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Abstract 

In advanced colorectal cancer, frequently occurring BRAFV600 mutations are associated with an 

exceptionally bad prognosis and chemotherapy resistance. Unfortunately, because of many 

resistance mechanisms and in contrast to BRAFV600-mutated malignant melanoma, BRAF-

mutated colorectal cancers escape from BRAF inhibition under monotherapy as well as 

combination therapy with another targeted agent or chemotherapy. A major part of known 

BRAF inhibitor resistance mechanisms are dependent on sufficient HSP90 function, which 

indicates HSP90 as a promising target in combination with BRAF inhibition for the treatment of 

BRAFV600-mutated colorectal cancer. However, preclinical data of combinational treatment of 

HSP90 inhibitors with BRAF inhibitors in BRAFV600-mutated colorectal cancer are still very 

scarce and clinical evidence for beneficial activity is missing.  

To investigate, whether HSP90 inhibitors are potential partners in combination therapy with 

BRAF inhibitors, this thesis studies combination treatment effects of BRAF inhibitors and HSP90 

inhibitors in BRAFV600-mutated colorectal cancer cells. Therefore, different compounds, 

different cell lines and different preclinical approaches such as two-dimensional monolayer cell 

culture resazurin assay, three-dimensional soft agar anchorage-independent growth assay and 

finally, mouse xenografts were used. The latter were performed as a collaboration.  

All in all, BRAF inhibitors and HSP90 inhibitors were shown to act in a synergistic or additive 

manner. The synergistic or additive combination treatment effects were almost consistent in all 

used BRAFV600-mutated colorectal cancer cell lines through all used approaches.  This confirms 

HSP90 as potential target for combination treatment in BRAFV600-mutated colorectal cancer.  

Thus, this thesis contributes to preclinical evidence for the approach combining HSP90 inhibitors 

with BRAF inhibitors in BRAFV600-mutated colorectal cancer treatment, which is a prerequisite 

for future clinical trials. Simultaneously, it encourages to further investigate HSP90 inhibitors 

and BRAF inhibitors combination treatment effects at the proteomic level for a deeper 

understanding of the underlying mechanisms. 
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Referat 

Kolorektale Karzinome zeigen häufig BRAFV600 Mutationen. In fortgeschrittenen Stadien sind 

diese assoziiert mit einer äußerst ungünstigen Prognose und mit schlechtem Ansprechen auf 

Chemotherapie. In Patienten mit BRAFV600 mutiertem malignen Melanom konnte die Prognose 

durch Mono- beziehungsweise Kombinationstherapie mit BRAF-Inhibitoren wesentlich 

verbessert werden. Aufgrund verschiedenster Resistenzmechanismen ist dies beim BRAFV600 

mutierten kolorektalen Karzinom bisher nicht gelungen. Da ein Großteil der BRAF Inhibitor-

Resistenzmechanismen von einer regelhaften HSP90-Funktion abhängig ist, könnte die 

Inhibition von HSP90 in Kombination mit BRAF Inhibitoren einen wertvollen therapeutischen 

Ansatz darstellen. Allerdings ist die präklinische Datenlage bislang ungenügend und klinische 

Daten fehlen völlig. 

Daher wurden im Rahmen dieser Dissertation die Behandlungseffekte von verschiedenen BRAF- 

und HSP90-Inhibitoren in Kombination an verschiedenen kolorektalen Karzinomzelllinien mit 

BRAFV600 Mutation mittels verschiedener experimenteller Methoden untersucht, z.B. im 

zweidimensionalen Einzelschicht-Zellkultur Resazurin Versuch und im dreidimensionalen 

Weichagar verankerungsunabhängigen Wachstumsassay. Zusätzlich wurde ein 

Xenotransplantatversuch an Mäusen durch eine kollaborierende Arbeitsgruppe durchgeführt. 

Insgesamt konnte eine synergistische oder zumindest additive Interaktion in der Wirkung der 

Kombination von HSP90- und BRAF-Inhibitoren gezeigt werden. Dabei zeigten sich die 

synergistischen bzw. additiven Effekte nahezu durchgängig in allen untersuchten BRAFV600 

mutierten Zelllinien in den verschiedenen experimentellen Methoden und mit verschiedenen 

Inhibitoren. Dies bestätigt eine HSP90-Inhibition in Kombination mit BRAF-Inhibition als 

potentiellen Therapieansatz im BRAFV600 mutierten kolorektalen Karzinom. 

Somit trägt diese Dissertation dazu bei, die Kombination von HSP90- und BRAF-Inhibitoren im 

BRAFV600 mutierten kolorektalen Karzinom einen Schritt weiter in Richtung klinischer 

Erprobung zu führen. Gleichzeitig regt sie eine weiterführende und vertiefende Forschung auf 

proteomischer Ebene an, um die Wirkungsmechanismen in der Kombinationstherapie besser zu 

verstehen. 
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1 Introduction 

1.1 Epidemiology and risk factors of CRC 

Colorectal cancer (CRC) is one of the most frequent and most lethal cancer entities in humans. 

More than 61.000 new cases and over 25.000 CRC-related deaths per year make CRC the third 

most common cancer type among men, the second most common among women and the third 

most lethal cancer in both sexes in Germany (Robert Koch-Institut and Gesellschaft der 

epidemiologischen Krebsregister in Deutschland e.V. 2017). Approximately 1.8 million patients 

worldwide develop CRC and each year 860.000 patients die suffering from CRC (Bray et al. 2018). 

Evitable risk factors are alcohol intake (Fedirko et al. 2011), obesity (Renehan et al. 2008), 

physical inactivity (Shaw et al. 2018), poor diet with low fibre intake (Dahm et al. 2010; Park et 

al. 2005) and excessive consumption of red and processed meat (Bouvard et al. 2015), low 

Vitamin D levels (McCullough et al. 2019) and smoking (Walter et al. 2014). Besides evitable risk 

factors, sporadic CRCs show family clustering as inevitable risk factor: 20-30% of CRC patients 

have a positive family history (Testa et al. 2018). Additionally, several inherited syndromes 

leading to hereditary CRC are known. They represent 2-5% of all CRC cases (Jasperson et al. 

2010). The most common syndromes are hereditary nonpolyposis colorectal cancer (HNPCC) 

syndrome on the one hand, synonymously called Lynch syndrome, with a germ line mutation in 

the mismatch repair (MMR) system leading to a lifetime CRC risk of 50-80%. On the other hand, 

familial adenomatous polyposis leads to 100% lifetime CRC risk, because of a germ line mutation 

in the APC (adenomatous polyposis coli) gene (Jasperson et al. 2010). 

1.2 Cancerogenesis of CRC  

1.2.1 Histological classification 

CRCs are believed to develop from precursor lesions. The World Health Organisation (WHO) 

classification of non-malignant epithelial colorectal lesions distinguishes between adenomas 

and serrated lesions. To avoid confusion between adenomas and different subtypes of serrated 

lesions, adenomas are also named conventional adenomas. Conventional adenomas are non-

malignant polypous lesions of the colon mucosa showing at least low-grade dysplasia and a 

tubular, villous or tubulovillous architecture with lacking 'saw-tooth' patterns. Conventional 

adenomas represent approximately 90% of non-malignant polypous colonic lesions (Mirzaie et 

al. 2016). In contrast, serrated lesions show 'saw tooth' patterns of their epithelium with or 

without dysplasia (International Agency for Research on Cancer 2019). They are subtyped into 

hyperplastic polyps, sessile serrated lesions (SSL) with or without dysplasia (previously termed 

sessile serrated adenoma/polyp) and traditional serrated adenomas (TSA), representing 60-75%, 

20-30% and < 1% of all serrated polyps, respectively (IJspeert et al. 2015).  
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According to their histology, hyperplastic polyps are further subtyped into microvesicular 

hyperplastic polyps (MVHP) (60%), goblet cell rich hyperplastic polyps (30%) and mucin poor 

hyperplastic polyps (rare) (IJspeert et al. 2015). The earliest known precursor lesions are 

aberrant crypt foci, which bear initial molecular alterations and which show very focal 

morphological anomalies of single crypts (Takayama et al. 1998). According to current WHO 

classification from 2019, CRCs are graded, using a two-tiered grading system (low- and high-

grade), which replaces the formerly three-tiered system (grade 1, grade 2 and grade 3). Low-

grade CRCs (formerly grade 1 and 2) are characterised by a retained glandular differentiation, 

whereas high-grade CRCs show complex histoarchitectural features, like solid growth or signet 

ring differentiation (International Agency for Research on Cancer 2019). 

1.2.2 Adenoma-carcinoma sequence/CIN-pathway 

Since Wolff and Shinya developed the fibre optic flexible colonoscope with interventional ability 

in 1969 (Wolff and Shinya 1973), colonoscopy and polypectomy of the entire colon became 

feasible. This led to deeper understanding of colorectal cancerogenesis. Observing precancerous 

lesions and CRCs at different levels of progression, conventional adenomas could be considered 

to be the common precancerous lesion, which turns to CRC (Muto et al. 1975). However, the 

mechanisms of cancerogenesis at molecular level were almost unknown. 1988 Vogelstein and 

colleagues introduced a revolutionary model: the adenoma-carcinoma sequence (Figure 1). 

They describe the stepwise accumulation of different mutations in enterocytes at different 

points of adenoma and CRC development. The first step is the loss of function of APC, a tumour 

suppressor gene of the WNT-pathway (wingless-type mouse mammary tumour virus integration 

site family) (Vogelstein et al. 1988). It is consensus that isolated loss of APC can initiate 

conventional adenoma growth, but not CRC. Therefore, additional mutations were required. 

Since APC is also involved in chromosome segregation, loss of APC is thought to induce 

chromosomal instability (CIN), which makes cell genome more susceptible to the development 

of aneuploidy, loss of heterozygosity and subchromosomal genomic alterations (Pino and Chung 

2010). Therefore, further mutations can easily occur. The major genes affected are KRAS (Kirsten 

rat sarcoma viral oncogene homolog), p53 (tumour protein p53) and PI3K (phosphatidylinositol-

4,5-bisphosphate 3-kinase) with almost 50%, 65% and 15% in all CRCs respectively (Loree et al. 

2018). With an increasing number of mutations, CIN increases as well and more and more 

mutations accumulate in affected cells (Pino and Chung 2010). Mutations of KRAS, p53, PI3K and 

many more drive the precancerous lesion into cancer. Because of the major importance of CIN, 

the term 'CIN pathway' is used synonymously for the classical adenoma-carcinoma-sequence 

pathway. 
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1.2.3 Serrated pathway 

Most CRCs follow the CIN-pathway, typically developing from conventional adenomas (Muto et 

al. 1975). Therefore, this type of adenoma was considered to be the only precancerous type for 

decades, while serrated lesions like hyperplastic polyps were believed to stay benign with no 

need of excision (IJspeert et al. 2015). This belief has radically changed in the past two decades 

(IJspeert et al. 2015). It is now known, that up to 30% of CRC develop from serrated lesions 

(International Agency for Research on Cancer 2019). Since serrated lesions usually do not follow 

CIN pathway, another major pathway of cancerogenesis in CRC was postulated: the serrated 

pathway (Figure 1). In contrast to the CIN pathway, BRAF (murine sarcoma viral oncogene 

homolog B) mutations rather than APC or KRAS mutations seem to play the major role in 

serrated lesions (Clancy et al. 2013). They were found in up to 85% of MVHPs and in up to 100% 

of SSLs, suggesting to initiate the serrated pathway (IJspeert et al. 2015). However, similar to 

APC loss in the CIN pathway, more events are required to drive the lesion into cancer. One key 

mechanism is epigenetic silencing by deoxyribonucleic acid (DNA) hypermethylation of  

5'—cytosine—phosphate—guanine—3' (CpG) rich promoter regions of crucial tumour 

suppressor genes resulting in CpG island methylator phenotype (CIMP) (IJspeert et al. 2015). In 

normal cells, CpG island methylation regulates the expression of genes. Aberrant CpG island 

methylation of promoter regions of tumour suppressor genes causes silencing of tumour 

suppressor genes driving precancerous lesions into CRC and progressing CRC (IJspeert et al. 

2015). Depending on the grade of hypermethylation, CIMP can be classified in CIMP-negative, 

CIMP-low and CIMP-high (Jia et al. 2016). The mechanism of CIMP development is not yet clear 

(IJspeert et al. 2015). However, mutated BRAF is associated with CIMP-high in 77% of cases, but 

not with CIMP-negative phenotypes. So, CIMP seems to be initiated by mutated BRAF (Fang et 

al. 2014). If members of the MMR system, such as MLH1 (mutL homolog 1), MSH2 (mutS 

homolog 2), MSH6 (mutS homolog 6) or PMS2 (postmeiotic segregation increased 2), were 

silenced, the MMR becomes insufficient (Zoratto et al. 2014). Then, DNA damage, typically 

occurring in microsatellites during DNA replication, cannot be repaired anymore. Microsatellites 

are short tandem repeats of one to six nucleotides, which are interindividually different, but 

intraindividually uniform (Zoratto et al. 2014). During DNA replication, microsatellites get 

mutated very frequently, because polymerases tend to slip on them, producing prolonged or 

shortened replicates, and thus resulting in frame shift mutations (Zoratto et al. 2014). Without 

sufficient MMR, these replication failures remain uncorrected, leading to microsatellites varying 

in length, so called microsatellite instability (MSI) (Zoratto et al. 2014). Like CIMP, MSI is graded 

in MSI-high, MSI-low and microsatellite stability (MSS) depending on the number of affected 

microsatellite loci in PCR or the lack of MLH1, MSH2, MSH6 or PMS2 expression (Battaglin et al. 
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2018). MSI-high CRCs usually are right sited, poorly differentiated and they show mucinous 

histology and lymphocyte infiltration (Battaglin et al. 2018). Fortunately, MSI-high CRC are 

associated with an excellent prognosis, except in relapse (Battaglin et al. 2018). Thus, MSI testing 

has become implemented in clinic diagnostics already. In sporadic CRC, 80-90% of MSI cases are 

caused by CIMP (Battaglin et al. 2018). In up to 25% of all MSI CRCs, the MMR deficiency is 

caused by a germ line mutation of MLH1 as part of the HNPCC syndrome (Battaglin et al. 2018). 

HNPCC syndrome patients inescapably develop MSI CRC, so MSI screening and genetic 

diagnostics are crucial for detecting HNPCC syndrome patients and their relatives (Battaglin et 

al. 2018). 

Since the different cancerogenesis pathways are not exclusive, CRCs may show properties of 

different pathways in the same tumour complicating subtyping (Testa et al. 2018). However, 

stepwise models lack to explain the striking intra- and intertumour heterogeneity observed in 

CRC. Therefore, further models of cancerogenesis have been established, like the Big-Bang-

Model (Sottoriva et al. 2015) or the Punctuated Equilibrium Model (Sievers et al. 2017).  

