially decreased by dabrafenib, but 

the cells rapidly restore the cell proliferation. The DT treatment more effectively inhibits cell 

proliferation, but even the combination treatment is not able to fully eradicate the population of 

proliferating cells, consistent with the results obtained by Yang et al. (Yang et al., 2021). 

The reactivation of the MAPK pathway functions as one of the main resistance mechanisms to 

BRAF inhibitor monotherapy (Nazarian et al., 2010; Poulikakos et al., 2011; Johannessen et al., 

2010; Lito et al., 2012; Hirata et al., 2015). Consistently, after the substantial decrease shown in the 

MAPK pathway activation, the A375 cells rapidly begin to reactivate this pathway only few days 

after the initiation of dabrafenib treatment. Similarly, Yang et al. have shown that the MAPK 

pathway activation was initially decreased but quickly rebounded in dabrafenib-treated A375 cells 

(Yang et al., 2021). The DT combination treatment, however, leads to a more pronounced and 

sustained MAPK pathway inhibition in A375 cells. A similar effect is also seen in melanoma 

patients in which the dabrafenib and trametinib combination therapy is more effective and durable 

in preventing MAPK pathway reactivation (Flaherty et al., 2012; Long et al., 2017). Thus, the 

results obtained here replicate the findings of previous studies.  

The cell shape dramatically changes during the short treatment with dabrafenib or DT. Both 

treatments induce most of the A375 cells to express an enlarged or elongated morphology. 

Similarly, Kim et al. have discovered that the inhibition of BRAF with vemurafenib increases the 

number of actin stress fibers and enlarges the size of SKMEL28 and WM3248 melanoma cells 

(Kim et al., 2016). Interestingly, vimentin expression in A375 cells increases after three days of 

treatment in both treatment groups. The elongated morphology together with the increased vimentin 

expression suggests that dabrafenib and DT treatments may induce an EMT-like phenotype 

switching in a proportion of A375 cells. Indeed, previous studies have found that the MAPK 

pathway inhibition induced phenotype switching in melanoma cells and changed the cells’ 

phenotype toward an invasive and drug-resistant phenotype (Konieczkowski et al., 2014; Müller et 

al., 2014; Rambow et al., 2018; Verfaillie et al., 2015). The phenotype switching from proliferative 

to invasive phenotype has also been associated with the activation of YAP-TEAD (Zhang et al., 

2020; Verfaillie et al., 2015). 

The activation of YAP-TEAD has been suggested as one of the non-genetic resistance mechanisms 

to targeted therapies in melanoma and other cancers (Lin et al., 2015; Nguyen and Yi, 2019; 
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Verfaillie et al., 2015). Increased activation of YAP-TEAD provides the cells with a survival 

advantage by inhibiting apoptosis, restoring cell proliferation, and increasing the invasive and 

metastatic capacity of the cells (Nallet-Staub et al., 2014; Kim et al., 2016; Fisher et al., 2017). 

Here, short treatment with dabrafenib or DT did not affect the YAP1 expression. Similarly, in 

response to BRAF inhibitor treatment, Hugo et al. did not find changes in YAP1 mRNA expression 

(Hugo et al., 2015). Dabrafenib and DT treatments increase the nuclear localization of YAP1. The 

nuclear localization of YAP1 is moderately higher in DT-treated cells than in dabrafenib-treated 

cells. Also, the expressions of YAP-TEAD target genes CYR61 and CTGF increase significantly in 

dabrafenib- and DT-treated cells, and the expressions of these genes are higher in DT-treated cells. 

These results suggest that the YAP-TEAD is moderately activated in both cell lines in response to 

the treatments and the activation is higher in DT-treated cells. The lower activation of YAP-TEAD 

in dabrafenib-treated cells might occur because the cells rely more on the reactivation of the MAPK 

pathway as a resistance mechanism whereas DT-treated cells must harness other resistance 

mechanisms, such as YAP-TEAD activation.  

After 14 weeks of dabrafenib (A375-D cells) and DT (A375-DT cells) treatments, the cells begin to 

show resistance to the given concentrations of drugs, which is shown as increased IC50 values for 

dabrafenib and trametinib in these cell lines. In a previous study, a dabrafenib-resistant A375 cell 

line had an IC50 value of 110.5 µM (Cordaro et al., 2017) whereas here the IC50 values for 

dabrafenib in A375-D and A375-DT cells were 8.6 nM and 13.2 nM, respectively. Thus, it is 

important to note that these cell lines are not truly resistant to dabrafenib or trametinib. The 

proportion of proliferating cells in these cell lines recovers nearly to the level of treatment-naïve 

parental cells. The activation of the MAPK pathway is significantly higher in A375-D cells 

compared to the A375-DT cells, which confirms that the resistance for long-term dabrafenib 

treatment is mostly driven by the MAPK pathway reactivation. Therefore, to prevent the MAPK 

pathway reactivation in patients, trametinib is combined with dabrafenib, and a more sustained 

effect is achieved (Long et al., 2015; Robert et al., 2015). However, the recovered cell proliferation 

in A375-DT cells without simultaneous MAPK pathway reactivation suggests that these cells must 

activate other resistance mechanisms to survive under the treatment. This result is in line with the 

clinical observations where patients, despite the combined BRAF and MEK inhibition, relapse 

(Long et al., 2014a, 2017; Robert et al., 2015).  

Vemurafenib-resistant melanoma cells, SKMEL28 and WM3248, have been observed to express a 

flat and enlarged morphology (Kim et al., 2016). Another study has found that melanoma cell lines 

resistant to a BRAF inhibitor exhibit more elongated and fibroblast-like shape compared to the 
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parental cells (Wang et al., 2015). Moreover, dabrafenib-resistant melanoma cell lines, including 

A375, have been found to change their cellular phenotype toward mesenchymal type (Cordaro et 

al., 2017). In contrast, the morphology of A375-D cells mostly reverts to the normal morphology 

expressed by the parental A375 cells. This finding may be explained by the fact that the A375-DT 

and A375-D cell lines were not entirely resistant to the treatments. For example, in their study, Kim 

et al. created a resistant cell line by treating the cells with a 2 µM concentration of vemurafenib for 

2 months (Kim et al., 2016). Conversely, here the A375-D cell line was created by treating the cells 

with a low 30 nM concentration of dabrafenib for 14 weeks. This low dabrafenib concentration is 

not enough to induce the development of truly resistant cells. Instead, it is more probable that the 

A375-D cells only adapted for the treatment. As Yang et al. have shown, a small population of 

A375 cells escapes the dabrafenib treatment in the early stages of treatment. They also showed that 

these escaping cells out-proliferate the non-escapees as the treatment progresses and suggested that 

after long-term treatment the descendants of the escapees may dominate the population. (Yang et 

al., 2021) Interestingly, the data presented here support this hypothesis. Likely few dabrafenib-

resistant cells escape the treatment, re-enter into proliferation, and adapt to the treatment. These 

adapting cells later outgrow the non-escapees and form a morphologically homogenous cell 

population that expresses the normal morphology. However, this hypothesis should be validated by 

sorting or labeling the escaping cells. Interestingly, A375-DT cells mainly express an enlarged and 

round phenotype while the proportion of elongated cells has diminished. Given the extent of the cell 

lines’ MAPK pathway activation, the different morphologies between A375-D and A375-DT cells 

suggest that the cellular morphology might be attributed to the activation of ERK. However, the 

relationship between ERK activation and cellular morphology should be further studied.  