Figure 1: Simplified schematic of stepwise cancerogenesis. 
Abbreviations: aberrant crypt foci (ACF), CpG island methylator phenotype (CIMP), 
chromosomal instability (CIN), colorectal carcinoma (CRC), goblet cell rich hyperplastic polyp 
(GCHP), hereditary nonpolyposis colorectal cancer (HNPCC), loss of heterozygosity (LOH), 
mismatch repair system (MMR), microsatellite instability (MSI), microsatellite stability (MSS), 
microvesicular hyperplastic polyp (MVHC), sessile serrated lesion without/with dysplasia 
(SSL/SSL-D), traditional serrated adenoma (TSA), protein names (please see section 
Abbreviation, pages III-V) 
After Testa et al. 2018, modified, including contents from IJspeert et al. 2015 and International 
Agency for Research on Cancer 2019. 
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1.3 Molecular classification of CRC 

Since CRC is a highly heterogeneous disease with different locations, different molecular 

alterations, different and mixed ways of cancerogenesis, different outcomes, different drug 

response etc., many efforts have been taken to classify CRCs regarding different criteria like 

histological pattern, mutational status, MSI status etc. (Jordan 2018). However, these 

classifications do not cover the broad spectrum of CRC sufficiently. In 2015, Guinney and 

colleagues developed a classification based on six independent classification systems, revealing 

four different consensus molecular subtypes (CMS), which are widely accepted. These four CMS 

groups cover 87% of all CRC, the remaining 13% are overlapping mixtures of CMS groups or 

indeterminate (Guinney et al. 2015). Even within the CMS groups, CRCs show heterogeneous 

characteristics, but, interestingly, in each group predominant properties are typical within the 

group.  

For the most part, CMS1 CRCs are right sided, more frequent in women, BRAFV600 mutated 

(mut), MSI as well as CIMP high and they show mucinous histological patterns (Dienstmann et 

al. 2017; Guinney et al. 2015). Usually, CMS1 CRCs follow the serrated pathway, developing from 

SSLs as mentioned above (Jordan 2018). Patients with CMS1 CRCs commonly have a good 

prognosis, unless they get a relapse. In that case, the prognosis shrinks down to 9 months 

survival after relapse, which is the worst in all CMS groups (Guinney et al. 2015). CMS1 CRCs 

show high lymphocytic infiltration due to a particular high immune activation, leading to direct 

clinical implication (Guinney et al. 2015). So in 2017, the tumour immunologic drug 

pembrolizumab, which is an anti-PD1 (programmed cell death protein 1) antibody, was 

approved by the food and drug administration (FDA) for the treatment of metastasized MSI high 

CRC, commonly grouped in CMS1 (Marcus et al. 2019). Because of MSI status and immunologic 

activity, the term 'MSI immune subtype' can be used synonymously (Dienstmann et al. 2017). 

By contrast, the CIN pathway splits up into different CMS groups. 

CMS2 CRCs, also known as 'canonical subtype', commonly develop from conventional adenomas 

following the CIN ('canonical') pathway (Dienstmann et al. 2017). They were characterized by 

intermediately differentiated epithelial low-grade (formerly grade 2) histological patterns, CIN, 

MSS, negative for CIMP, frequent APC and p53 mutations (Dienstmann et al. 2017; Guinney et 

al. 2015). Typically, CMS2 CRCs are left sided, more frequent in men than in women and patients 

have a good prognosis (Guinney et al. 2015). Up-regulation of WNT/MYC (avian 

myelocytomatosis viral oncogene homolog) signalling pathway is very common (Guinney et al. 

2015).  
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CMS3 CRCs are predominantly characterised by metabolic deregulation (Guinney et al. 2015). 

KRAS, APC, p53 and PI3K mutations are frequent in CMS3 CRCs (Guinney et al. 2015). Especially 

KRAS is considered to be linked to deregulated metabolism in cancer (Yun et al. 2009). 

Therefore, CMS3 is also named 'metabolic subtype' (Dienstmann et al. 2017). Similar to CMS2, 

CMS3 CRCs seem to develop from conventional adenoma as well (Dienstmann et al. 2017). 

However, since 16% of CMS3 CRCs show MSI, they are not restricted to MSS (Guinney et al. 

2015).  

CMS4 CRCs are associated with the worst overall survival (OS) of all subgroups. The five year 

overall survival (5YOS) after diagnosis is reduced by more than 10% compared to the other CMS 

groups (Guinney et al. 2015). CMS4 CRCs are characterised by histological low-grade (formerly 

grade 2) patterns with high-grade desmoplasia, the stromal reaction by surrounding fibroblasts 

to the invasive cancer (Dienstmann et al. 2017). Tumours are usually MSS, CIN and negative for 

CIMP (Guinney et al. 2015). Pathways responsible for EMT (epithelial-mesenchymal 

transformation), such as TGFβ (transforming growth factor beta), integrins and VEGF (vascular 

epithelial growth factor) are frequently up-regulated in CMS4 CRCs (Guinney et al. 2015). 

Interestingly, TGFβ seems to determinate the further development of serrated polyps. If TGFβ 

signalling becomes hyperactivated, SSLs run into CMS4. Otherwise they become CMS1 CRC 

(Fessler et al. 2016). In contrast to immunogenic CMS1 CRCs, CMS4 evade the immune system. 

By up-regulation of immunosuppressive signalling pathways, such as TGFβ, the tumour 

surrounding leukocyte infiltration is characterised by immunosuppressive cells like regulatory  

T-cells protecting CMS4 CRCs from immunological attacks (Becht et al. 2016).  

Currently, the CMS system is probably the most advanced characterisation of CRC. It considers 

the enormous heterogeneity of CRC integrating molecular, morphologic and prognostic aspects.  

1.4 Physiological mechanism of BRAF action 

1.4.1 The MAPK pathway 

BRAF is a serine/threonine protein kinase of the RAF family and plays a major role in classical 

MAPK (mitogen-activated protein kinase)/ERK (extracellular signal-regulated kinase) signalling 

(Morrison 2012). This pathway is very important in mammalian cells for the conversion of 

extracellular signals, such as receptor tyrosine kinase (RTK)/RTK-ligand interactions, into 

potentiated and fine-tuned intracellular signals at the cytosolic and nuclear levels, which may 

regulate cell growth, differentiation, proliferation and/or survival (Zhang and Liu 2002). The 

MAPK/ERK pathway underlies many regulations and is linked to multiple other signalling 

pathways of the cellular signalling machinery. So far, its complexity is not entirely understood. 
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As an example, a RTK like EGFR (epidermal growth factor receptor) binds with its extracellular 

domain to its ligand like EGF (epidermal growth factor) and hence becomes oligomerised and 

activated by autophosphorylation at its intracellular tyrosine residues (Figure 2) (Dawson et al. 

2005; Kozer et al. 2014). Once activated, the preformed intracellular complex of GRB2 (growth 

factor receptor-bound protein 2), an adaptor protein composed of SRC (SRC proto-oncogene) 

homology (SH) 2 and SH3 domains, and the GTP (guanosine diphosphate)/GDP (guanosine 

triphosphate) exchange factor SOS (son of sevenless) can bind to the phosphorylated tyrosine 

residues on EGFR through the GRB2 SH2 domain, thereby recruiting themselves to the plasma 

membrane (Margolis and Skolnik 1994). Now RAS (rat sarcoma viral oncogene homolog) can 

interact with SOS, which activates RAS by exchanging GDP for GTP. GTP-loaded RAS dimerises 

and activates RAF (Güldenhaupt et al. 2012; Lin et al. 2014; Nan et al. 2015). The detailed 

mechanisms of RAF activation, especially for BRAF, are explained below. Activated RAF in turn 

phosphorylates MEK1/2 (MAPK/ERK kinase 1/2) at serine residues to activate MEK1/2, which 

subsequently activates ERK1/2 (Morrison 2012). ERK1/2, also known as MAPK1/2, are the main 

effector serine/threonine kinases with more than 600 substrates in cytoplasm and nucleus 

(Maik-Rachline et al. 2019; Morrison 2012). For instance, important ERK1/2 targets are MYC, 

FOS (Finkel–Biskis–Jinkins murine osteosarcoma viral oncogene homolog) and cyclin D1, which 

are deregulated in cancer and very frequently acting as oncogenes. MYC is a transcription factor 

important for cell growth, proliferation, apoptosis, metabolism, stem cell renewal and 

differentiation (Eischen et al. 2001; Miller et al. 2012; Murphy et al. 2005). MYC phosphorylation 

by ERK1/2 protects MYC against degradation, so it accumulates in nucleus, leading to enhanced 

activity, when ERK1/2 is active (Maik-Rachline et al. 2019). FOS is also a transcription factor 

important for cell proliferation, differentiation, apoptosis, angiogenesis, EMT and metastasis 

(Ashida et al. 2005; Marconcini et al. 1999; Qu et al. 2019). ERK1/2 phosphorylates and activates 

ELK1 (ETS transcription factor ELK1), which acts as transcription factor, increasing FOS 

expression. Unless FOS becomes phosphorylated by ERK1/2, it is rapidly degraded. Since FOS is 

expressed only after a significant delay, long term activity of ERK1/2 is required for FOS 

phosphorylation, which is the case during aberrant MAPK/ERK signalling (Maik-Rachline et al. 

2019). Through the suppression of cyclin D1 inhibition, ERK1/2 also regulates the cell cycle, 

leading to cell growth and proliferation (Fang and Richardson 2005; Maik-Rachline et al. 2019).  
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1.4.2 BRAF regulation 

All RAF family members, namely ARAF (A-RAF proto-oncogene, serine/threonine kinase), BRAF 

and CRAF (RAF-1 proto-oncogene, serine/threonine kinase), are structured in two domains and 

three conserved regions (CR): the N-terminal regulatory domain containing CR1 and CR2 and the 

C-terminal kinase domain containing CR3 (Terrell and Morrison 2019). CR1 contains the  

RAS-binding domain (RBD), which binds to RAS during its activation, and the cysteine rich 

domain (CRD) (Terrell and Morrison 2019). CR2 is rich in serine/threonine residues and works as 

a flexible hinge region between CR1 and CR3 (Dankner et al. 2018). CR3 contains a negatively 

charged regulatory region, the P-loop, an αC helix, the activation segment, the dimerising 

interface and a aspartic acid-phenylalanine-glycine-motif (DFG-motif), which are all important 

for the regulation of BRAF function (Dankner et al. 2018). The subsequently detailed 

mechanisms of RAF regulation focus on BRAF, but the regulation of ARAF and CRAF is very 

similar. 

To avoid dangerous aberrant activation, BRAF activity is tightly regulated by several mechanisms 

at the levels of protein conformation, phosphorylation and interaction with other proteins. BRAF 

exists as monomer in an inactive conformation and dimerisation is required for its activation 

(Terrell and Morrison 2019). In its inactive form, the BRAF CR1 region binds with its RBD and 

CRD to CR3 blocking the kinase domain (Terrell and Morrison 2019). Moreover, negative 

regulatory sites of the kinase domain are phosphorylated, inhibiting BRAF activity (Terrell and 

Morrison 2019). The P-loop, important for ATP (adenosine triphosphate) binding, interacts 

strongly with the activation segment, so an inhibiting conformation is stabilized (Dankner et al. 

2018). The αC helix also interacts with the activation segment, covering the dimerising interface. 

 
Figure 2: Simplified MAPK pathway, after Morrison 2012, modified. 
Abbreviations: guanosine di/triphosphate (GDP/GTP), receptor tyrosine kinase (RTK), 
protein names (please see section Abbreviation, pages III-V) 
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Furthermore the DFG-motif blocks the catalytic activity (Dankner et al. 2018). In addition to this 

autoinhibition, several proteins bind to BRAF to protect downstream targets against accidental 

activation. 14-3-3 (14-3-3 protein, member of phosphoserine-/phosphothreonine-binding 

proteins) binds CR2 and the kinase domain of autoinhibited BRAF (McPherson et al. 1999). 

Interestingly, MEK1, the downstream target of BRAF, also forms a complex with inactive BRAF 

monomers in a 'face-to-face' manner, blocking catalytic activity of both (Haling et al. 2014). CRAF 

forms a similar inhibitory complex with RKIP (RAF kinase inhibitor protein) rather than MEK1, 

which becomes disrupted through RKIP phosphorylation by PKC (protein kinase C), activating 

CRAF (Corbit et al. 2003). Finally, HSP90 (heat shock protein 90) binds to inactive BRAF, 

stabilizing its inhibited conformation (Schulte et al. 1995; Terrell and Morrison 2019).  

To fully activate RAF, all the protecting inhibition mechanisms have to be removed. BRAF 

activation is started by binding to activated RAS with its RBD (Herrmann et al. 1995). However, 

the most important mechanism appears to be the localisation of BRAF to cell membrane, rather 

than RAS binding itself (Terrell and Morrison 2019). The favourable position of BRAF in proximity 

to membrane gets stabilised by interaction of CRD with lipids bound to RAS or directly with 

phospholipids of the cell membrane (Travers et al. 2018). Due to the interaction with RAS and 

the cell membrane, 14-3-3 dissociates from CR2, exposing this region to the phosphatase activity 

of several relevant protein phosphatases (McPherson et al. 1999). In addition, to enable a 

conformational change and dimerisation, sites within the negatively charged regulatory region 

of CR3 need to be phosphorylated, leading to more negative charges. These are driven by CK2 

(casein kinase 2) in case of BRAF, or SRC family kinases in the cases of ARAF and CRAF (Terrell 

and Morrison 2019). Thus, homodimerisation or heterodimerisation becomes possible, by  

side-to-side contact of the different RAF family members. The most common BRAF/CRAF 

heterodimers reach the highest catalytic activity (Cope et al. 2018; Terrell and Morrison 2019; 

Weber et al. 2001). The exact mechanism and the stabilisation of dimerisation remains poorly 

understood. However, it seems that 14-3-3, while stabilising the inactive conformation, may also 

stabilise the formed dimer (Weber et al. 2001). For full kinase activity, a final conformational 

change, exposing the catalytic cleft, is required. In BRAF, two phosphorylations in the activation 

segment of CR3 immediately adjacent to site 600, namely threonine 599 and serine 602, bring 

in the negative charges necessary to conduct this change in conformation (Cope et al. 2018; 

Terrell and Morrison 2019). Interestingly, despite the inhibitory effect of the MEK1/BRAF 

complex mentioned above, MEK1 seems to promote autophosphorylation of the activation 

segment of BRAF (Cope et al. 2018). Like 14-3-3, HSP90 stabilises the inactive and the active 

BRAF conformations as well (da Rocha Dias et al. 2005; Terrell and Morrison 2019).  
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Once activated, BRAF phosphorylates MEK1/2 in a very specific manner at serine residues, 

leading to the dissociation of MEK1/BRAF complex and to MEK1/2 activation (Cope et al. 2018; 

Haling et al. 2014). 

To shut off signalling, several mechanisms, leading to a termination of RAF activity, can be 

employed. Importantly, a negative feedback loop by ERK phosphorylating RAS at 

serine/threonine sites interrupts the interaction of RAF and RAS. RAF dissociates into monomers 

and detaches from cell membrane, leading to inactivation (Terrell and Morrison 2019). 

Additionally, dephosphorylation of the negatively charged regulatory region by PP5 (protein 

phosphatase 5) and autophosphorylation of negative regulating sites abolish RAF activity. 

Finally, RAF becomes stepwise recycled to its initial pre-signalling conditions (Terrell and 

Morrison 2019). 

1.5 Pathological mechanism of mutated BRAF action 

More than 200 different BRAF mutations are known, leading to a more or less aberrant BRAF 

function (Yao et al. 2017). Some years ago, BRAFV600E (mutant BRAF at site 600 with glutamic 

acid instead of valine) was considered to represent more than 90% of BRAF mutations 

(Holderfield et al. 2014). However, since next generation sequencing became more established 

in clinic, the number of known BRAF mutations increased rapidly. In metastatic CRC, 22% of BRAF 

mutations occur at nonV600 sites (Jones et al. 2017). Recently, three distinct groups of BRAF 

mutations have been identified, by considering kinase activity, RAS-dependency and 

dimerisation-dependency compared to BRAF wild type (wt). Mutations of class 1 occur in the 

activation segment at V600 and are characterised by high kinase activity and constitutive RAS- 

and dimerisation-independent activation. Class 2 mutations typically occur in the P-loop or 

activation segment, leading to RAS-independent but dimerisation-dependent activation with 

intermediate to high kinase activity. Finally, class 3 mutations typically occur in the P-loop or the 

DFG-motif, leading to low or dead kinase activity and RAS- and dimerisation-dependent 

signalling by cross-activation of the second protomer in the dimer (Dankner et al. 2018; Yao et 

al. 2015; Yao et al. 2017). Since class 1 and especially BRAFV600E are still the most frequent and 

most important BRAF mutations in CRC (Dankner et al. 2018), the following description of 

mechanism of action is focused on class 1.  

Position 600 is in the close proximity to the physiologically autophosphorylated threonine 599 

and serine 602. The replacement of the uncharged amino acid valine at position 600 by a 

charged amino acid like glutamic acid, aspartic acid, lysine, or arginine, as common in class 1 

BRAF mutations, mimics the phosphorylation that usually occurs during activation (Dankner et 
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al. 2018). In BRAFV600E, glutamic acid 600 forms a salt bridge with lysine 507 within the  

αC helix, which enables the active conformation of the αC helix, mimicking the conformational 

change during dimerisation (Lavoie and Therrien 2015). Thus BRAFV600E evades all feedback 

mechanisms and autoinhibition mechanisms. BRAF gets independently activated as monomer 

with a more than 500-fold kinase activity compared to BRAFwt, leading to strikingly increased 

downstream signalling (Dankner et al. 2018; Wan et al. 2004). Because of the continuous MAPK 

activation, ERK becomes long-term hyperactivated, which leads to oncogenic alteration of ERK 

target's activity driving cancerogenesis (Maik-Rachline et al. 2019). 

1.6  BRAF mutation in CRC 

Approximately 10% of CRCs are BRAFmut, with V600 as the most frequent mutation site 

(Dankner et al. 2018; Guinney et al. 2015). BRAFV600 mutations are preferentially associated 

with MSI-high, right-sided location, higher age at diagnosis, female sex, mucinous histological 

pattern, smoking (Clancy et al. 2013; Gonsalves et al. 2014) and resistance to standard 

chemotherapy (Ursem et al. 2018). BRAFV600mut CRC is associated with worse prognosis 

compared to BRAFwt CRCs (Figure 3) (Lochhead et al. 2013). In particular, it is considered to be 

an independent negative prognostic factor in MSS tumours (Sanz-Garcia et al. 2017). By 

contrast, in non-metastasized MSI tumours the evidence remains inconclusive, as to whether 

there is a negative impact on the relatively good prognosis of MSI tumours (Lochhead et al. 2013; 

Roth et al. 2010). In metastasized MSI and MSS CRC, BRAFV600 mutations are associated with a 

very poor prognosis (Samowitz et al. 2005; Shimada et al. 2019; Venderbosch et al. 2014). 

Because of their prognostic value, namely excellent prognosis of MSI and worse prognosis of 

BRAFV600mut MSS tumours, BRAFV600 mutational status and MSI status were implemented in 

clinical diagnosis as important prognostic biomarkers (Smeby et al. 2018). Therefore, in most 

clinical trials investigating BRAF or KRAS prognostic value, studies have been stratified by MSI 

status, usually without consideration of the potentially confounding tumour heterogeneity. 

However, this might change with the recent CMS classification. BRAFV600 mutations typically 

occur in CMS1 tumours rather than CMS2, 3 or 4 with a frequency of 42% vs. 1% vs. 7% vs. 7%, 

respectively (Guinney et al. 2015). Initial studies stratified by CMS subgroups suggest an 

enrichment of BRAFV600 mutations in CMS1, not only in MSI, but also in MSS CRCs (Smeby et 

al. 2018). Consistent with former evidence, BRAFV600 mutations are an independent negative 

prognostic factor in MSS, but not in MSI tumours. Interestingly, across the CMS subgroups, CMS1 

MSS BRAFV600mut CRCs show worse prognosis than CMS2, 3 or 4 MSS BRAFV600mut CRCs, 

possibly because of a higher positive correlation of CMS1 MSS BRAFV600mut CRCs with 

metastasis (Smeby et al. 2018).  
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1.7 Targeting BRAFV600mut CRC  

1.7.1 BRAF inhibitors 

BRAF inhibitors (BRAFi) are small molecules, which usually block the ATP-binding site of BRAF in 

a competitive manner (Holderfield et al. 2014). Because the BRAFV600 mutation was initially 

found in more than 50% of malignant melanomas, BRAFis have been developed primarily for 

malignant melanoma treatment (Holderfield et al. 2014). Between the first description of 

mutant BRAF in 2002 (Davies et al. 2002) and clinical approval of the first BRAFi, less than 10 

years passed. This highlights, how urgently better treatments for poor prognosis-related 

advanced BRAFV600mut malignant melanoma were needed. In particular, the second 

generation BRAFi vemurafenib (V) has been FDA-approved for treatment in advanced 

BRAFV600mut malignant melanoma as monotherapy in 2011 (Mullard 2012), and dabrafenib 

(D) in combination with the MEK inhibitor trametinib in 2014 (U. S. Food and Drug 

Administration, Center for Drug Evaluation and Research 2014). Encorafenib in combination 

with the MEK inhibitor binimetinib obtained approval in 2018 (U. S. Food and Drug 

Administration, Center for Drug Evaluation and Research 2018). In contrast to first generation 

BRAFis like sorafenib, second generation BRAFis like V, D and encorafenib selectively block 

kinase activity of class 1 BRAFV600mut monomers (Yao et al. 2017). V suppresses BRAFV600mut 

malignant melanoma cells with a 50-fold higher potency compared to BRAFwt cells (Holderfield 

et al. 2014).  

Figure 3: Prognosis of BRAFV600mut CRC.  
Abbreviations: 5-year overall survival (5YOS), colorectal cancer (CRC), metastatic stage (M), 
microsatellite instability-high (MSI-high), microsatellite stability (MSS), patients number 
(N), mutated (mut), overall survival (OS), wild type (wt) 
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1.7.2 Adverse effects and paradoxical ERK activation of BRAFis 

In general, V, D and encorafenib are well tolerated. Typical side effects are symptoms like 

alopecia, arthralgia, fatigue, headache and most importantly, skin toxicities (Blank et al. 2017; 

U. S. Food and Drug Administration, Center for Drug Evaluation and Research 2014). Patients 

often suffer from hyperkeratosis, photosensitivity reactions, benign skin lesions and, 

surprisingly, also malign skin lesions. Up to 22% of patients treated with V develop cutaneous 

squamous cell carcinoma, which represents the most prominent grade 3 and 4 adverse effect 

(Adelmann et al. 2016). Secondary neoplasms and relapse of primary neoplasms (Andrews et al. 

2013) are the major problem in terms of BRAFis induced side effects and typically occur within 

the first 8 weeks of BRAFi treatment (Menzies et al. 2013). At this point, two different key 

mechanisms for these adverse reactions observed are known: paradoxical MAPK/ERK activation 

in BRAFwt cells (Adelmann et al. 2016) and suppression of apoptosis (Vin et al. 2013). 

In spite of their great specificity for monomeric acting BRAFV600 mutants, second generation 

BRAFis are not exclusively targeting BRAFV600. They also bind to dimeric BRAFwt and CRAF, 

albeit much less effectively (Menzies et al. 2013). Although this inhibition is much weaker, 

compared to that elicited upon BRAFV600, the inhibition of BRAFwt and CRAF is sufficient to 

disturb negative feedback mechanisms between ERK1/2 and upstream kinases, leading to 

rebound effects and paradoxically elevated MAPK/ERK signalling (Menzies et al. 2013). 

Moreover, BRAFi bound BRAFwt seems to induce BRAF/CRAF heterodimerisation and 

transactivates the BRAFi-free protomer in a manner similar to class 3 BRAF mutations. This leads 

to elevated MAPK/ERK signalling in BRAFwt cells (Cope et al. 2018; Heidorn et al. 2010). Another 

proposed mechanism is the BRAFi-dependent prevention of inhibitory BRAF 

autophosphorylation (Holderfield et al. 2013). Nevertheless, these mechanisms still remain 

incompletely understood. However, in the presence of RAS mutations and BRAFwt,  

BRAFi-induced paradoxical MAPK/ERK activation seems to induce secondary malign lesions, as 

well as relapse of primary malign lesions. Indeed, BRAFi-induced cutaneous squamous cell 

carcinomas are associated with HRAS (Harvey rat sarcoma viral oncogene homolog) mutations 

(Adelmann et al. 2016). 

On the other hand, upstream kinases of JNK (c-Jun N-terminal kinase), which is a non-classical 

MAPK involved in stress-induced response signalling and apoptosis, represent off-targets of 

BRAFis. Their inhibition leads to apoptosis suppression, which is also important for driving 

cancerogenesis (Vin et al. 2013).  
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To reduce paradoxical activation, newer BRAFis are more selective for BRAFV600. Patients 

treated with D or encorafenib develop cutaneous squamous cell carcinoma in only 6% or 3.7% 

of cases, respectively, compared to 22% in V-treated patients (Adelmann et al. 2016). To even 

further avoid paradoxical activation, so called 'paradox breaker', third generation BRAFis are 

under development (Tutuka et al. 2017).  

1.7.3 Resistance to BRAFi therapy 

In malignant melanoma, BRAFi monotherapy showed striking initial efficacy with complete or 

partial remission for the majority of treated patients (Flaherty et al. 2010). In stark contrast, in 

CRC, no convincing efficacy could be shown at all (Kopetz et al. 2015). However, remissions in 

malignant melanoma patients commonly lasted a few months only until relapse (Wagle et al. 

2011). So why do BRAFV600mut CRCs show such a pronounced primary resistance against 

BRAFis and why do BRAFV600mut neoplasms escape from BRAFi therapy that rapidly? These 

questions were investigated intensely, revealing several mechanisms of resistance. Molecular 

alterations as well as alterations due to disturbed regulatory feedback, leading to BRAFi 

resistance, are mainly related to the MAPK/ERK pathway itself, or to cross-talking pathways, 

respectively (Appendix, Table 4). 

Similar to paradoxical ERK activation in BRAFwt cells, sudden loss or reduction of markedly 

elevated ERK activity due to inhibition of BRAFV600 leads to a loss of negative feedback 

inhibition of upstream targets in BRAFV600mut cells (Figure 2). Since EGFR signalling and 

consequently MAPK/ERK signalling is much more important in CRC than in malignant melanoma, 

those 'rebound effects' are much more pronounced in CRC, which might explain the poor BRAFi 

response compared to malignant melanoma (Lito et al. 2012). For instance, EGFR reactivation 

(Corcoran et al. 2012) or RASwt amplification (Yaeger et al. 2017) were reported in 

BRAFV600mut CRC, but not in malignant melanoma. A central factor in BRAFi resistance is the 

promotion of BRAF dimerisation (Yaeger et al. 2017). Since BRAFis were designed to bind 

monomeric BRAFV600, the inhibition of dimerised BRAF is not particularly potent. 

Unfortunately, BRAFis even induce dimerisation and thus enable escape from therapy (Cope et 

al. 2018). In addition, RAS mutations, over-expression of RAS and alternatively spliced BRAFV600 

can induce RAF dimerisation as well (Yaeger et al. 2017).  
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As mentioned above, the MAPK/ERK pathway is linked to many other crucial signalling 

pathways. The multi-site docking protein GAB1, up-regulated by BRAF inhibition (Herr et al. 

2018), is a key player in signalling pathway cross-talk. For instance, it connects the 

PI3K/AKT(protein kinase B)/mTOR (mechanistic target of rapamycin kinase) pro-survival 

pathway to MAPK/ERK (Fritsche-Guenther et al. 2016; Wang et al. 2015). 

While the mechanistic details remain unclear, PI3K is considered to force CRAF activation 

independently from RAS (Ebi et al. 2013). Up-regulation or activating mutations of PI3K and loss 

of PTEN (phosphatase and tensin homolog), a suppressor of PI3K/AKT/mTOR pathway, are 

frequently present in BRAFi-treated BRAFV600mut CRCs, driving primary or acquired BRAFi 

resistance (Mao et al. 2013). Recently, up-regulated SHP2 (SH2 domain-containing protein 

tyrosine phosphatase 2), which also docks onto GAB1, has been revealed to be a major driver of 

resistance in CRC, but not in malignant melanoma. SHP2 is a phosphatase, which removes 

inhibitory phosphorylations from RAS, and is thus important for RAS recycling and re-activation 

(Herr et al. 2018; Prahallad et al. 2015). In association with MAPK/ERK rebound, elevated 

PI3K/AKT/mTOR signalling and apoptosis suppression, BRAFi resistant cells frequently show 

elevated levels of EIF4F (eukaryotic translation initiation factor 4F), which is important for 

initiation of translation (Boussemart et al. 2014).  

All in all, targeting BRAFV600 by monotherapy is clearly not sufficient for the effective targeting 

of BRAFV600mut CRC. Consequently, a number of different approaches of combining drugs 

vertically (within MAPK/ERK signalling) or horizontally (across different pathways) have been 

developed with the intention to overcome resistance (Cohen et al. 2017). 

1.7.4 Combination treatment approaches in CRC 

The main aims of combining drugs in BRAFV600mut cancer are (i) overcoming resistance,  

(ii) avoiding resistance development and (iii) the reduction of side effects through blocking 

paradoxical ERK activation. In advanced BRAFV600mut malignant melanoma, the combination 

of BRAFi with a MEK inhibitor (MEKi) evolved into a standard therapy regimen, raising OS from 

less than 9 months under standard chemotherapy (Flaherty et al. 2010) to 33.6 months in 

patients receiving encorafenib combined with binimetinib (Liszkay et al. 2019). In comparison, 

patients treated with encorafenib or V alone reached OS of at least 23.5 months or 16.9 months, 

respectively (Liszkay et al. 2019). Recently, data of five year treatment with D-trametinib-

combination in metastasized BRAFV600mut malignant melanoma patients became available, 

which show an incredible 5YOS rate of 34% (Robert et al. 2019). 
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Unfortunately, in CRC a therapeutic break through, such as in malignant melanoma, is still 

lacking (Appendix, Table 3). Although the triple combination of BRAFi, MEKi and EGFR inhibitor 

(EGFRi), namely encorafenib, binimetinib and cetuximab, shows emerging efficacy in a recent 

randomised phase III study, the absolute improvement of OS depicts only a few months (Kopetz 

et al. 2019). Therefore, other approaches are required to advance patient’s survival markedly. 