A previous study has found that the expressions of markers associated with an EMT-like phenotype 

switching, such as increased vimentin expression in the perinuclear region, are increased in 

dabrafenib-resistant cells while the expression of epithelial marker E-cadherin is decreased 

(Cordaro et al., 2017). Here, the vimentin expression is not altered between the A375, A375-D, and 

A375-DT cell lines. Taking into consideration that the cell lines had lost the elongated morphology, 

the unchanged vimentin expression between the cell lines supports the previous hypothesis that 

elongated cells are undergoing an EMT-like phenotype switching to a more invasive state. 

However, to confirm this hypothesis, more studies on elongated cells are needed.  

The A375-DT cells show higher YAP-TEAD activation than parental A375 cells. The higher YAP-

TEAD activation is observed as increased YAP1 nuclear localization and increased expressions of 

YAP-TEAD target genes ANKRD1 and CYR61. Similarly, Kim et al. have found an increase in the 



55 
 

expressions of ANKRD1, CTGF, and CYR61 in melanoma cells resistant to vemurafenib (Kim et al., 

2016). The YAP1 expression is not altered in A375-DT cells. Taken together, the results obtained 

here suggest that DT combination and vemurafenib monotherapy induce a similar kind of response 

in YAP-TEAD activation. In addition, the results confirm that YAP-TEAD activation is a rapid 

response to the initiation of the DT treatment and the activation remains increased after a longer 

treatment period.  

The inhibition of TEAD with Compound A moderately decreases YAP1 nuclear localization in 

A375-DT cells while VT-103 does not affect YAP1 nuclear localization. Most previously 

developed TEADi have not demonstrated a similar effect on YAP1 subcellular localization 

(Gridnev et al., 2022; Li et al., 2020). Recently, Sun et al. discovered that pan-TEAD inhibitor 

MGH-CP1 reduces YAP/TAZ nuclear localization. They suggested that this reduction is caused by 

TEAD-induced inhibition of TEAD-YAP/TAZ interaction that leads to impaired YAP and TAZ 

nuclear retention. (Sun et al., 2022) However, further studies are needed to determine the 

mechanism of if and how TEADi, like Compound A, inhibit the YAP1 shuttle to the nucleus.  

VT-103 and Compound A decrease the expression of measured YAP-TEAD target genes (CTGF, 

CYR61, ANKRD1, and AMOTL2) in parental and A375-DT cells, confirming that the TEADi 

binding to TEAD is successful. However, the decrease is not statistically significant with all 

measured genes. Similarly, Tang et al. have shown inhibition in YAP-TEAD target gene expression 

with VT-103 (Tang et al., 2021). As expected, the expression of YAP1 does not change in parental 

or A375-DT cells in response to TEAD inhibitor treatment, suggesting that the compounds do not 

mediate their effect by affecting YAP1 expression. Taken together, both inhibitors decrease the 

YAP-TEAD transcriptional activity and successfully bind to TEAD.  

Compound A and VT-103 alone do not affect the growth of parental A375 cells, as expected, 

because YAP-TEAD activation in parental A375 cells is low. This finding suggests that YAP-

TEAD is not required for the survival and growth of treatment-naïve A375 cells. Similarly, 

inhibition of TEAD (Kurppa et al., 2020) or knockdown and overexpression of YAP (Nallet-Staub 

et al., 2014) have shown no effect on the growth of treatment-naïve cancer cell lines without Hippo 

pathway alterations. Simultaneous administration of TEADi with DT on parental A375 cells 

inhibits the growth of these cells more than DT combination alone, but the additional inhibition in 

cell growth is modest. A more notable inhibition in cell growth is achieved by administering TEADi 

with DT on A375-DT cells. These results suggest that YAP-TEAD is activated in A375-DT cells 

and parental A375 cells in response to DT treatment. The inhibition seen in the growth of A375-DT 



56 
 

cells and DT-treated A375 cells, but not in treatment-naïve A375 cells also suggests that both cell 

lines use YAP-TEAD activation as a resistance mechanism. Given that the TEAD inhibition-

induced reduction in cell growth and YAP-TEAD activation in these cells are modest, the YAP-

TEAD activation as a resistance mechanism is not likely essential for survival in most of the A375 

and A375-DT cells. Instead, these cells probably use multiple different resistance mechanisms. 

However, there may be a subpopulation of cells with a higher dependency on YAP-TEAD 

activation, but further analyses are needed to identify these different cell subpopulations.  

Further studies in A375-DT cells revealed that the decrease in cell growth induced by the 

simultaneous DT and TEAD inhibitor treatment is caused by a modest decrease in cell proliferation. 

Interestingly, the addition of TEADi does not induce apoptosis or senescence in A375-DT cells. A 

previous study by Lin et al. has shown that YAP1 knockdown promotes apoptosis upon RAF and 

MEK inhibitor treatments in melanoma, NSCLC, thyroid cancer, and colon cancer models with 

BRAFV600E mutation (Lin et al., 2015). Similarly, Kurppa et al. have shown that combined 

treatment with osimertinib, trametinib, and TEAD inhibitor increased apoptosis in EFGR-mutant 

NCSLC cells compared to the osimertinib and trametinib treatment (Kurppa et al., 2020). This 

difference between the occurrence of apoptosis may be explained by the cells’ different 

dependencies on YAP-TEAD activation as a resistance mechanism which is shown as different 

levels of YAP-TEAD activation in the cells. Indeed, the activation of YAP1 in response to 

combined osimertinib and trametinib treatment in EFGR-mutant NCSLC cells was high (> 80 % of 

cells had high YAP activation) (Kurppa et al., 2020) whereas the YAP-TEAD activation in A375-

DT cells was modest. Interestingly, a recent study by Sun et al. has found that YAP-TEAD 

inhibition prevented cell proliferation without the induction of cell death in a YAP-dependent liver 

cancer cell line. Sun et al. also discovered that the inhibition in cell proliferation was caused by a 

delay in cell cycle progression. The cell cycle progression was temporally arrested in G1 and G2/M 

stages and continued proliferation after the TEADi withdrawal. (Sun et al., 2022) Thus, more 

studies are needed to analyze the cell cycle progression in A375-DT cells and if the cells resume 

cell proliferation after TEAD inhibitor withdrawal. Altogether, these findings suggest that the role 

of YAP-TEAD activation and the effect of TEADi might be highly cancer and cell-line-specific. In 

cell lines with higher dependency on YAP-TEAD activation, the TEADi may induce apoptosis 

and/or inhibition in cell proliferation while in cancer cell lines with lower YAP-TEAD activation 

and dependency, TEADi can merely inhibit cell proliferation. 