Obviously, the combination of inhibitors of different members along or across the MAPK/ERK 

pathway does not keep BRAFV600mut CRC cells from circumventing inhibitory therapy through 

collateral signalling (Ducreux et al. 2019; Yaeger et al. 2017).  

1.8 HSP90 ‒ a promising target? 

The chaperones HSP70 (heat shock protein 70) and especially HSP90 are the most important 

members of the human chaperome, a network of various chaperones, co-chaperones, 

scaffolding proteins, adaptor proteins and folding proteins (Rodina et al. 2016). Chaperones are 

often described as helper proteins, which interact with so-called 'client' proteins to ensure their 

correct folding. They stabilize the different functional conformations and enable an active 

structure of their clients (Schopf et al. 2017). Heat shock proteins were found initially to be 

elevated in circumstances of cellular stress. Eponymously, in case of heating they protect protein 

function against misfolding termed denaturation (Schopf et al. 2017). In contrast to most other 

chaperones, HSP90 is also expressed at basal levels in non-stress situations, suggesting a critical 

role in cellular processes even under physiological conditions (Schopf et al. 2017). Indeed, HSP90 

has hundreds of client proteins. For example, more than 60% of all human kinases require HSP90 

for proper function (Picard 2019; Schopf et al. 2017). In particular, HSP90 supports complex 

formation (e.g. BRAF-dimerisation (Diedrich et al. 2017), β-catenin-destruction-complex 

(Cooper et al. 2011)), enables ligand binding by stabilization of an open conformation and 

modulation of the binding cleft (e.g. ATP binding to kinases (Polier et al. 2013; Pratt et al. 2008)) 

and supports stabilization of distinct functional conformations (e.g. active and inactive BRAF, 

see 1.4.2). Interestingly, many proteins involved in resistance mechanisms to BRAFi therapy are 

dependent on HSP90. Indeed, in BRAFV600mut malignant melanoma cells HSP90 inhibition was 

reported to overcome acquired BRAFi resistance by increased apoptosis and degradation of 

multiple proteins considered to contribute to BRAFi resistance (Paraiso et al. 2012). Besides 

direct BRAF regulation, HSP90 stabilizes AKT and mTOR as part of PI3K pathway, HER2 (human 

epidermal growth factor receptor 2) becomes rapidly degraded in absence of HSP90 (Pratt et al. 

2008) and ARAF, CRAF, MEK1/2 and ERK1/2 are HSP90 dependent as well (Grbovic et al. 2006; 

Kryeziu et al. 2019). Since mutations disturb protein structure, mutated proteins often become 

more dependent on stabilization by HSP90 than their wild type counterparts (Schopf et al. 2017). 
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In line with this, mutated EGFR requires HSP90 for stabilization, while EGFRwt is less dependent 

on HSP90 (Ahsan et al. 2013). Unless V600mut BRAF is not bound by HSP90, it becomes rapidly 

degraded compared to BRAFwt (Grbovic et al. 2006). RASmut cells become highly HSP90 

dependent, whereas RASwt is not considered to be a HSP90 client (Azoitei et al. 2012). That 

means, HSP90 'buffers' mutations, which might lead to disturbed protein structure and loss of 

function (Schopf et al. 2017). Taken together, tumour cell functions are apparently more 

dependent on HSP90 than normal cell functions, as indicated by an elevated HSP90 and HSP70 

machinery activity in more than 50% of cancers (Rodina et al. 2016).  

Interestingly, especially CMS1 and CMS4 CRCs were reported to be dependent on HSP90 (Sveen 

et al. 2018). As mentioned above, CMS1 CRCs are associated with V600mut BRAF and MSI with 

a hypermutation phenotype, which might explain the high requirement for HSP90 mediated 

stabilization of proteins. However, MSS CMS1 and CMS4 CRCs without hypermutation 

phenotype also seem to be more HSP90 dependent than CRCs of the other two CMS groups 

(Sveen et al. 2018). Targeting HSP90 might hence open a new therapeutic window in CRC 

therapy. Several clinical trials are currently running or were already performed investigating 

therapeutic potential of HSP90 inhibition in various cancer patients. However, while HSP90 

inhibitor (HSP90i) monotherapy seemingly lacks sufficient efficacy (Cercek et al. 2014), inhibition 

of HSP90 seems to sensitize solid cancers against conventional chemotherapy. Patients with 

advanced NSCLC treated more than 6 months after diagnosis with an HSP90i and docetaxel have 

a slightly better OS than patients treated with docetaxel only (Ramalingam et al. 2015). Even 

CRC patients seem to profit from combining HSP90is with capecitabine (Bendell et al. 2015). 

Combined with targeted therapy, HSP90is show initial efficacy in HER2 positive breast cancer 

patients treated with paclitaxel and trastuzumab (Jhaveri et al. 2017) as well as in CRC patients 

treated with cetuximab (Subramaniam et al. 2015). Again, in BRAFV600mut malignant 

melanoma, the combination of BRAFi and HSP90i shows striking efficacy with an increased OS 

from 9.2 months up to 34.6 months when treated with V mono-therapy vs. combination-therapy 

with the novel HSP90i XL888, respectively (Eroglu et al. 2018).  

However, in CRC the combination of HSP90i with BRAFi has not been clinically tested yet. Initial 

preclinical results report beneficial effects of combining both compounds (Wang et al. 2016), 

but more evidence is urgently needed to expand the options of CRC treatment by novel potential 

treatment approaches.  
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2 Aim of the thesis 

Over the past decades, modern diagnostics revealed BRAFV600 mutation in MSS and 

metastasized CRC as an independent negative prognostic marker, which is furthermore 

associated with resistance against conventional chemotherapy. In contrast to BRAFV600mut 

malignant melanoma, targeting BRAFV600mut CRC was revealed to be entirely inefficient, 

because of a striking repertoire of resistance mechanisms against inhibition of BRAFV600. 

Several efforts have been taken to overcome BRAFi resistance by combining BRAFis with 

different kinase inhibitors, monoclonal antibodies or chemotherapy. Unfortunately, despite 

promising preclinical results, clinical trials only show modest improvements of BRAFV600mut 

CRC patient’s outcome. Therefore, new approaches are urgently needed. Combining BRAFis with 

one or two additional and very selective compounds might not stop aberrant signalling in 

BRAFV600mut CRC sufficiently. Since most of the proteins involved in BRAFi resistance are 

HSP90 dependent, HSP90 might be a sensible target for combination treatment with BRAFis, in 

order to overcome BRAFi resistance, by targeting multiple resistance mechanisms 

simultaneously. Recently, promising clinical efficacy could be shown in BRAFV600mut malignant 

melanoma patients and initial preclinical investigations could show interesting results in 

BRAFV600mut CRC cells, suggesting treatment benefits of combining HSP90is with BRAFis. 

However, while HSP90 seems to be a key player in the resistance against BRAFi therapy in 

BRAFV600mut CRC, convincing evidence of efficacy of combining BRAFis with HSP90is is still 

lacking and urgently needed.  

Against this background, the major objective of this study is to investigate whether HSP90is are 

sufficiently potent combination therapy partners for BRAFis. Moreover, this study investigates 

how the combination of HSP90is and BRAFis behaves in different setups, to get information 

about robustness of combinatory approach. Therefore, this study investigates how the 

combination of BRAFis and HSP90is affects the cell viability in two-dimensional (2D) monolayer 

culture conditions as well as the colony forming activity in three-dimensional (3D) anchorage-

independent culture conditions. Furthermore, this study investigates, whether combination 

treatment effects are consistent in different BRAFV600mut CRC cell lines using different BRAFis 

and HSP90is. Finally, this study investigates how the combination of BRAFis and HSP90is affects 

tumour growth and metastasis in mice injected with BRAFV600mut CRC cells and whether mice 

tolerate the combination treatment. The in vivo studies were done in a collaboration. 
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3 Methods and materials 

3.1 Cell lines and growth conditions 

Cells were essentially cultured according to previously described conditions (Emaduddin et al. 

2008; Frejno et al. 2017). HT-29, COLO 201, RKO and Caco-2 cells were previously purchased 

from American type culture collection, OX-CO-1 cells were a kind gift from Khoon Lin Ling 

(Mount Elizabeth Medical Centre, Singapore; before at Weatherall Institute of Molecular 

Medicine, University of Oxford) and Vincenzo Cerundolo (Weatherall Institute of Molecular 

Medicine, University of Oxford) (Appendix, Figure 12). Cells were cultured in Dulbecco's 

modified eagle medium (DMEM) (41966052, Fisher Scientific) supplemented with 10% fetal 

bovine serum (FBS) (10270106, lot 41F5644K, Fisher Scientific) and 100 U/mL penicillin-

streptomycin (Pen-Strep) (15140-122, Fisher Scientific) at 37 °C in 10% carbon dioxide (CO2) 

humidified atmosphere. Cells were split when they reached approximately 80% confluency, 

using 5x concentrated trypsin, made from 10x concentrated trypsin-ethylene diamine 

tetraacetic acid (EDTA) solution (15400-054, Fisher Scientific) diluted with phosphate buffered 

saline (PBS) (10010056, Fisher Scientific)) for two to five minutes, depending on the adherence 

properties of the individual cell line, to detach the cells. Trypsin digestion was terminated by 

adding 10% FBS in PBS and cells were gently resuspended to separate cell clumps into single 

cells. Cells were counted, using an improved Neubauer haemocytometer (AS1000, Hawksley) 

and an inverted phase contrast microscope (NIKON eclipse TS100) at 100x magnification. Trypan 

blue (CN76.1, Carl Roth) staining was employed to recognize nonviable cells. After that, the 

appropriate cell number was transferred into new polystyrene culture flasks with 25, 75 or  

175 cm2 area, respectively (430639, 430641U, 431080, Corning), containing cell culture medium. 

Every two to three days, the cell culture medium was replaced by fresh cell culture medium. 

3.2 2D monolayer culture resazurin assay 

The protocol of the 2D monolayer culture resazurin assay, which was previously described (Riss 

et al. 2004), was slightly modified for our studies. RKO, Caco-2 and OX-CO-1 cells were harvested 

at approximately 80% confluency. HT-29 cells were harvested at approximately 60% confluency, 

because otherwise cells would remain in clumps of more than five cells after resuspending, 

which makes correct cell-counting impossible. For the 2D monolayer culture resazurin assay, 

DMEM without glucose or pyruvate (11966-025, Fisher Scientific) was supplemented with FBS, 

Pen-Strep and glucose (15384895, Fisher Scientific) to get a final solution containing 6 mM 

glucose, 5% FBS and 100 U/mL Pen-Strep. Cells were seeded to 96 well plates (3596, Corning) to 

a density of 2000 cells/well in case of HT-29 and OX-CO-1 cells and 3000 cells/well in case of RKO 

and Caco-2 cells, respectively. After cells were allowed to attach overnight in 37°C, 10% CO2 
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humidified atmosphere condition, the old medium was discarded and cells were treated with 

medium alone (untreated control (Ctrl)), medium-containing drug solvent (vehicle) (vehicle-

treated Ctrl), single compounds and combined compounds. The outer wells of the 96-well plate 

were kept cell-free but were filled with water to avoid increased evaporation of outer border 

wells, which contain cells. For treatment, the BRAFis D (dabrafenib, S2807, lot 4, Selleckchem) 

and V (vemurafenib, S1267, lot 9, Selleckchem) and the HSP90is HSP990 (H) (S7097, lot 1, 

Selleckchem) and 17-(Allylamino)-17-demethoxygeldanamycin (A) (S1141, lot 2, Selleckchem) 

were used. The vehicle (drug solvent) for all compounds was dimethyl sulfoxide (D2650, Sigma-

Aldrich), which was used at a final concentration of 0.1% for all 2D monolayer culture resazurin 

assay experiments. After a 72 h incubation in 37°C, 10% CO2 humidified atmosphere, cells of row 

11 (Appendix, Figure 9) were killed for background Ctrl by replacing medium with 70% ethanol 

(64-17-5, Carl Roth) for two minutes. Then, medium or ethanol was replaced by the staining 

solution, which is a 1:500 dilution of saturated, filter-sterilized 50 mg/mL resazurin in PBS 

(199303-5G, Sigma-Aldrich) diluted in phenol red-free DMEM (21063-029, Fisher Scientific). 

Subsequently, cells were incubated at 37°C, 10% CO2 humidified atmosphere for 1 h in the case 

of HT-29 cells and 2 h for OX-CO-1, RKO and Caco-2 cells. Finally, resorufin fluorescence at  

560 nm excitation and 590 nm emission was measured with a photometric microplate reader 

(Tecan Infinite M200 PRO) and data were transferred into Microsoft Excel. At least three 

independent experiments for each combination and each cell line were performed. COLO 201 

cells grow in suspension with only few low adherent cells. Therefore, they are not suited for 2D 

monolayer culture resazurin assays, because of the loss of the majority of cells during the 

multiple medium changing steps.  

3.3 3D soft agar anchorage-independent growth assay 

The 3D soft agar anchorage-independent growth assay is known for decades and widely used 

(Hamburger and Salmon 1977). For this thesis it was newly established in our laboratory.  

For experiments, an autoclaved agar stock solution was used at a concentration of 1.2% agar 

noble (214220, Becton, Dickinson) in sterile water. To prepare agar layers, agar stock solution 

was melted in a conventional microwave at 700 W for one to two minutes. This agar was mixed 

with prewarmed double concentrated medium, prepared from powdered DMEM (31600-083, 

Fisher Scientific) to obtain the soft agar medium, consisting of 1x DMEM with 5.5 mM glucose 

and 10% FBS. To avoid preliminary solidifying of agar dilutions, solutions were kept in a 42°C 

water bath and the cell culture plates were placed on a heating plate (P853.1, Carl Roth), 

equipped with a laboratory glass ceramic protective plate (A386.1, Carl Roth) at lowest heat 



 

21 
 

level, during preparation of the bottom layer. 42°C exposure to cells was kept as short as 

possible and did not exceed two minutes. 

Before transferring cells and soft agar, 24 well culture plates were pre-prepared with a bottom 

layer containing 0.6% agar noble in soft agar medium, containing double concentrated vehicle, 

single compounds or combined compounds at a volume of 1 mL. The bottom layer was allowed 

to solidify for at least 30 minutes at room temperature.  

In the meantime, cells were harvested as described above (see 3.2). Since single cells were 

required for seeding, cells were gently resuspended very carefully. Then, cells were counted and 

mixed with agar noble/soft agar medium solution, without any vehicle or compounds to a final 

concentration of 0.3% agar noble. 1 mL suspension containing cells was added on top of the 

bottom layer to a final cell count of 2000, 4000 and 16,000 cells/well for HT-29, COLO 201 and 

Caco-2 cells, respectively. After 30 minutes at room temperature, the agar layer containing cells 

has been solidified. Then, a superficial liquid layer containing soft agar medium with one-fold 

concentrated vehicle, single compounds or combined compounds, was added  

(Appendix, Figure 10). Empty spaces between wells were filled with medium to prevent wells of 

interest to suffer from increased evaporation. Plates were placed at 37°C 10% CO2 humidified 

atmosphere for 14 days. Every three to four days, 100 µL fresh soft agar medium containing  

one-fold concentrated vehicle, single compounds or combined compounds was added. 

On day 14, staining solution containing 0.5 mg/mL nitrotetrazolium blue chloride (4421.1, Fisher 

Scientific) in PBS was added to each well. Plates were then incubated overnight at 37°C 10% CO2 

humidified atmosphere for image acquisition on the next day.  

3.4 Image acquisition and processing 

For evaluation of 3D soft agar anchorage-independent growth assay, 24 well plates were placed 

on top of an illumination box and pictures of each well were taken with fixed distance between 

the macro-objective (SEL30M35, Sony) and plate, using a self-constructed camera stand with 

adapted camera (ILCE-5100L, Sony) and fixed camera settings for all experiments  

(Appendix, Figure 11). Each well was centred manually under the camera objective. Images were 

taken of each well, using Sony Remote Camera Control v3.6 on a personal computer, equipped 

with Microsoft Windows 7 Professional to avoid shake artefacts. A nearly closed aperture, 

optimized for image sharpness and depth of field, was used. Additionally, a scale was imaged 

with same settings to recalculate colony size during data processing. Then, images were 

imported to RawTherapee v4.2.1148 and processed, using a standardized processing profile 

with same settings across all images to obtain uniformly cropped and uniformly processed 
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images for further analysis. Finally, images were imported into (Fiji Is Just) ImageJ v1.51n for 

automated colony count, using a macro (Appendix, Figure 13), which runs the function ‘analyse 

particles’ and which exports data of colony size in mm2 and colony count to .xls files. The files 

were imported to a prepared and standardized Microsoft Office 2016 Excel sheet, using a macro 

(Appendix, Figure 14) for further data evaluation. 

3.5 Mouse xenografts 

In vivo experiments were performed by Thomas Müller (Arbeitsgruppe Experimentelle 

Onkologie, Klinik für Innere Medizin IV, Universitätsklinikum Halle). The experiments were done 

according to regional standards and regulations and were approved by the state administration 

of Saxony-Anhalt (official file number 42502-2-1413 MLU). Five million luciferase-expressing  

HT-29 cells were injected into the right flank of male athymic nude mice subcutaneously 

(Athymic Nude-Foxn1nu/nu, local breeding, ZMG of Medical Faculty of MLU Halle). The 

luciferase-expressing HT-29 cells, named HT29-Luc, were previously generated, established and 

successfully used by the Arbeitsgruppe Experimentelle Onkologie, Klinik für Innere Medizin IV, 

Universitätsklinikum Halle. Tumours were established after ca. 14 days, reaching a volume 

between 50 and 300 mm3. Mice were divided into four groups, containing eight mice each, with 

an equal mean tumour volume and equal volume distribution across the groups. The groups 

were treated by intraperitoneal injection with vehicle (10% Tween80, 10% Ethanol, 80% saline), 

D, H or with the combination of D and H for 30 days. 30 mg/kg D were applied daily, except on 

weekends, and 5 mg/kg H were applicated once a week. Dosing was adopted from previously 

described xenograft experiments, using D and H (King et al. 2013; Menezes et al. 2012). Mice 

were weighed daily and checked for abnormal behaviour, except on weekends. Tumour size was 

measured using a calliper and volume was calculated using the formula: 

𝑉 = 𝑎ଶ  ∙  𝑏 ∙  
𝜋

6
 

Where V represents volume, a the short and b the long dimension. On day 34 since treatment 

start, mice were sacrificed and tumours and lungs were excised. Tumours were weighed and the 

lung metastasis was analysed, using bioluminescence imaging on an IVIS Spectrum (Perkin 

Elmer) and quantified using Living Image® software (Perkin Elmer).  
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3.6 Synergy evaluation and hypothesis testing 

Prior to synergy evaluation, data were collected in Microsoft Office 2016 Excel, normalized 

between vehicle-treated Ctrl and background Ctrl for the 2D monolayer culture resazurin growth 

assay or normalized to vehicle-treated Ctrl for the 3D anchorage-independent growth assay and 

in vivo experiments, respectively. For the 3D anchorage-independent growth assay, only 

colonies with an area of at least 0.001 mm2 were included to exclude single cells or dust. 

For the evaluation of combinational treatment effects, the well-established methods of Bliss-

independence and highest single agent (HSA) were performed (Foucquier and Guedj 2015). 

Bliss-combination indices (Bliss-CI) were calculated in Microsoft Office 2016 Excel using the 

following formula:  

𝐵𝑙𝑖𝑠𝑠 − 𝐶𝐼 =  
𝐸 + 𝐸 −  𝐸 ∙ 𝐸 

𝐸ା
 

EA and EB are the treatment effects of the two different compounds in single treatment and EA+B 

is the combination treatment effect of both compounds combined. E ranges between 0  

(no effect) and 1 (e.g. 100% of cells are dead). Because in this thesis effects of different 

treatments were visualized as plots, showing the measured size instead of treatment effect E 

(e.g. colony count in % of Ctrl, metabolic active cells in % of Ctrl, etc.), data were transformed to 

calculate E, using the following formula:  

𝐸 =
𝐶𝑡𝑟𝑙 − 𝑋

𝐶𝑡𝑟𝑙
 

X is the respective measured size and Ctrl the corresponding vehicle-treated Ctrl. To check, if 

Bliss-CI is different from 1, a one sample T test was performed using GraphPad Prism 6.  

Since Bliss-CIs are valid only for E between 0 and 1, HSA was used in cases, where these 

requirements were not fulfilled. Therefore, the respective groups treated with the most 

effective single compound were compared to the combination treatment groups and to vehicle-

treated Ctrls with a one-way ANOVA, corrected for multiple comparison, using the Dunett-test 

in GraphPad Prism 6. The same ANOVA test has been used for comparison of different treatment 

conditions in 2D monolayer culture resazurin assay, 3D soft agar anchorage-independent growth 

assay and mouse xenografts. According to the recommendations of the American Statistical 

Association on statistical significance, a significance threshold like ‘p ≤ 0.05’ has not been set 

(Wasserstein and Lazar 2016). Nevertheless, p values were consistently reported. 
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4 Results 

4.1 Different cell lines respond differently to D, V, H and A in 2D 

For assessing potential combination treatment effects of BRAFis and HSP90is in 2D monolayer 

cell culture, well-adherent CRC cell lines with suitable growth properties on plastic surfaces were 

selected, namely the three BRAFV600mut CRC cell lines HT-29, OX-CO-1 and RKO and the 

BRAFwt CRC cell line Caco-2. The resazurin assay is well-suited for high throughput drug 

screening and was firmly established in our laboratory before the start of this project. 

Metabolically active cells reduce the deeply blue coloured and nonfluorescent resazurin to pink 

coloured and fluorescent resorufin (Riss et al. 2004), which can be quantified, using a 

fluorescence detector. The assay does not measure cell viability directly, but monitors the cells’ 

capability to reduce resazurin, which is considered to represent cells’ metabolic activity and 

which in turn is a surrogate marker for cell viability (Riss et al. 2004).  

Before starting combinational treatment studies, each cell line was treated with single 

compounds for 72 h to evaluate appropriate drug concentration ranges (Figure 4). Treatment 

effects were normalized between cells treated with vehicle only (= 100%) and vehicle-treated 

cells killed with ethanol before readout (= 0%). As expected, BRAFV600mut cells are more 

sensitive to BRAFis than BRAFwt Caco-2 cells. RKO cells show the highest BRAFi resistance of 

tested BRAFV600mut cells. The BRAFV600mut cell lines analysed in this study are also more 

sensitive to HSP90is than BRAFwt Caco-2 cells. Especially against A, Caco-2 cells show resistance 

with an approximately 100 times higher half effective inhibitory concentration (IC50), compared 

to HT-29 cells. Moreover, low concentrations of A seem to stimulate Caco-2 cells metabolic 

activity. In H treatment, sensitivity varies not very much across the different cell lines. Instead, 

the IC50 in Caco-2 cells seems to be slightly lower than in RKO cells, but an inhibition of metabolic 

activity of nearly 50% in RKO- cells and 20% in Caco-2 cells, compared to the respective vehicle-

treated Ctrl reveals RKO cells as being more sensitive to H than Caco-2 cells. HT-29 is the most 

sensitive cell line for all tested compounds. D is generally more potent than V and H is more 

potent than A. All in all, effective compound concentrations in BRAFV600mut cell lines were 

much below plasma concentrations reached in patients (Table 1).  
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Figure 4: Dabrafenib (D), vemurafenib (V), HSP990(H) and 17-AAG (A) single agent effects 
in CRC cell lines treated for 72 h and analysed by resazurin assay. Normalized data between 
background (0%) and vehicle control (Ctrl) (100%). Broken lines indicate respective relative 
IC50. In each case, at least three independent experiments were conducted. 

 

 

 

 

 

Table 1: Average relative IC50 values with corresponding cell metabolic activity. 

 

IC50 [nM] (%Ctrl)    
HT-29 OX-CO-1 RKO Caco-2 cblood [nM] ref 

D 0.60 (52) 2.8 (50) 80 (70) 210 (82) 72 (Puszkiel et al. 2019) 
V 26 (50) 220 (52) 1600 (61) 8000 (52) 5900 (Zhang et al. 2017) 
H 13 (57) 19 (54) 28 (50) 26 (80) 700 (Spreafico et al. 2015) 
A 26 (52) 210 (52) 130 (59) 2400 (84) 1000 (Goetz et al. 2005) 

 

Abbreviations: 17-AAG (A), blood concentration reached at steady state (cblood), vehicle-
treated control (Ctrl), dabrafenib (D), HSP990 (H), half maximal inhibitory concentration 
(IC50), reference (ref), vemurafenib (V) 
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4.2 Combination of BRAFis with HSP90is shows additive combination effects at 

nanomolar concentrations in BRAFV600mut CRC cells in 2D  

Once appropriate concentration ranges were defined around IC50 values, single treatments were 

escalated to combination treatments. Cells were treated with increasing concentrations of 

BRAFis and HSP90is alone or in combination in a matrix-type manner (Appendix, Figure 9). In all 

tested BRAFmut cell lines, the combination of BRAFis with HSP90is shows typically more efficacy 

than single treatments (Figure 5). When different compounds and their combinations are 

compared, the observed combination effects remain consistent within each cell line.  

Interestingly, in RKO, the most resistant BRAFmut cell line tested, combining BRAFis and HSP90is 

shows the strongest combination treatment effect of all cell lines. As expected, in BRAFwt  

Caco-2 cells, combination treatment effects were not as strong as in BRAFmut cell lines. As 

described for single A treatment above, also in combination treatment, Caco-2 cells seem to be 

slightly stimulated in their metabolic activity when treated with low concentrations of HSP90is. 

In HT-29 cells treated with highest V concentration, combined with low concentrations of 

HSP90is, the cells seem to be less affected in combination compared to V only. Therefore, data 

points of the combination effects of 1000 nM V, combined with the respective concentrations 

of H or A (Figure 5), were compared to V single treatment Ctrl in HT-29 cells. A null hypothesis 

claiming there is no difference and a working hypothesis that there is a difference between  

1000 nM V single treatment Ctrl and combinations were investigated using a one-way ANOVA. 

The p values were not lower than 0.28 or 0.058 for 1000 nM V combined with 10 nM H or  

13 nM A, respectively.  

According to Bliss (1939), three different types of interactions can be distinguished when drugs 

are added in combination: similar joint action, independent joint action and 

synergistic/antagonistic action (Bliss 1939). In case of similar joint action, the combined 

compounds act independently in the same mechanistic system, for example on one signalling 

pathway. Their dose-response curves are assumed to run in parallel and they are considered to 

be exchangeable in a fixed dose ratio to produce the same effect. In contrast, independent joint 

action means that the compounds act on different targets of different systems. In more recent 

literature the term Bliss-independence became established as a model of drug-drug interactions 

and is also used when compounds act in the same system, but affect different binding sites, for 

example (Foucquier and Guedj 2015). 
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Figure 5: Effects of dabrafenib (D) and vemurafenib (V) combined with HSP990 (H) and  
17-AAG (A) in CRC cell lines for 72 h monitored by resazurin assay. Normalized data between 
background (0%) and vehicle-treated control (Ctrl) (100%) are shown. In each case, at least 
three independent experiments were conducted. 
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To distinguish between Bliss-independence, which is synonymously termed additivity and 

synergism/antagonism, the Bliss-CI was introduced. Again, one can only speak of Bliss-CI, if E 

ranges between 0% and 100%. If Bliss-CI is less than one, the combination is considered to be 

synergistic, if Bliss-CI is greater than one, as antagonistic. If Bliss-CI equals one, the compounds 

are considered to act additively (Foucquier and Guedj 2015).  

Therefore, Bliss-CIs were calculated for combinations from the slope region of the dose-

response curves to fulfil this requirement representatively shown for combination D+H in  

HT-29, OX-CO-1 and RKO (Figure 6). A one sample t-test checks, if the Bliss-CIs are different from 

one. For most combinations, the Bliss-CI is almost equal to one, especially in OX-CO-1 cells. As 

already seen in Figure 5, combining BRAFi with HSP90i in RKO is most effective with Bliss-CIs less 

than one (for 250 nM D + 20 nM H, Bliss-CI = 0.69 (95% confidence interval (CI): 0.66-0.72)). 

Surprisingly, in HT-29 Bliss-CIs are often greater than one (for 1 nM D + 10 nM H, Bliss-CI = 1.27 

(95% CI: 1.15-1.38)). For the combinations D with A and V with H or A, the Bliss-CIs are 

distributed consistently.  

That means that the combination treatment with BRAFis and HSP90is predominantly acts in an 

additive manner in 2D monolayer culture growth assays among the used BRAFV600mut CRC cell 

lines, ranging from slight antagonistic effects in HT-29 cells to slight synergistic effects in RKO 

cells. 
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Figure 6: Bliss combination indices (Bliss-CI) (means with 95% CI) of the combination 
treatments vemurafenib (V) or dabrafenib (D) and 17-AAG (A) or HSP990 (H) in different 
BRAFV600mut CRC cell lines. p values of one sample t-test (Bliss-CI ≠ 1). 
 

 

4.3 Combination of BRAFi with HSP90i shows synergistic combination treatment 

effects in BRAFV600mut CRC cells in 3D culture 

2D monolayer cell culture is quite an artificial setting when compared with the situation in vivo. 