Previous studies have suggested that YAP mediates EMT (Lehmann et al., 2016; Tang et al., 2016; 

Kurppa et al., 2020). The treatment with DT and TEADi does not affect A375-DT cell morphology 
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or vimentin expression. This is expected because the vimentin expression is not increased in A375-

DT cells compared to the parental cells. Moreover, the A375-DT cells express an enlarged and 

round morphology while the elongated cells, which were hypothesized to represent cells undergoing 

an EMT-like phenotype switching, are absent. Thus, if no ongoing EMT-like changes were 

occurring in the baseline, the TEADi had nothing to inhibit. It is also important to note that TEADi 

did not induce EMT-like phenotypic changes. These results suggest that the morphological changes 

in A375-DT cells are not driven by YAP-TEAD activation. However, the changes in cell 

morphology may contribute to the activation of YAP-TEAD. Previously it has been discovered that 

changes in actin cytoskeletal tension affect the YAP/TAZ localization and activation (Dupont et al., 

2011). Similarly, Kim et al. have shown that increases in actin stress fibers and cytoskeletal tension 

induce the activation of YAP/TAZ in vemurafenib-resistant cells (Kim et al., 2016). Thus, more 

studies are needed to determine the relationship between A375 and A375-DT cell morphology, 

EMT-like phenotype switching, and YAP-TEAD activation.  

All the findings above suggest that the A375 and A375-DT cell lines use YAP-TEAD activation as 

one of many resistance mechanisms to the combined BRAF and MEK kinase inhibition, and 

therefore, the inhibition of TEAD is not likely an effective treatment in these cell lines to prevent 

tumor growth. Interestingly, Zhang et al. have proposed that YAP inhibition in metastatic 

melanoma might be more efficacious in preventing metastasis than diminishing tumor growth 

(Zhang et al., 2020). Hence, more studies are needed to determine if TEAD inhibition affects the 

invasive capacity of A375 cells. In addition, a recent study by Sun et al. has proposed limitations 

for YAP-TEAD inhibitor treatment in cancer. The study discovered that the VGLL3-mediated 

transcriptional activation of the SOX4/PI3K/AKT signaling axis may promote cancer cell survival 

and lead to TEAD inhibitor resistance (Sun et al., 2022). Thus, more studies are needed to discover 

the therapeutic potential of TEAD inhibition in preventing treatment resistance to targeted 

therapies. 

In this study, some experiments were conducted using a low number of replicates, and in the future, 

these experiments should be repeated to confirm the observations presented here. In the 

immunostainings, several cells were analyzed from each well. However, the statistical analyses 

were performed by comparing the mean values expressed by the cells in each well. Therefore, 

statistical analyses were performed for a low number of replicates and statistical analyses could not 

be performed for immunofluorescence data from the 10-day experiment. Thus, the immunostainings 

could have been analyzed by using different statistical methods. In addition, the apoptosis analysis 
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for parental A375 cells lacked a positive control, and therefore, this experiment should be replicated 

by using a proper positive control, such as staurosporine. 

The measurement of YAP-TEAD activation was performed using only four YAP-TEAD target 

genes (CTGF, CYR61, ANKRD1, and AMOTL2). The observed effect on YAP-TEAD target genes 

was modest in parental A375 cells and A375-DT cells. Especially after the 10-day incubation, only 

two YAP-TEAD target genes showed a modest increase in expression while the expression of two 

other genes remained unchanged. Thus, the results of YAP-TEAD activation are inconclusive, and 

the confirmation of YAP-TEAD activation would have required the analysis of many more YAP-

TEAD target genes. The YAP-TEAD target gene signature is not exactly known, but two recent 

studies have described the signature. These signatures consisted of 22 (Wang et al., 2018b) and 124 

genes (Pham et al., 2021). Therefore, the measurement of only 4 YAP-TEAD target genes is not 

enough to make definite conclusions about YAP-TEAD activation.  

The A375-DT and A375-D cell lines were created by administering 30 nM dabrafenib alone or in 

combination with 1 nM trametinib for 14 weeks. This treatment gives rise to cell lines resistant to 

the given concentrations of treatment and as explained above, the cell lines were not entirely 

resistant to dabrafenib or trametinib. The creation of resistant cell lines would have required 

treatment with increasing concentrations of compounds during extended periods of time, ranging 

from 2 months to even a year (Fratangelo et al., 2018; Wang et al., 2018a; Xie et al., 2017; 

Mudianto et al., 2021; Kim et al., 2016). Therefore, it is justified that due to the time limitation set 

for the master’s thesis research project, the cell lines were created using only one concentration of 

compounds. It is also important to note that the goal of this master’s thesis was not to create 

resistant cell lines. In addition, during this short 14-week treatment, the cells already began to show 

resistance to the compounds.  

In the future, an entirely DT-treatment-resistant A375 cell line should be created by gradually 

increasing the concentrations of compounds. In this new cell line, the same experiments should be 

conducted to find how YAP-TEAD activation changes in the cell lines with full-blown dabrafenib 

and trametinib resistance. It should be also studied if YAP-TEAD activity remains increased after 

the development of other resistance mechanisms, such as genetic changes, or if YAP-TEAD 

activation is used only as a primary mechanism to escape the treatment and if in later stages, its 

significance is decreased. In addition, it should be studied how TEAD inhibition affects the entirely 

resistant A375 cells and if YAP-TEAD inhibition could resensitize resistant cells to dabrafenib and 
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trametinib treatments. Indeed, previously YAP and TAZ knockdown has been shown to resensitize 

vemurafenib-resistant melanoma cells to vemurafenib (Kim et al., 2016). 

The research project was conducted using multiple analysis methods giving consistent results. 