Cells grow on a plastic surface, are surrounded by nutrition solution and come into contact with 

only a few cells, far from the natural environment in vivo. Under such conditions, even  

non-malignant cells can manage to divide rapidly, until they reach senescence (Schmitz 2011). 

In organisms, cells grow three-dimensionally with close contact to, as well as interaction with 

neighbouring cells and extracellular matrix. The nutrition and oxygen supply are 

inhomogeneous, depending on the cells’ location in the tissue. Therefore, it is not surprising that 

effects seen in 2D monolayer cell culture often differ from in vivo studies and from clinical trial 

results (Edmondson et al. 2014). For a somewhat better prediction of in vivo properties, 

different 3D cell growth assay systems mimicking microenvironments have been established. 

Moreover, 3D cell viability assays enable us to study longer term treatment effects, which is 
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important especially in cells developing resistance against the used compounds, such as seen in 

the treatment of BRAFV600mut CRC cells with BRAFis.  

Therefore, for this thesis, a soft agar anchorage-independent growth assay has been established 

in our laboratory, to study combination treatment effects of BRAFis with HSP90is over two 

weeks, before escalation to an in vivo mouse model.  

Anchorage-independent growth assays were established in anticancer drug discovery, because 

the capability of colony formation without contact to extracellular matrix or other cell types is a 

hallmark of cancerogenesis and correlates with the cancerogenicity of cells in mice (Hamburger 

and Salmon 1977; Maeno et al. 2006). Indeed, treatment with BRAFis and HSP90is in 3D soft 

agar assay over two weeks shows some differences compared to 2D monolayer culture. 

HT-29, RKO and Caco-2 cells grew very well in soft agar, forming well-defined and dense 

colonies. OX-CO-1 cells grew very well, too, but colonies were blurred by spread single cells, 

disturbing the final read out. The BRAFV600mut COLO 201 cell line, which grows low-adherent 

in 2D monolayer culture, making it not suitable for resazurin assay, grows well in soft agar and 

forms well-defined small colonies optimal for read out. So, OX-CO-1 cells were excluded from 

3D soft agar anchorage-independent growth assay, but COLO 201 cells were included.  

BRAFis in single treatment show similar effects compared to 2D monolayer culture in HT-29 and 

Caco-2 cells. Surprisingly, HSP90i single treatment shows effects in 3D at a much lower 

concentration than expected in 2D. Therefore, the effect of H when cells were treated with  

5.5 nM in 3D was equal to the effect reached at a concentration of 14 nM in HT-29 and 17 nM 

in Caco-2 in 2D, respectively. Similar to that, when cells were treated with 6 nM in 3D the effect 

of A was equal to the treatment effect reached at a concentration of 32 nM in 2D in HT-29 and 

more than 2000 nM in Caco-2 in 2D (Figure 4, Figure 7).  

By combining BRAFis with HSP90is, BRAFV600mut cells were affected strikingly (Figure 7).  

In contrast to 2D monolayer culture, the combination in HT-29 shows slight synergistic or at least 

additive effects (Table 2) rather than slight antagonistic effects. Unfortunately, results in  

COLO 201 do not fulfil requirements for Bliss-CI calculation. But the combination of BRAFi with 

HSP90i shows clear beneficial effects in COLO 201 cells, consistent for all used compounds, 

suggesting synergism. In contrast to COLO 201, in HT-29 cells non-effective concentrations in 

single treatment remained non-effective when combined (Appendix, Figure 16).  
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Figure 7: HT-29, COLO 201 and Caco-2 were treated with dabrafenib (D), vemurafenib (V), 
HSP990 (H) and 17-AAG (A) in combination or alone for 14 d in soft agar (means with standard 
deviation). Colony count was normalized to vehicle treated control (Ctrl). p values of one-way 
ANOVA (most effective single treatment vs. Ctrl or combination). 
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Caco-2 cells were treated with the same concentrations as HT-29 and COLO 201 to enable direct 

comparison. In contrast to the tested BRAFV600mut cell lines, BRAFwt Caco-2 cells were not 

affected to a similar extent. Caco-2 cells even seem to be slightly stimulated by BRAFi and HSP90i 

single treatments. However, these effects are not entirely reproducible.  

Table 2: Bliss-CI of BRAFi+HSP90i in HT-29 cells treated in soft agar assay. 
 

 Bliss-CI mean (95% CI) p (Bliss-CI ≠ 1)  

D + H  0.84 (0.71 - 0.97) 0.035  
D + A  0.94 (0.89 - 1.00) 0.062  
V + H  0.94 (0.84 - 1.05) 0.190   
V + A  0.95 (0.92 - 0.98) 0.018  
      

 

Abbreviations: 17-AAG (A), Bliss-Combination index (Bliss-CI), Confidence 
interval (CI), dabrafenib (D), HSP990 (H), vemurafenib (V) 
 

 

4.4 Combining BRAFi with HSP90i inhibits tumour growth in mice 

Although 3D anchorage-independent growth conditions are somewhat closer to the natural  

in vivo situation than 2D monolayer cultures, they still remain an artificial system. Therefore, the 

efficacy of the combination treatment was further investigated in vivo in mice. The mouse 

experiments were kindly performed by our collaborator Thomas Müller (Arbeitsgruppe 

Experimentelle Onkologie, Klinik für Innere Medizin IV, Universitätsklinikum Halle). As part of 

this thesis, the analysis of in vivo data was performed. 

In contrast to COLO 201, HT-29 cells are widely used for xenograft models and their use is also 

well established in Thomas Müller’s laboratory. Since HT-29 cells show synergistic or at least 

additive combination treatment effects for D combined with H in 3D, the in vivo study of 

combination effects was conducted with these HT-29 cells.  

Mice were injected with luciferase-expressing HT-29 cells, which were then treated with vehicle, 

D, H or with the combination of D with H. For each treatment group, eight mice were used. In H 

single treatment group, one mouse had to be excluded from analysis of tumour growth and 

metastasis, because of insufficient tumour establishment. In general, mice tolerated the 

treatment well, without recognisable behavioural changes. Mice treated with a combination of 

D and H lost weight up to 13.9% one day after injection, but they recovered after two to three 

days. Additionally, mice treated with D and H in combination showed diarrhoea more often 

compared to H only, but not longer than two days after injection. No diarrhoea occurred in mice 

treated with vehicle or D alone (Appendix, Figure 17).  
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Tumours in mice treated only with D or H seemed to be smaller and to grow slower compared 

to tumours in vehicle-treated mice (Figure 8). However, when tumour volumes were compared 

to vehicle-treated Ctrl, data were too similar to claim a substantial treatment effect for single 

treatments (p=0.211 or 0.120 for D or H vs. Ctrl at day 30, respectively). When D and H were 

combined, tumour growth in mice was remarkably suppressed and tumours were on average 

more than three times smaller than in mice treated with vehicle only (D+H vs. Ctrl: p=0.005). 

Compared to the most effective single agent, which was H, tumours in combination-treated mice 

were on average half in size at day 30 (D+H vs. H only: p=0.345). 

To ensure that the bioluminescence data about tumour volume were representative for the 

actual tumour burden, tumours were excised and weighed after killing mice at day 34  

(Figure 8 D). Again, tumours of mice treated with combination of D and H were considerably 

lighter than those of mice treated with vehicle only (D+H vs. Ctrl: p=0.009). Compared to the 

most effective single agent H, the weight of tumours in combination-treated mice was on 

average half as high (D+H vs. H only: p=0.308). 

To investigate the treatment effects in terms of metastasis, lungs were taken out after killing 

mice at day 34 and bioluminescence of luciferase-expressing HT-29 cells metastasized into the 

lungs was measured (Figure 8 C). All in all, data points were substantially overlapping. 

Nevertheless, metastases developed somewhat less frequently in mice treated with H only, 

compared to vehicle-treated mice (H only vs. Ctrl: p=0.305). In D-only-treated mice, there was 

no reduction of metastasis development compared to vehicle-treated mice. Mice treated with 

D in combination with H developed metastasis more inconsistently, but on average less 

metastases were developed compared to vehicle-treated Ctrl (D+H vs. Ctrl: p=0.340). 

Combination-treated mice compared to most effective single agent H-treated mice developed 

only slightly less metastases (D+H vs. H only: p=0.971). However, some combination-treated 

mice showed remarkably higher, some remarkably less metastatic burden than H-only-treated 

mice.  

After normalization, single data points of D only treated mice are higher than vehicle-treated 

Ctrl, which prohibits Bliss-CI calculation including all data. Therefore, Bliss-CIs were calculated 

as an orientation only, using the means of each treatment group without considering any CIs or 

distributions. For all three outcomes, namely tumour volume in situ at day 30, tumour weight 

ex situ and lung metastasis, the Bliss-CIs are less than one: 0.91, 0.84 and 0.76, respectively. 
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All in all, in this mice experiment data were too overlapping to allow clear conclusions, but 

treatment effects show a promising tendency towards synergism for the combination of H with 

D in mice. 

 

 

 

 

 

 

 

 

 
Figure 8: HT-29 xenografts treated with dabrafenib (D), HSP990 (H) or vehicle-treated 
control (Ctrl) A Tumour volume in situ, measured by bioluminescence over 30 days, means 
only. B Tumour volume in situ at day 30 (means with standard deviation (SD), out of the 
black frame in A). C Lung metastasis measured by bioluminescence (means with SD), Y-axis 
in log-scale. D Weight of explanted tumour (means with SD). p values of one-way ANOVA 
(most effective single treatment vs. Ctrl and combination). 
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5 Discussion 

A significant number of CRC harbours a BRAFV600 mutation, which is associated with poor 

prognosis and escape from chemotherapy responses (Gonsalves et al. 2014; Ursem et al. 2018). 

Unfortunately, in contrast to BRAFV600mut malignant melanoma, promising preclinical studies 

in CRC led to very limited clinical successes, although much effort has been taken to improve 

progression-free survival and OS (Appendix, Table 3). Since CRC is a highly complex disease, with 

high signalling plasticity and high intra- and intertumour heterogeneity, targeted therapy 

becomes very challenged and complicated, because of the development of many resistance 

mechanisms, as seen in BRAFi treatment (Appendix, Table 4). Targeting only a few key players 

in a signalling network might therefore not be enough to prevent or overcome resistance 

development. Therefore, combining a selective BRAFi with a HSP90i, which affects multiple 

known members of resistance simultaneously, might be a more viable approach to combination 

treatment of BRAFV600mut CRC.  

This thesis shows that the viability of different BRAFV600mut CRC cell lines was effectively 

reduced, combining BRAFis with HSP90is, compared to single treatment in 2D monolayer 

culture. Subsequently, striking combination treatment effects in 3D anchorage-independent 

culture were observed. Finally, combining BRAFi with HSP90i shrinks BRAFV600mut mice 

xenografts somewhat more effectively than single treatments.  

Taken together, these results indicate that synergistic treatment effects of BRAFis combined 

with HSP90is in BRAFV600mut CRC cells can occur and further studies are warranted to clarify 

more details.  

5.1 Discussion of results 

Since the analysed CRC cell lines were derived from different patients, they have a 

heterogeneous mutational background (Medico et al. 2015), analogue to great heterogeneity of 

CRC in patients. Therefore, it is not at all surprising that the cell lines studied in this thesis slightly 

differ in their treatment responses, even if they share a joint mutation like BRAFV600E. Recently, 

Sveen et al. analysed many CRC cell lines regarding MSI status and CMS classification and they 

checked for HSP90i response among others (Sveen et al. 2018). OX-CO-1 cells were classified as 

MSS CMS4 and HT-29 cells as MSS CMS3. RKO cells were revealed MSI, but they could not be 

clearly assigned to one single CMS group. However, they showed more similarities with CMS1 

and 4 rather than CMS2 and 3. Interestingly, CMS1 and 4 CRC cell lines were shown to be 

substantially impacted by HSP90i treatment, whereas CMS2 and 3 CRC cell lines were shown to 

be more HSP90i resistant. In 2D monolayer cell culture, viability of BRAFV600mut cells was 
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reduced more effectively when treated with the combination regimen rather than single 

treatment (Figure 5). However, HT-29 cells showed slight antagonistic effects, whereas  

OX-CO-1 cells strictly undulated around additivity. RKO cells showed slight synergism when 

moderate concentrations of compounds were applied (Figure 6). These differences are in line 

with the findings of Sveen et al.. Especially MSI in RKO and the resulting hypermutation 

phenotype, which makes physiological function of proteins more dependent on sufficient 

support by chaperones (Schopf et al. 2017), might contribute to stronger combinational 

treatment effects in RKO cells than in MSS OX-CO-1 and HT-29 cells. However, in single 

treatment, the three cell lines behaved completely contrary (Figure 4). Here, HT-29 cells were 

the most sensitive and RKO cells the most resistant BRAFV600mut cells against HSP90i 

treatment. MSS CMS4 Caco-2 cells, which should be very HSP90i sensitive according to Sveen et 

al., turned out the most HSP90i resistant cells in this thesis, especially against A. However, direct 

comparisons of cells’ response between this thesis and the findings of Sveen et al. should be 

taken with caution, because of different HSP90is utilised in both studies: ganetespib, luminespib 

and radicicol vs. A and H. In a different paper where A was tested in Caco-2 and HT-29 cells, 

results were highly consistent with A and H single treatment results of this thesis (Mayor-López 

et al. 2014). Because of a lack of NQO1, which is a dehydrogenase required for sufficient A 

function, Caco-2 cells bear an intrinsic resistance against A (Mayor-López et al. 2014), which 

might explain the low response to A single treatment. The high BRAFi resistance of RKO cells 

(Figure 4) and the synergistic combination treatment effect, combining HSP90i with BRAFi in this 

cell line might be in part explained by a PI3K gain of function mutation (Medico et al. 2015). As 

mentioned above (see 1.7.3), PI3K and the downstream AKT and mTor are key players in BRAFi 

resistance (Mao et al. 2013) and the PI3K pathway is highly dependent on HSP90 (Kryeziu et al. 

2019; Pratt et al. 2008). It was shown that A treatment in RKO cells remarkably reduces phospho-

AKT levels (Saturno et al. 2013). However, when treated with a different HSP90i, AKT was shown 

to drive HSP90i resistance in RKO cells, even in combination with a BRAFi (Wang et al. 2016). 

Therefore, the mechanisms of interactions of HSP90is and BRAFis might be a promising research 

topic for future studies to clarify their action at the proteomic level. The slight stimulation of 

Caco-2 cells when treated with low doses of BRAFi might be explainable; it may occur because 

of the often mentioned paradoxical MAPK-cascade activation effect in BRAFwt cells (Adelmann 

et al. 2016; Menzies et al. 2013).  

Initially observed slight antagonistic effects in HT-29 cells grown in 2D turned into slight 

synergistic effects or at least additive effects in 3D anchorage-independent cell culture. 