Importantly, the results obtained here are also consistent with the previous studies. There is an 

experimentally validated consensus that the inhibition of the MAPK pathway with BRAF inhibitor 

monotherapy rapidly leads to the reactivation of the MAPK pathway using resistance mechanisms 

involving the MAPK pathway (Patel et al., 2020; Yang et al., 2021; Kemper et al., 2014). Here, a 

similar response was observed with dabrafenib monotherapy. The A375 cells quickly reactivate 

their MAPK pathway and continue proliferation. Previous studies have also found that when the 

BRAF inhibitor is combined with the MEK inhibitor, a more sustained MAPK pathway inhibition is 

achieved (Long et al., 2017; Flaherty et al., 2012). Similarly, A375 cells here showed more 

sustained MAPK pathway inhibition together with slower cell proliferation when treated with DT 

combination, yet after long treatment with DT, the cells begin to proliferate faster due to the 

activation of alternative resistance mechanisms. Noteworthy, the results with the A375 cell line are 

in line with the previous studies conducted in the same cell line (Fisher et al., 2017; Yang et al., 

2021). 

Melanoma cells have been shown to express different phenotypes in response to targeted therapies 

(Marin-Bejar et al., 2021; Rambow et al., 2018; Hoek et al., 2008; Kemper et al., 2014). Previous 

studies have shown increased YAP-TEAD activation, especially in the cells expressing an invasive 

gene expression profile (Zhang et al., 2020). In the future, it would be interesting to study more 

closely, how different treatment-induced melanoma cell phenotypes are expressed in A375 cells in 

response to DT treatment, for example by sorting the cells with FACS, and further study how 

TEADi treatment affects these different types of cells. It should also be confirmed if elongated cells 

are undergoing an EMT-like phenotype switching, for example by measuring SOX10, MITF, and 

AXL expression in these cells.  

TEADi were administered simultaneously with DT only on A375-DT cells and the effect on cell 

morphology and vimentin expression was studied. A previous study has suggested that YAP is 

necessary for the invasion of A375 cells and other cell lines (Zhang et al., 2020). Therefore, more 

analyses about the cells’ invasive capacity should be conducted, such as Matrigel and wound 

healing assays. In the future, it should be also studied if TEADi decrease the proportion of cells 

exhibiting elongated morphology when added simultaneously with DT on parental treatment-naïve 

A375 cells. Finally, it should be studied if TEADi could prevent the invasion in other melanoma 
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cell lines, and more importantly the dissemination and formation of secondary tumors in vivo and in 

patients with BRAF-mutant melanoma. 

The results here encourage the study of YAP-TEAD activation in other melanoma cell lines and 

tumor samples from patients. Indeed, here only one melanoma cell line was used, and to obtain 

information on how YAP-TEAD is activated in melanoma and if TEAD inhibition has relevance in 

melanoma treatment, other cell lines must be studied. Also, the effect of YAP-TEAD inhibition on 

the survival of other cancer types harboring MAPK pathway alterations must be studied to find new 

indications for TEAD inhibitor treatment. Finally, YAP-TEAD activation and the effect of TEAD 

inhibition on primary and recurrent tumors with different treatment histories, mutations, and cellular 

origins should be studied.  



61 
 

4 CONCLUSIONS 

The development of compounds targeting the MAPK pathway has revolutionized the treatment of 

BRAF-mutant melanoma. The MAPK pathway inhibitors have a robust initial response to tumor 

growth, but eventually, most patients relapse. Therefore, there is an urgent need to study the 

resistance mechanisms used by BRAF-mutant melanomas and to develop new treatments that could 

prevent the emergence of treatment resistance. The Hippo pathway effectors YAP and TAZ in 

combination with TEAD transcription factors have been found to mediate resistance to targeted 

therapies in melanoma and other cancers, and thus, they provide a novel and intriguing drug target 

in combat against treatment resistance.  

In this master’s thesis, it was hypothesized that the combined inhibition of BRAF and MEK 

activates YAP in a BRAF mutant melanoma cell line A375, and thus a triple combination of BRAF, 

MEK, and TEAD inhibitor is more efficacious than the BRAF/MEK inhibition. The study aimed to 

find a new resistance mechanism to targeted therapies in the A375 cell line and aimed to find a new 

indication for TEAD inhibitor treatment in preventing the emergence of treatment resistance to 

targeted MAPK pathway inhibition. Several previous studies have combined TEAD inhibition or 

YAP knockdown with BRAF inhibitor treatment in melanoma cell lines. Here, the current standard 

of care, dabrafenib and trametinib, were both combined with TEADi. In addition, in this study, a 

novel TEAD inhibitor Compound A, developed by Orion, was studied first time in a melanoma cell 

line with a BRAFV600E mutation.  

The results indicate that most A375 cells become tolerant to the dabrafenib and DT treatments and 

they resume cell proliferation and begin to show resistance to the compounds. The data shows 

modest YAP-TEAD activation in response to the initiation of dabrafenib and DT treatments. The 

14-week treatment of A375 cells with DT (A375-DT cells) also shows a moderate increase in YAP-

TEAD activation. The combined TEAD inhibitor and DT treatment on A375-DT or A375 cells, 

however, revealed that the inhibition of TEAD only moderately decreases cell growth. These 

findings suggest that YAP-TEAD activation is used as a resistance mechanism in A375 and A375-

DT cells. However, the YAP-TEAD activation is not essential for the development of treatment 

resistance or the survival of the A375 and A375-DT cells upon DT treatment. Thus, TEAD 

inhibition is not an effective treatment in preventing the emergence of treatment resistance in A375 

cells.  
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Identification of new resistance mechanisms paves the way for the use of new therapeutic strategies 

and drug combinations. This study brings forward the understanding of different resistance 

mechanisms used by melanoma cells. In addition, this study along with the previous studies 

suggests that the response to TEAD inhibition is highly dependent on the cell line. In a clinical 

context, this raises a concern about how to identify the patients who could benefit from the TEAD 

inhibitor treatment. Therefore, new means for the identification of this patient population are 

needed. So far, TEADi have been proven efficacious only in the treatment of a very narrow 

selection of tumors with pre-existing Hippo pathway alterations that inactivate this pathway. These 

cancers include NF2-mutant mesothelioma, but the population of these patients is small (Hu et al., 

2022). Thus, this study participates in the important quest aiming to the identification of new patient 

populations who could benefit from the TEAD inhibitor treatment and helps to narrow down the 

population of cancer types with the potential to benefit from TEAD inhibition. The obtained results 

also highlight that it is important to find the best timing for the initiation of TEAD inhibitor 

treatment. The results reported here demonstrate that the addition of TEADi alone does not affect 

the treatment naïve cells, but it may still be beneficial to add TEADi before the initiation of DT 

treatment to reduce the population of escaping cells. In the future, it is also important to study how 

sequential treatment with DT and TEADi together with drug holidays contribute to patient 

outcomes.  

To summarize, the A375 cell line was used to study the activation of YAP-TEAD as a resistance 

mechanism to the treatment with BRAF and MEK inhibitors. The results showed increased YAP-

TEAD activation after short and long-term treatment with DT suggesting that YAP-TEAD is used 

as a resistance mechanism in the A375 cell line. However, the treatment with TEADi showed that 

the activation of YAP-TEAD is not essential for the growth of A375 cells upon DT treatment. Thus, 

inhibition of TEAD does not prevent the emergence of treatment resistance in this cell line and is 

not an effective treatment option. However, further studies in other melanoma cell lines are needed 

to confirm the relevance of YAP-TEAD activation as a mechanism of resistance to targeted 

therapies.  
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5 MATERIALS AND METHODS 

5.1 Compounds 

In this research project, dabrafenib and trametinib were used as a standard of care. Dabrafenib was 

purchased from MedChem Express and trametinib from AK Scientific. TEAD inhibitor VT-103 

was synthesized by Orion according to an article published by Tang et al. in 2021 (Tang et al., 

2021). Compound A is a TEAD inhibitor developed and synthesized by Orion. Nocodazole (Sigma-

Aldrich, M1404-2MG) and staurosporine (Sigma-Aldrich, S5921-1MG) were purchased and used 

as control compounds. 

5.2 Cell lines  

The human melanoma cell line A375 with BRAFV600E mutation was obtained from the American 

Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and 1 % 

Penicillin-Streptomycin (hereby termed as complete culture medium). The cells were tested 

negative for the presence of mycoplasma with MycoAlert™ PLUS Mycoplasma Detection Kit. The 

cells were maintained in Corning® T-75 cell culture flasks (37˚C, 5 % CO2).  

The A375-D and A375-DT cell lines were derived from parental A375 cells. The cells were 

cultured for 14 weeks in the complete culture medium with 30nM dabrafenib (A375-D) or 30nM 

dabrafenib and 1nM trametinib (A375-DT). The cells were maintained in Corning® CellBIND® T-

75 cell culture flasks (37˚C, 5 % CO2).  

All 3 cell lines were subcultured every 3–4 days when the cells reached 70–90 % confluency. The 

cells were washed once with 1x Dulbecco’s Phosphate Buffered Saline (DPBS) and detached with 

0.25 % Trypsin-EDTA. The detached cells were suspended into the complete culture medium to 

inactivate the trypsin, and the cell suspension was centrifuged (800 rpm, 5 minutes, 24°C). Finally, 

150 000–250 000 A375 cells in the complete culture medium were seeded into new Corning® T-75 

cell culture flask. The A375-D and A375-DT cells were resuspended into the complete culture 

medium with dabrafenib or DT, and the cells were split into new Corning® CellBIND® cell culture 

flasks in 1:3–1:10 ratios. The list of materials used in the cell culture is provided in Table 1.  
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Table 1. Material used in cell culture. 

Material Supplier Catalog number 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

ATCC 30-2002 

Fetal Bovine Serum (FBS) Sigma-Aldrich F7524 

Penicillin-Streptomycin Gibco™ ThermoFisher 
Scientific 

15140-122 

Dulbecco’s Phosphate Buffered 
Saline (DPBS) 

Gibco™ ThermoFisher 
Scientific 

14190-094 

Trypsin-EDTA (0.5 %), no 
phenol red 

Gibco™ ThermoFisher 
Scientific 

15400-054 

MycoAlert™ PLUS 
Mycoplasma Detection Kit 

Lonza LT07-710 

Corning® 75 cm² U-shape cell 
culture flask 

Corning 430641U 

Corning® CellBIND® 75cm² U-
shape cell culture flask 

Corning 3290 

 

5.3 Combination assay 

The assay-ready LLC CellCarrier-384 Ultra microplates (Perkin Elmer, 6057302) were prepared 

using an acoustic dispenser Echo® 655 (Labcyte). The acoustic dispenser added dabrafenib and 

trametinib in 5 concentrations (final concentrations 1 nM, 3 nM, 10 nM, 30 nM, and 100 nM) into 

the microplate (4 replicates/concentration). In addition, 0.2 % DMSO (Sigma-Aldrich, D2650-

100ML) and 0.05 mg/ml nocodazole (Sigma-Aldrich, M1404) were used as controls. Next, 1000 

A375 cells were plated into each well containing DMSO, nocodazole, or different concentrations of 

trametinib and dabrafenib in combination or alone. The cell growth was followed for 4 days with 

Incucyte® S3 (Sartorius) (37 ˚C, 5 % CO2). After 4 days, the cells were incubated in a fixing 

solution containing 3.7 % formaldehyde (Sigma Aldrich, 252549-1L), 1:10 000 HOECHST 33342 

(InVitrogen, H3570), and 1x DPBS (Gibco™ ThermoFisher Scientific, 14200-067) for 15 minutes 

in room temperature. After the fixing, the cells were washed with 1x DPBS and imaged with 

Operetta CLS High-Content Analysis System (PerkinElmer) with Harmony software (PerkinElmer, 

4.9.2137.273) using a 10x air objective. The number, shape, size, and intensity of nuclei were 

analyzed using Columbus™ Image Data Storage and Analysis system version 2.9.1 (Perkin Elmer).  
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5.4 Dose-response assay 

The cell proliferation upon dabrafenib and trametinib treatments was determined in A375-D, A375-

DT, and A375 parental cells. The cells were plated on Corning® CellBIND® 384-well Flat Clear 

Bottom Black Polystyrene microplate (Corning, 3770). Into each well, 200 cells were plated in the 

complete culture medium. On the following day, dabrafenib or trametinib were added on top of 

cells with Microlab Star automated liquid handler (Hamilton) in half logarithmic dilutions from 1 to 

10 000 nM (4 replicates/concentration). In addition, 0.1 % DMSO (Sigma-Aldrich, D2650-100ML) 

and 0.05 ng/µl nocodazole (Sigma-Aldrich, M1404) were used as controls. The cells were placed 

into an incubator and their growth was followed for 4 (parental cells) or 6 (A375-D and A375-DT 

cells) days with Incucyte® S3 (Sartorius), and finally, the cells were fixed.  

The cell proliferation in the presence of TEADi was studied in parental and A375-DT cells. First, 

200 cells/well were plated on Corning® CellBIND® 384-well Flat Clear Bottom Black Polystyrene 

microplate (Corning, 3770). The A375-DT cells were plated in a complete culture medium with 

30 nM dabrafenib and 1nM trametinib, and the A375 cells were plated in the complete culture 

medium with or without 30 nM dabrafenib and 1 nM trametinib. On the following day, VT-103 or 

Compound A was added on top of the cells with Microlab Star automated liquid handler (Hamilton) 

in half logarithmic dilutions from 1 to 10 000 nM. Also, 0.05 ng/µl nocodazole (Sigma-Aldrich, 

M1404) and 0.1 % DMSO (Sigma-Aldrich, D2650-100ML) were used as controls. Every plate 

contained 4 replicates for each TEADi concentration, and the experiments were repeated 1–3 times. 