Moreover, COLO 201 cells showed striking synergistic effects, when treated with the 
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combination of HSP90i and BRAFi (Figure 7). In contrast, BRAFwt Caco-2 cells did not seem to 

be much affected by the same compound concentrations, whether applied as single or as 

combination treatment. COLO 201 cells are MSS (Medico et al. 2015). Unfortunately, Sveen et 

al. did not analyse COLO 201 cells for CMS status, but only COLO 205 cells. Both cell lines are 

derived from the same patient: COLO 201 from the primary tumour and COLO 205 from a 

metastatic site (Ilyas et al. 1997). Both show the same profile, when they were analysed for 

different mutations, MSI status and short tandem repeat loci (Medico et al. 2015). So, they also 

might behave similarly regarding CMS classification. COLO 205 cells were classified as MSS, too, 

but, like RKO cells, they could not exactly be assigned to one CMS group. However, they showed 

more similarities with CMS1 rather than with other groups (Sveen et al. 2018). As mentioned 

above, BRAFmut MSS CMS1 CRCs are associated with a very poor prognosis, because of frequent 

metastasis, among other causes (Smeby et al. 2018). Since cancer cells, which are easily able to 

form colonies in anchorage-independent environment, are considered to have high metastatic 

and carcinogenic potential (Mani et al. 2008; Morata-Tarifa et al. 2016; Nomura et al. 1989), the 

striking reduction of colonies when treated with HSP90i and BRAFi in combination in COLO 201 

cells is highly promising. Interestingly, HSP90i treatment effects in 3D cell culture were reached 

at much lower concentrations than in 2D. HSP90 has been shown to be involved in EMT in CRC 

cells (Nagaraju et al. 2015). EMT is a hallmark of metastasis and cancer progression (Pastushenko 

and Blanpain 2019). Cells, which undergo EMT, have been shown to increase their ability to form 

colonies, especially in anchorage-independent environment (Mani et al. 2008). This might be an 

explanation, why cells were more sensitive to HSP90i in soft agar compared to 2D monolayer 

culture, where cells were allowed to grow on a plastic surface. In line with this proposition, 

treatment with H, but not with D has led to reduction of metastasis development in mice  

(Figure 8). 

In mice, combination treatment of H and D led to a remarkable reduction of tumour size and 

tumour weight compared to vehicle-treated Ctrl, which was on average greater than the 

reduction of tumour size and weight in the single treatment groups. Additionally, roughly 

calculated Bliss-CI values for tumour shrinkage and metastasis development were below one, 

which does not contradict prior in vitro data. However, as mentioned above in section 4.4,  

Bliss-CI values calculated from in vivo data here were not robust enough to perform proper 

hypothesis testing or to use for further calculations, but they might serve as an orientation for 

future studies. 

All in all, in vivo data seem to confirm the prior in vitro data, even if not as convincing as 

expected, keeping in mind, that conclusions from small datasets are inherently very limited.  
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In the last two decades, several HSP90i entered clinical trials. However, none of them was finally 

approved for clinical use, yet. Ineffective in single treatment and with severe adverse effects, 

HSP90i often entered only phase I trials (Kryeziu et al. 2019; Sanchez et al. 2020). For example 

H, which was considered a highly promising oral available candidate when experiments in this 

thesis began, with tolerable side effects in rodents, turned out to be neurotoxic in humans, 

which was not seen in mice before (Spreafico et al. 2015). Diarrhoea was the most frequent 

adverse effect seen in the majority of patients (Spreafico et al. 2015). Although compounds used 

in this thesis were tolerated relatively well by mice, mice treated with H also developed 

diarrhoea more often than mice treated with vehicle or D only.  

However, new HSP90i currently are under development, which might be more effective and less 

toxic (Sanchez et al. 2020). AUY992, a relative to H is the best studied HSP90i right now, which 

was tested in several phase II trials, displaying a moderate toxicity (Bendell et al. 2016; Felip et 

al. 2018; Renouf et al. 2016). AUY992 shows promising activity in patients with EGFR-mutated 

non-small cell lung cancer with tolerable adverse effects as single treatment (Felip et al. 2018; 

Piotrowska et al. 2018). Unfortunately, in combination with erlotinib, which is an EGFRi, severe 

neurological toxicities led to trial termination before the endpoint was reached (Johnson et al. 

2015). In patients with trastuzumab-resistant breast cancer and in patients with gastrointestinal 

stroma tumours, AUY992 showed activity, too (Bendell et al. 2016; Kong et al. 2016). However, 

CRC seems to be highly resistant against AUY992 in vitro (Lee et al. 2017). When different 

compounds were tested in this thesis, AUY992 was also tested with almost no effectivity in  

HT-29 cells at nanomolar concentrations, while A and H showed striking reduction in cell viability 

(Appendix, Figure 15). One explanation was that AUY992 might have a weaker affinity to its 

binding site and consequently a weaker ability to maintain protein degradation compared to H 

(Lee et al. 2017). Another potential explanation was given by Wang et al., namely ERK and AKT 

reactivation after AUY992-treatment in BRAFmut RKO cells, due to the replacement of HSP90 

chaperoning effect by the HSP90 co-chaperone CDC37. CDC37 obviously becomes able to 

stabilise BRAFV600 and AKT in BRAFmut RKO cells, when HSP90 itself becomes inhibited. In 

contrast, chaperoning seems to be CDC37-independent in BRAFwt Caco-2 cells. Additionally, V 

was shown to sensitize RKO cells to AUY992 by suppressing AKT activity by BRAF inhibition, 

resulting in more efficient combination effects compared to single treatment in 3D culture 

(Wang et al. 2016). This is highly promising and in line with findings of this thesis: it suggests an 

overcoming of resistance against BRAFi, because of HSP90i and vice versa. However, Wang et al. 

did not use other cell lines or other HSP90is for comparison in their mechanistic studies, so it 

remains unclear, why RKO cells remain more resistant against AUY992, but not as much against 
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A or H, as seen in this thesis. Moreover, Wang et al. concluded, that BRAFmut CRCs cells were 

generally more resistant against HSP90is, compared to BRAFwt CRC cells, which was clearly not 

seen in this thesis (Figure 4) or in other publications (Mayor-López et al. 2014). This shows the 

great importance of choosing the compounds to use in a special system very carefully, even if 

they show promising effects in different, albeit similar system. It also shows the importance of 

testing different compounds with comparable mechanisms, to reduce the risk of missing 

important effects of a compound class. For example, if only AUY992 would have been used in 

this thesis as representative member of HSP90i-family, beneficial effects of other HSP90is like A 

and H would not have been recognised. Furthermore, testing different compounds with 

comparable mechanisms in parallel reduces the risk to misinterpret off-target effects as real, 

hypothesis-supporting on-target effects. In addition, it is very important to evaluate a specific 

question in different model systems, to ensure that measured effects are neither outliers nor 

artificial. Therefore, different cell lines, different compounds and different cell culture systems 

were used in this thesis. 

5.2 Discussion of methods and limitations 

Comparisons of the results generated as part of this thesis research by 3D- and 2D culture 

experiments had to be done cautiously, because, on one hand, the assays measure different cell 

properties: proliferation – and in line with this metabolic activity – versus anchorage-

independent colony forming ability. On the other hand, different cell culture conditions had to 

be employed in this thesis. Firstly, for technical reasons, to obtain a one-fold concentrated 

agar/DMEM solution, the basal medium was changed from the ready-to-use liquid DMEM to a 

powdered DMEM, which was dissolved according to manufacturer’s instructions. Secondly, 

different FBS concentrations were applied. In 2D assays, which were performed prior to 3D soft 

agar anchorage-independent growth assays, cells were kept at low glucose and low FBS 

conditions to avoid flushing cells with an excess of growth factors and nutrients, which might 

reduce the observable drug effects. Glucose at concentrations of ca. 6 mM instead of 25 mM 

and 5% FBS instead of 10% FBS were used. These were the lowest concentrations well-tolerated 

by the cell lines investigated. However, in 3D soft agar anchorage-independent growth assays, 

the cells started to die when they were cultured in 5% FBS. Therefore, it was necessary to change 

FBS concentration from 5% to 10%. Glucose concentrations were kept similar. COLO 201 cells 

were tested in 2D- monolayer cell culture as well, but showed a very low adherence, with the 

majority of cells growing in suspension. Therefore, COLO 201 were only used in 3D soft agar 

anchorage-independent growth assays.  
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The in vivo experiments have been done by Thomas Müller (Arbeitsgruppe Experimentelle 

Onkologie, Klinik für Innere Medizin IV, Universitätsklinikum Halle) as a collaboration. The results 

seem to support the hypothesis of synergistic combination treatment effects of HSP90i and 

BRAFi. However, the data points were too scattered to show clear superiority against the most 

effective single agent, according to HSA model or to allow proper hypothesis testing for  

Bliss-CIs. One reason might be the evaluation of a relatively weak synergism with a Bliss-CI close 

to 1 in a system highly sensitive against external disturbing factors (Bliss-CI of D+H in HT-29 in 

3D-Soft agar independent assay: 0.84 (95%CI: 0.71-0.97)). Although recent in vivo experiments 

were well-controlled and had a high degree of standardisation, they are still a very complex 

system, with living animals in an environment impacted on by many factors, which are barely 

controllable or not influenceable at all (Abdulai-Saiku et al. 2017; Kafkafi et al. 2018). For 

example, even different sexes of care takers might affect stress levels in mice and this might 

affect experimental outcomes (Arranz et al. 2010; Sorge et al. 2014). Doses of compounds were 

administered as suggested in the previous literature (King et al. 2013; Menezes et al. 2012). 

However, compound concentrations reached in blood and especially in xenografts were not 

measured in this thesis, so it remains unknown if the same final concentrations were reached. 

Another reason could be the reduction of evaluated mice in one group. Initially, 8 mice were 

used in each group. Unexpectedly, one mouse had to be excluded in the evaluation of tumour 

shrinkage and metastasis development, because of insufficient tumour formation after injection 

with HT29 cells. Therefore, only 7 mice were followed up in the H only group while in the other 

three groups, data were generated from all 8 mice. Since the number affects the test power 

directly, exclusion of one mouse in the H-group might have led to overlapping data. 

Nevertheless, even if mice numbers would have been increased or if compound blood 

concentrations were monitored, it remains possible that the combination effects of H and D in 

HT-29 xenografts are not as synergistic as expected in mice. Therefore, it would be of great 

interest to test different BRAFmut CRC cell lines, like COLO 201 or RKO, and to test different 

compounds in mice as well. If there would be substantial differences in response observed 

between the different cell lines, mutational or proteomic profile analyses might reveal a 

favourable phenotype regarding the sensitivity against specific HSP90i and BRAFi combination. 

Taken together, it is very important to analyse the generated data in an appropriate manner, 

fully knowing and considering the limitations of the respective methods. For example, when 

combination treatment effects are only compared to vehicle-treated Ctrl or single treatment, it 

is not appropriate to conclude a superiority of combination treatment over single treatment, 

just based upon a reduction in cell number or viability.  



 

41 
 

Although scientific discussions on how to evaluate synergism correctly already started more 

than a century ago (Bliss 1939; Foucquier and Guedj 2015), there is still no universally accepted 

method to determine this available, depicting the striking complexity of this topic (Foucquier 

and Guedj 2015).  

However, two widely used methods were established: Loewe additivity and Bliss independence. 

The Loewe additivity model defines additivity as the treatment effect observed when a 

compound is combined with itself, i.e. without any interaction between compounds (Loewe and 

Muischnek 1926). Effects above or beneath Loewe additivity were consequently defined as 

synergism or antagonism, when drug – drug interactions occur. The Loewe additivity model is 

considered to be the most accurate model depicting drug – drug interactions, but only in a very 

limited framework (Roell et al. 2017): First, it requires very well characterised dose- or 

concentration-effect curves, by measuring as many dose or concentration points as possible. 

This was implemented in the experimental set-up for the 2D monolayer culture resazurin assay 

in this thesis research. Second, when a nonlinear regression model is fitted to that dataset, the 

data need to fit to an almost perfectly shaped sigmoidal function between 1 (Ctrl-normalized 

maximum treatment effect) and 0 (Ctrl-normalized minimum treatment effect), which very 

often fails in reality, as, for example, in this thesis research. And third, the relation of 

concentrations or doses of the combined compounds needs to be constant over the whole 

curve. This criterion was also not feasible for the experiments described in this thesis, because 

of the distinct pharmacodynamics of BRAFis and HSP90is investigated. Concentration-effect 

curves of A and H showed a much steeper slope with a much shorter concentration range 

between maximum effect and non-effectiveness at all, compared to V and D (Figure 4). 

Therefore, quite different dilution factors were required in order to prepare serial dilutions of 

compounds to get enough meaningful data points. For example, in RKO cells the dilution factor 

was 1.6 versus 40 for serial dilutions of H and D, respectively. If the concentration ratio had been 

fixed, the generation of evaluable data between 0 and 100% treatment effect would have been 

all but impossible. For this reason, the utilization of the more recently developed and widely 

accepted Chou-Talalay method was also prohibited, because it requires constant concentration 

ratios as well (Chou 2010). Choosing the correct model of synergy evaluation for the data of 

interest is often neglected, leading to invalid results, because limitations of the different models 

are not considered properly (Roell et al. 2017). Therefore, mainly the Bliss-independence model 

was chosen for analyses in this thesis. It is based on the assumption that two combined 

compounds act independently from each other, for example in different organs, different cell 

compartments or different signalling pathways, which do not affect each other. In this case, the 
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combinational treatment effect of the two compounds is defined as Bliss-independent or, 

synonymously, additive (Bliss 1939; Foucquier and Guedj 2015). Again, effects above or beneath 

additivity are consequently defined as synergism or antagonism. Simultaneously, this depicts 

the major limitation of Bliss-independence model. When two compounds are combined in a 

living organism, their actions are seldom completely independent from each other (Roell et al. 

2017). But, the Bliss-independence model is more tolerant with respect to dose- or 

concentration-effect curves and does not necessarily require a well-defined sigmoidal function 

(Foucquier and Guedj 2015). However, it does only work, if the combinational treatment effects 

range between 0% and 100%, when normalized to Ctrl (Foucquier and Guedj 2015). So, it was 

feasible just for a subset of the data in this thesis, especially for the 2D resazurin assays. In  

3D soft agar anchorage-independent growth assays, the BRAFi single-treated COLO 201 and 

Caco-2 cells often showed a higher colony forming activity compared to vehicle-treated Ctrl, 

which made the use of Bliss-independence model impossible for these two cell lines (Figure 7). 

Therefore, a different approach was used to evaluate combination treatment effects, which is 

called the HSA approach. It queries if the combination of two compounds is more effective than 

the most effective single compound used at same concentration as in combination (Foucquier 

and Guedj 2015). It is important to consider that additive and synergistic treatment effects are 

not distinguished from each other by HSA. So actually, it is not appropriate to speak about 

synergism when HSA was used exclusively, except for the case when at least one of the 

compounds is virtually ineffective when used in a single agent treatment. Then, a higher 

combination treatment effect is assumed to depict synergism (Foucquier and Guedj 2015), as 

seen in combination treatment of BRAFi and HSP90i in COLO 201 cells in 3D soft agar anchorage-

independent growth assay (Figure 7).  