The A375 cells in the complete culture medium were fixed after 4 days. A375-DT cells and A375 

cells with dabrafenib and trametinib in the culture medium were fixed after 6 days of incubation.  

The cells were fixed for 15 minutes at room temperature using a solution of 3.7 % formaldehyde 

(Sigma Aldrich, 252549-1L) and 1:10 000 HOECHST 33342 (InVitrogen, H3570) in 1x DPBS 

(Gibco™ ThermoFisher Scientific, 14200-067). After fixing, the cells were washed with 1x DPBS, 

and the plates were imaged with Operetta CLS High-Content Analysis System (PerkinElmer) with 

Harmony software (PerkinElmer, 4.9.2137.273) using a 10x air objective. The cell number was 

calculated with Columbus™ Image Data Storage and Analysis system version 2.9.1 (Perkin Elmer).  

5.5 RNA extraction 

To study the effect of dabrafenib and trametinib treatment on A375 cells’ YAP1 and YAP-TEAD 

target gene expression, 9 500 A375 cells/well were plated on a Corning® CellBind® Surface 6-well 

plate (Corning, 3335) in complete culture medium. On the following day, 0.2 % DMSO, 30 nM 
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dabrafenib, or 30 nM dabrafenib in combination with 1 nM trametinib were added to the cells. The 

RNA samples were collected on treatment days 3, 7, and 10 (2 replicates/treatment at each time 

point). The culture medium with compounds was changed every 3 to 4 days. 

To study the effect of TEADi treatment on YAP1 and YAP-TEAD target gene expression, 200 000 

A375 and A375-DT cells/well were plated on a Corning® CellBind® Surface 6-well plate 

(Corning, 3335). A375 cells were plated in the complete culture medium with 0.2 % DMSO, and 

A375-DT cells were plated in the complete culture medium with 30 nM dabrafenib and 1 nM 

trametinib. On the following day, 0.1 % DMSO or 10 µM Compound A or VT-103 were added to 

the cells (3 replicates/treatment). After 6 h of TEADi addition, the RNA samples were collected.  

The RNA isolation was started by washing the cells once with 1x DPBS (Gibco™ ThermoFisher 

Scientific, 14190-094), and the RNA was isolated with the Macherey-Nagel Nucleospin® RNA kit 

(Macherey & Nagel, 740955.250) according to the manufacturer’s protocol. Cell lysis was done 

without β-mercaptoethanol, and 70 % ethanol was added before the cell lysates were moved into 

NucleoSpin RNA columns. The RNA yield and purity were measured with DeNovix DS II FX 

Spectrophotometer/Fluorometer (DeNovix). 

5.6 Complementary DNA synthesis and RT-qPCR  

To synthesize complementary DNA (cDNA) from the A375 cells treated for 1, 7, or 10 days with 

30 nM dabrafenib alone or in combination with 1 nM trametinib, 0.25 µg RNA was used from each 

sample because a small cell number led to low RNA yield. For the cDNA synthesis of A375 and 

A375-DT cells treated with TEADi, 1 µg RNA was used from each sample. The cDNA synthesis 

was performed with SensiFAST cDNA Synthesis Kit (Bioline, BIO-65054) according to the 

manufacturer’s protocol without the optional step.  

The quantitative real-time polymerase chain reaction (RT-qPCR) was performed according to the 

manufacturer’s protocol by mixing 1.7 ng/µl cDNA with TaqMan® Fast Advanced Master Mix, 

TaqMan® Gene Expression Assay, and RT-PCR Grade Water (Invitrogen™ ThermoFisher 

Scientific, AM9935) into the end volume of 20 µl. The list of used TaqMan® gene expression 

assays is provided in Table 2. The RT-qPCR was performed using Quantstudio 6 Flex (Applied 

Biosystems™). The following program was used: 95°C for 20 s; 40 cycles of 95°C for 1 s and 60°C 

for 20 s. The fold changes were calculated using the ΔΔCt method (see 5.11). The RT-qPCR was 

performed with 2–3 biological replicates of which 2 technical replicates were prepared for each.  
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Table 2. TaqMan® gene expression assays used in the RT-qPCR. 

Gene Taqman® Probe and dye label Function 

GAPDH Hs02786624_g1 FAM-MGB Housekeeping gene 

YAP1 Hs00902712_g1 FAM-MGB TEAD coactivator 

CTGF Hs00170014_m1 FAM-MGB YAP-TEAD target gene 

CYR61 Hs00155479_m1 FAM-MGB YAP-TEAD target gene 

ANKRD1 Hs00173317_m1 FAM-MGB YAP-TEAD target gene 

AMOTL2 Hs01048101_m1 FAM-MGB YAP-TEAD target gene 

5.7 Apoptosis assay 

Into Corning® CellBIND® 96-well Flat Clear Bottom Black Polystyrene microplate (Corning, 

3340), 320 A375 cells/well were plated in the complete culture medium. On the following day, the 

medium was changed to a new complete culture medium with 0.2 % DMSO (Sigma-Aldrich, 

D2650-100ML), or 30 nM dabrafenib alone or in combination with 1 nM trametinib (4 

replicates/treatment). IncuCyte® Caspase-3/7 Green Apoptosis Assay Reagent (Essen BioScience, 

#4440) was added 1:2 000 into the cell culture medium to detect apoptosis. The cells were placed 

into Incucyte® S3 (Sartorius) (37 ˚C, 5 % CO2), and the confluency and green fluorescence for 

apoptosis were followed at 6 h intervals for 5 days using a 10x objective.  

TEADi effect on A375-DT cells was studied by plating 320 cells/well into a Corning® CellBIND® 

96-well Flat Clear Bottom Black Polystyrene microplate (Corning, 3340) in a complete culture 

medium with 30 nM dabrafenib and 1 nM trametinib or 0.2 % DMSO. On the following day, 10 

µM VT-103 or Compound A, 0.1 % DMSO (Sigma-Aldrich, D2650-100ML), or 10 µM 

staurosporine (Sigma-Aldrich, S5921-1MG) were added onto the cells in complete culture medium 

with 30 nM dabrafenib and 1 nM trametinib (2 replicates/treatment). IncuCyte Caspase-3/7 Green 

Apoptosis Assay Reagent (Essen BioScience, #4440) was added 1:2 000 onto the cells, and the 

confluency and green fluorescence for apoptosis were followed with Incucyte® S3 (Sartorius) 

(37 ˚C, 5 % CO2) at 6 h intervals for 5 days using a 10x objective. 
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5.8 Senescence-associated β-galactosidase staining 

Into each well of the Corning® CellBIND® 6-well plate (Corning, 3335), 11 875 A375 or A375-

DT cells were plated. The A375 cells were plated in the complete culture medium, and the A375-

DT cells were plated in the complete culture medium with 30nM dabrafenib and 1 nM trametinib. 

On the following day, 0.2 % DMSO (Sigma-Aldrich, D2650-100ML), or 30 nM dabrafenib alone or 

in combination with 1nM trametinib (2 replicates/treatment) were added to the A375 cells in the 

complete culture medium. On the A375-DT cells, 0.2 % DMSO (Sigma-Aldrich, D2650-100ML), 

or 10µM Compound A or VT-103 (2 replicates/treatment) were added in the complete culture 

medium with 30nM dabrafenib and 1nM trametinib. After 2-day incubation with the compounds, 

the cells were fixed and stained with Senescence β-Galactosidase Staining Kit (Cell Signaling 

Technology, 9860S) according to the manufacturer’s protocol. The X-Gal was diluted into DMSO 

(Sigma-Aldrich, D2650-100ML), and the pH of the staining solution was adjusted to 6.07 with 

NaOH (Sigma Aldrich, S8045) and HCl (Merck, 100317). The pH was measured using a 

SevenEasy pH meter (Mettler Toledo), which was calibrated with pH 4.005 (Hach, S11M002), pH 

7.000 (Hach, S11M004), and pH 10.012 (Hach, S11M007) Certified Buffer Standard Solutions. The 

cells were incubated with the staining solution for 3 days at 37 ˚C without CO2 and imaged with 

CKX53 Cell Culture Microscope (Olympus) using 20x magnification. 

5.9 Immunocytochemistry and cell staining 

For 10-day incubation, 320 A375 cells/well were plated on Corning® CellBIND® 96-well Flat 

Clear Bottom Black Polystyrene microplates (Corning, 3340) in the complete culture medium. On 

the following day, the medium was changed and a new culture medium containing 0.2 % DMSO or 

30 nM dabrafenib alone or in combination with 1 nM trametinib was added to the cells. After 3, 7, 

and 10 days of treatment, one plate was fixed at each time point. The culture medium with 

compounds was changed every 3–4 days.  

To compare A375, A375-D, and A375-DT cell lines, 6 000 A375 cells/well in the complete culture 

medium, 4 000 A375-D cells/well in the complete culture medium with 30 nM dabrafenib, and 

4 000 A375-DT cells/well in the complete culture medium with 30 nM dabrafenib and 1 nM 

trametinib were plated on Corning® CellBIND® 96-well Flat Clear Bottom Black Polystyrene 

microplate (Corning, 3340). The cells were incubated overnight and fixed.  

Finally, to study how TEAD inhibitor treatment affected A375- DT cells, 320 A375-DT cells/well 

were plated on Corning® CellBIND® 96-well Flat Clear Bottom Black Polystyrene microplate 



69 
 

(Corning, 3340) in the complete culture medium with 30 nM dabrafenib and 1 nM trametinib. On 

the following day, 0.1 % DMSO, or 10 µM Compound A or VT-103, was added on top of 30 nM 

dabrafenib and 1 nM trametinib treatment. The cells were incubated with TEADi for 3 days and 

fixed. 

The cells were fixed with 3.7 % formaldehyde (Sigma-Aldrich, 252549-1L) in 1x DPBS (Gibco™ 

ThermoFisher Scientific, 14200-067) for 15 minutes at room temperature. Next, the cells were 

washed three times with 1x DPBS and permeabilized with 0.1 % Triton™ X-100 (Sigma-Aldrich, 

X100) in 1x DPBS (PBST). The cells were blocked with 5 % bovine serum albumin (BSA) (Sigma-

Aldrich, A2153) in 0.1 % PBST for 1 h at room temperature. The primary antibodies were diluted 

into 5 % BSA in 0.1 % PBST and incubated overnight at 4 ˚C. On the following day, the cells were 

washed twice with 5 % BSA in 1x DPBS, and the cells were incubated with secondary antibodies 

and DAPI or cell dyes and DAPI in 5 % BSA in 1x DPBS for 1 h at room temperature. The lists of 

primary antibodies, secondary antibodies, and cell stains are provided in Tables 3, 4, and 5, 

respectively. Finally, the cells were washed twice with 5 % BSA in 1x DPBS and once with 1x 

DPBS, and the cells were left in 1x DPBS. The cells were imaged with Operetta CLS High-Content 

Analysis System (PerkinElmer) with Harmony software (PerkinElmer, 4.9.2137.273) using 20x air 

objective or 63x water immersion objective. The images were analyzed with Columbus™ Image 

Data Storage and Analysis system version 2.9.1 (Perkin Elmer). 

Table 3. Primary antibodies used in Immunocytochemistry (ICC). 

Antibody Host species Dilution for 
ICC 

Mono-/polyclonal Supplier  

(Cat. number) 

Recombinant Anti-YAP1 
antibody [EP1674Y] 

Rabbit 1:200 Polyclonal Abcam 
(ab52771) 

Anti-Ki67 antibody Rabbit 0.9 ug/ml Polyclonal Abcam 
(ab15580) 

Phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) 

Rabbit 1:200 Polyclonal Cell Signaling 
Technology 
(#9101s) 

Recombinant Anti-
Vimentin antibody 
[EPR3776] 

Rabbit 1:600 Monoclonal Abcam 
(ab92547) 
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Table 4. Secondary antibody used in ICC. 

Antibody Target Conjugate Host 
species 

Dilution Mono/polyclonal Supplier (Cat. 
number) 

Goat Anti-Rabbit 
IgG (H+L) Cross-
Adsorbed 
Secondary 
Antibody  

Rabbit 
IgG 
(H+L) 

Alexa 
Fluor® 
568  

Goat 1:1 000 Polyclonal Invitrogen™ 

ThermoFisher 
(A11011) 

 

Table 5. Cell staining dyes. 

Cell dye Target Conjugate/ 
λex/λem 

Dilution Supplier (Cat. 
number)  

Alexa Fluor™ 
Phalloidin 

F-actin Alexa Fluor™ 568 1:40 Invitrogen™ 

ThermoFisher 
(A12380) 

DAPI (4′,6-
Diamidino-2-
phenylindole 
dihydrochloride) 

DNA  364/454 nm  1:1 000 Sigma-Aldrich 
Finland/YA-Kemia 
(D9542-10MG) 

Hoechst 33342, 
Trihydrochloride, 
Trihydrate 

DNA 350/461 nm 1:10 000 Invitrogen™ 

ThermoFisher 
(H3570) 

 

5.10 Image analysis 

The image analysis was performed with Columbus™ Image Data Storage and Analysis system 

version 2.9.1 (Perkin Elmer). First, the nuclei of the cells were segmented with DAPI or HOECHST 

33342.  The nuclear protein Ki67 was detected with a secondary antibody and nuclei with high 

Ki67 intensity values (>4 500) were considered positive. Next, the cells’ cytoplasm was detected 

with secondary antibodies (pERK, YAP1, Vimentin) or phalloidin. Cells with high pERK 

cytoplasmic intensity values (>1 200) were considered positive. YAP1 N/C ratio >1.3 was used to 

define if YAP1 was located in the nucleus. For vimentin, a ring region surrounding the nucleus was 

determined, and the intensity of vimentin in this region was calculated. The size, shape, and texture 

properties of the cells were calculated based on the phalloidin staining. The texture properties were 

calculated with the SER features method in Columbus. Finally, the Linear classifier algorithm was 

trained to recognize three different cell populations with different morphologies (normal, large, and 

elongated). 
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5.11 Data analysis 

For dose-response and combination analyses, raw data were normalized to nocodazole (0 %) and 

DMSO (100 %). Dose-response curves were generated using GraphPad Prism 9.1.0 software 

(GraphPad Software) for Windows, and the IC50 and IC90 values were determined with nonlinear 

regression analysis using the log(inhibitor) vs. response – Variable slope -equation.  

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 +  (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)/(1 + 10^((𝐿𝑜𝑔𝐼𝐶50 − 𝑋) ∗ 𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒)) 

An unpaired t-test was used to calculate the difference between the growth of A375 and A375-DT 

cells upon the triple combination treatment with TEADi and DT. The data were calculated as means 

±SEM. 

To determine the gene expression, the 2–∆∆Ct method was used. First, ΔCt values were calculated by 

subtracting the averages of technical replicates of the housekeeping gene GAPDH from the 

averages of technical replicates of the studied genes. To calculate ΔΔCt, the ΔCt value of one 

DMSO biological replicate on treatment day 3 (the 10-day experiment) or the average of ΔCt values 

of biological replicates treated with DMSO (A375 and A375-DT cells treated with TEADi or 

DMSO) were subtracted from the ΔCt values of the cells treated with the compounds of interest. 

Finally, the fold gene expression values were calculated with 2-ΔΔCt. The fold gene expression 

values were visualized and analyzed with GraphPad Prism 9.1.0 software for Windows. Two-way 

ANOVA with Tukey’s multiple comparisons test was used to calculate significant differences in 

gene expression between the 3 treatment groups. Two-way ANOVA with Šídák's multiple 

comparisons test was used to calculate differences in gene expression between A375 and A375-DT 

cell lines. P-values less than 0.05 were considered statistically significant (95 % confidence 

interval). The data were calculated as means ±SEM.  

The immunofluorescence data were analyzed and visualized using GraphPad Prism 9.1.0 software 

for Windows. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was used to 

compare differences between 3 treatment groups or cell lines. A two-tailed unpaired t-test was used 

to compare YAP1 nuclear localization between A375 and A37-DT cell lines. P-values less than 

0.05 were considered statistically significant (95 % confidence interval). The data were calculated 

as means ±SEM. 



72 
 

6 ACKNOWLEDGEMENTS 

I want to sincerely thank my supervisors Maria Georgiadou and Reetta Riikonen for all the help, 

guidance, and support they have given me during this master’s thesis project. They have given me a 

lot of their time to answer all my questions and give me new directions. I also want to thank the 

Cancer Cell Signalling team and other colleagues in Orion Pharma for all the help I have gotten 

during this process. Especially, I want to thank Marianne Laine for the valuable help I have 

received with my experiments, cell culturing, and in the lab.  

Finally, I want to thank my family and friends for supporting me through my studies and this thesis 

project. A special mention to Marko for always encouraging me to chase my dreams and goals no 

matter what. 



73 
 

7 ABBREVIATIONS 

A375-D   A375 cells treated with 30 nM dabrafenib for 14 weeks 

A375-DT A375 cells treated with 30 nM dabrafenib and 1 nM trametinib for 

14 weeks 

AKT     AKT Serine/Threonine Kinase 

AMOTL2   Angiomotin like 2 

ANKRD1   Ankyrin repeat domain 1 

AXL    AXL receptor tyrosine kinase  

BCL2L1   B-cell lymphoma-2 like 1  

BRAF    v-raf murine sarcoma viral oncogene homolog B1  

CDKN2A   Cyclin-dependent kinase inhibitor 2A 

cDNA    Complementary DNA 

CTGF    Connective tissue growth factor  

CYR61   Cysteine-rich angiogenic inducer 61 

DPBS    Dulbecco’s phosphate buffered saline 

DT    Combined treatment with 30 nM dabrafenib and 1 nM trametinib   

DTP    Drug tolerant persister      

EGFR    Epidermal growth factor receptor  

EMICERI   EQTN MOB3B IFNK C9orf72 enhancer RNA I  

EMT    Epithelial to mesenchymal transition 

ERK    Extracellular signal-regulated protein kinase  

FDA    U.S. Food and Drug Administration 

ICC    Immunocytochemistry 
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KRAS    Kirsten rat sarcoma viral oncogene homolog 

LATS1/2   Large tumor suppressor kinase 1 and 2 

MAPKi   MAPK pathway inhibitor     

MEK    Mitogen-activated protein kinase kinase  

MITF    Microphthalmia-associated transcription factor 

MOB    Mps one binder kinase activator 

MST1/2   Mammalian sterile 20-like kinase 1 and 2 

MYC    MYC proto-oncogene     

N/C    Nuclear-cytoplasmic 

NF2    Neurofibromin-2  

NRAS    Neuroblastoma RAS viral oncogene homolog 

NSCLC   Non-small cell lung cancer  

OS    Overall survival   

PBST    Phosphate-buffered saline/tween 

pERK    Phosphorylated ERK 

PFS    Progression-free survival 

PI3K    Phosphoinositide-3-kinase 

PTEN    Phosphatase and tensin homolog  

RAF    Rapidly accelerated fibrosarcoma 

Rho    Ras homolog  

RTK    Receptor tyrosine kinase  

RT-qPCR   Quantitative real-time polymerase chain reaction    

SAV1    Salvador family WW domain containing protein 1 
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SOS1/2   Son of sevenless homolog 1 and 2 

SOX10    SRY-box transcription factor 10 

TAZ    WW-domain-containing transcription regulator 1  

TEAD    Transcriptional enhanced associate domain  

TEADi    TEAD inhibitors 

WNT    Wingless-related integration site  

YAP    Yes-associated protein    
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