As mentioned in the method section, one-way ANOVA and one-sample t-test were performed 

for hypothesis testing. But the term ‘statistically significant’ was consciously avoided in this 

thesis. A somewhat arbitrary threshold, which divides results into statistical significant and non-

significant, often leads to misinterpretation of data. For example, confounding of the probability 

that the result data include a distinct effect with the effect itself. If an effect was there, but a 

low repeat number or a broad distribution of data points has led to broad CIs, including the Ctrl 

value with a consecutive p value > 0.05 of difference, then it would be false to conclude that 

there was no effect, because of statistical insignificance (Wasserstein et al. 2019). Unfortunately, 

this kind of misinterpretation is widely distributed and has been found in more than half of a 

subset of analysed published articles (Amrhein et al. 2019). Additionally, the strong focus on  

p ≤ 0.05 has contributed to selective data publication (Wasserstein et al. 2019). Therefore, 
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presentation of data was done, according to the recommendations in the statement of the 

American Statistical Association on statistical significance and p values (Wasserstein and Lazar 

2016). This means, reporting all p values and leaving out asterisks, which suggest the particular 

importance of selected data. 

5.3 State-of-the-art therapies and outlook 

As mentioned in section 1.6, MSI-high-status and BRAFV600mut in non-advanced CRC have a 

relative good prognosis. However, this changes dramatically in metastasised disease (Figure 3). 

In Germany, decision making in choosing treatment regiments for CRC, according to the current 

S3 evidence based guideline for CRC version 2.1 is based on several components (Deutsche 

Krebsgesellschaft, Deutsche Krebshilfe, AWMF 2019). First and most important, the patient’s 

general condition determines, whether a curative therapy regiment is pursued or not. Second, 

the tumour stage according to Union for International Cancer Control (UICC) 2017, which is 

based on histopathological TNM classification, describing depth of infiltration (T), lymph node 

metastasis (N) and metastasis to different organs or lymph nodes beyond local lymph drainage 

area (M) is taken into consideration. Third, MSI-testing and molecular diagnostics, especially in 

advanced disease, are key determinants. In UICC stage I tumours, which are restricted to the 

colon wall and do not infiltrate the surrounding fatty tissue, primary complete resections 

without adjuvant chemotherapy is the therapy of choice. In tumours higher than UICC stage I, 

MSI diagnostic became fundamentally important as a powerful prognostic and predictive marker 

(see 1.6). In UICC stage II tumours, which are no longer restricted to the colon wall, but infiltrate 

surrounding fatty tissue, peritoneum or other organs, but without lymph node (UICC stage III) 

or distant metastasis (UICC stage IV), an adjuvant chemotherapy should be considered. 

However, patients with MSI-high tumours do not benefit from adjuvant chemotherapy, because 

of their good prognosis compared to MSS tumours in this stage. So MSI-testing is essential, prior 

to therapy. Patients with UICC stage III CRC receive chemotherapy, regardless of whether they 

bear MSI-high tumours or not. But, in contrast to UICC stage II tumours, MSI-high UICC stage III 

tumours show a greater sensitivity to chemotherapy than MSS UICC stage III tumours (Elsaleh 

and Iacopetta 2001). In contrast to lower stage CRC, in metastatic CRC, which resembles UICC 

stage IV, targeted therapy regimens are implemented in clinic yet. If the patient is fit enough for 

a systemic therapy, different options, consisting of chemotherapy double or triple combination, 

VEGF antibody bevacizumab and the EGFR-antibodies panitumumab or cetuximab are available. 

The choice is dependent on tumour location and tumour mutational profile, regarding RAS and 

BRAF. As mentioned above, BRAFV600 mutations are mutually exclusive for RAS mutations 

(Pietrantonio et al. 2015). Therefore, specimens are tested for (all)RAS mutations first. According 
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to the current S3 guideline, those patients with RAS mutations should be treated with a 

chemotherapy double combination plus bevacizumab, since RAS mutations lead to resistance in 

anti-EGFR therapy. If the tumour is RASwt, then molecular diagnostics are performed with 

respect to BRAFV600mut. BRAFwt tumours are then treated with a chemotherapy double 

combination plus an anti-EGFR Antibody, like bevacizumab or panitumumab. However, this is 

valid for left sided colon carcinoma only. Interestingly, regardless of BRAFwt or BRAFV600mut, 

right sided RASwt tumours were shown to be more resistant to anti-EGFR-treatment, traced 

back to different cancerogenesis pathways and their related different mutational profiles, like 

serrated pathway and MSI-high, as mentioned in section 1.2 (Holch et al. 2017; Tejpar et al. 

2017). Therefore, right sided KRASwt/BRAFwt tumours are treated with a chemotherapy double 

combination plus bevacizumab. Because BRAFV600 mutations are an independent negative 

prognostic factor, associated with a worse prognosis in metastatic CRC, efforts were taken to 

strike hard, initially. Therefore, instead of a chemotherapy double combination, a triple 

combination plus bevacizumab is recommended as first line. For second line, inclusion in clinical 

trials is recommended. And, interestingly, an experimental off-label use of BRAFi, MEKi or anti-

EGFR antibody is proposed. However, the guideline here refers to a phase II pilot trial of V 

monotherapy in BRAFmut CRC, where a beneficial treatment effect of V was clearly not seen 

(Kopetz et al. 2015). Instead, a move onward to combinations of different inhibitors with BRAFis 

was recommended and performed in clinical trials with initial promising results (Kopetz et al. 

2015; Kopetz et al. 2019).  

In refractory disease, in spite of chemotherapy and antibody therapy, regorafenib is available as 

approved drug for advanced CRC (Deutsche Krebsgesellschaft, Deutsche Krebshilfe, AWMF 

2019). Regorafenib is a multikinase inhibitor, which inhibits VEGFR (VEGF receptor), TIE2 (tunica 

interna endothelial cell kinase), PDGFR, FGFR (fibroblast growth factor receptor), KIT (proto-

oncogene KIT), RET (RET-proto-oncogene), CRAF and BRAF. Two phase III clinical trials 

(CORRECT, identifier: NCT01103323; CONCUR, identifier: NCT01584830) could show superior OS 

in regorafenib-treated patients compared to placebo Ctrl with a 1.4 and 2.5 months longer 

median OS (Grothey et al. 2013; Li et al. 2015). However, this treatment option is being 

controversially discussed, because, on the one hand, study results are based on comparison to 

placebo and not to another therapy regimen currently accepted, and on the other hand, because 

of high therapy associated toxicity (Deutsche Krebsgesellschaft, Deutsche Krebshilfe, AWMF 

2019; Grothey et al. 2013). After a re-evaluation of additional benefits, the ‘Gemeinsamer 

Bundesausschuss’ came to the result that an additional benefit using regorafenib, in comparison 

to best supportive care, was not evident, because of lower quality of life, serious disease-related 



 

45 
 

symptoms and more adverse treatment effects in regorafenib-treated metastatic CRC patients, 

compared to best supportive care. Additionally, the two phase III trials mentioned above were 

revealed not to be representative for patients receiving regorafenib in clinical practice, regarding 

their age and general condition (Gemeinsamer Bundesausschuss 2016). The ‘Gemeinsamer 

Bundesausschuss’ is a central institution in Germany for therapeutic benefit assessment, among 

other duties. Consequently, regorafenib was removed from German market in 2016 (Hillienhof 

2016). 

Other molecular analysis in UICC stage IV CRC include MSI-status as well, because of promising 

initial results of checkpoint inhibitor treatment in MSI-high CRC and HER2 status, regarding an 

off-label use of the anti-HER2/neu antibody trastuzumab as second line. The treatment of rectal 

cancer differs from colonic cancer, with respect to possible neoadjuvant radiation combined 

with chemotherapy, depending on UICC stage and location (Deutsche Krebsgesellschaft, 

Deutsche Krebshilfe, AWMF 2019). 

It is quite exciting to see the development of clinical research in treatment of BRAFmut CRC, 

which accelerates increasingly from BRAFi monotherapy a few years ago, to triple therapy 

regiments with chemotherapy, BRAFi and a third targeted approach (Appendix, Table 3). Very 

recently, Kopetz et al demonstrated beneficial treatment effects, combining V with irinotecan 

and with the EGRFi cetuximab (Kopetz et al. 2021). Currently, approximately 40 clinical trials are 

active, which evaluate a combination therapy of a BRAFi, including regorafenib with at least one 

other combination partner (search request in https://clinicaltrials.gov: Condition or disease: 

‘Colorectal Neoplasms’; other terms: ‘dabrafenib OR vemurafenib OR encorafenib OR 

regorafenib’; status: ‘Recruiting’, ‘Not yet recruiting’, ‘Active, not recruiting’, ‘Enrolling by 

invitation’; accessed on 22nd Nov. 2021). Two major types of combinations become apparent: 

BRAFi with a checkpoint inhibitor or with chemotherapy optionally also combined with an EGFRi 

or MEKi. In contrast, only one clinical trial evaluates a HSP90i, not combined with a BRAFi, but 

with a checkpoint inhibitor, which is currently running (identifier: NCT03095781). This indicates 

that more evidence from preclinical studies is urgently needed, because as mentioned in section 

1.8, HSP90 depicts a promising target, because of its role as a central key player in a biochemical 

network, where many different signalling pathways and especially those, which are involved in 

resistance mechanisms against BRAFi, were connected (Lopez and Banerji 2017). 

Together with the work of Wang et al., the results of this thesis contribute to scientific evidence 

of a synergistic interaction of BRAFi and HSP90i, which might be a promising therapy approach 

in BRAFV600mut CRC (Wang et al. 2016). As mentioned above, although HSP90is did not show 
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substantial efficacy in colorectal cancer in clinical trials, yet, in malignant melanoma patients, 

promising results were reported recently. The combination of the new developed HSP90i XL888 

with V shows synergistic treatment effects in BRAFmut malignant melanoma in vitro, in vivo, and 

even beneficial effects in a clinical phase I trial (Eroglu et al. 2018; Paraiso et al. 2012). In contrast 

to the previously reported toxic side effects of different HSP90is, XL888 seems to be relatively 

well tolerated, although, diarrhoea was reported as most common grade 3 and grade 4 adverse 

effect and as most common dose-limiting effect in the prior single treatment trial (Eroglu et al. 

2018). Interestingly, the combination with XL888 seems to reduce V-typical skin toxicities, like 

development of squamous cell carcinomas or acanthomas by blocking paradoxical MAPK 

activation (Eroglu et al. 2018). In a context where the combination of different targeted therapy 

approaches often lead to severe adverse effects, which often terminates clinical trials or therapy 

regiments prematurely, a potentiation of treatment effects on the one hand and a reduction of 

adverse treatment effects on the other hand is remarkable (Lopez and Banerji 2017). Further 

clinical trials with XL888 are currently ongoing in malignant melanoma patients (identifier: 

NCT02097225, NCT02721459) and in CRC patients, as well as in combination with 

pembrolizumab (identifier: NCT03095781). The results are eagerly expected. At least initial data 

suggest a tolerable side effect profile (Mehmet et al. 2020). Moreover, several new HSP90is are 

currently under development, to reduce adverse effects, like in case of XL888, or to improve 

treatment efficacy and resistance development. As mentioned above, Wang et al. revealed the 

role of CDC37 in resistance against AUY992 in CRC cells. Consequently, they currently develop a 

compound, called 18h, which targets the HSP90 - CDC37 complex at a binding site different from 

HSP90-ATP-binding site, leading to HSP90 - CDC37 complex disruption. Since CDC37 is a very 

specific co-chaperone of HSP90, targeting the HSP90 - CDC37 complex might be a more HSP90-

specific approach than ATP-bindings site-blocking HSP90is, which also affect multiple other co-

chaperones. This might lead to less adverse effects (Wang et al. 2019; Wang et al. 2020). Further 

preclinical experiments and, hopefully, clinical trials need to show how successful this approach 

will be. 

Albeit results of this thesis are promising and in line with current literature, additional research 

has to be done before entering clinical trials with the combination of BRAFi with HSP90i in 

BRAFmut CRC. For example, subsequent mechanistic studies are required to validate synergistic 

effects of HSP90 and BRAFV600 inhibition at the proteomic level. Therefore, western blots for 

several members of MAPK pathway and their phosphorylated isoforms, like EGFR, RAS, ARAF, 

BRAF, BRAFV600mut, CRAF, ERK1/2, then HSP90 and HSP70, known proteins involved in 

resistance mechanisms like PIK3CA, AKT etc. (Appendix, Table 4), as well as for apoptosis 
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markers might be appropriate. If the combination of BRAFi with a HSP90i acts as expected, 

expression levels of HSP90-dependent proteins should decrease, whilst HSP70 increases as a 

countereffect of HSP90 inhibition. Then, additional scenarios of time schedules for combination 

therapies could be tested, followed by western blotting of the mentioned proteins at different 

times. For example, first, a protein expression profile before treatment could be generated, 

followed by an interval of long term BRAFi single treatment to generate resistant cells, followed 

by another expression profile and then followed by a combinatory treatment setup of BRAFi and 

HSP90i with a third expression profile. Comparing the different expression profiles generated at 

the different steps during therapy could give rise to a deeper understanding how BRAFis and 

HSP90i do interact, especially regarding synergistic effects, for example because of overcoming 

resistance mechanisms. To exclude effects resulting from the sequential therapy, expression 

profiles, generated as described above, should be compared with protein expression profiles, 

generated after combination therapy without prior monotherapy. Then, experiments should be 

repeated with new HSP90is, which are currently under development or in clinical trials, as 

mentioned above. If there is a HSP90i with comparable concentration-effect-curve to BRAFi, the 

combination could be tested in fixed concentration ratios to evaluate synergistic effects, 

according to Loewe-additivity model or Chou-Talalay method, in order to confirm synergistic 

effects with a different approach, i.e. to consolidate evidence.  
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6 Summary 

CRC is one of the most common and most lethal cancer entities in humans. Approximately 10% 

of CRCs carry a BRAFV600 mutation, which is associated with a very poor prognosis in advanced 

stages and an escape from standard chemotherapy. Although several compounds are already 

available to target mutant BRAFV600, they lack therapeutic efficacy in CRC in monotherapy, 

because of a broad spectrum of resistance mechanisms to escape BRAF inhibition. Therefore, 

many treatment attempts with BRAFi combined with another targeted therapy or 

chemotherapy have been initiated. However, substantial improvements of patients’ survival are 

still lacking. Since many resistance mechanisms are dependent on sufficient HSP90 function, 

HSP90 might be a target of interest for combinational targeted therapy. In BRAFV600mut 

malignant melanoma, the combination of BRAFi with HSP90i has led to promising results. By 

contrast, evidence is weak in CRC.  

Therefore, combination treatment effects of HSP90is and BRAFis were investigated in a 

preclinical setting. Different BRAFis and HSP90is were combined in different BRAFV600mut 

patient-derived cell lines and one BRAFwt CRC cell line, using 2D monolayer culture resazurin 

assay and 3D soft agar anchorage-independent growth assay as readouts. In addition, in a 

collaboration, a xenograft mouse model was employed to evaluate combination treatment 

effects in vivo. 

This thesis shows that BRAFis and HSP90is reduce colony forming activity in 3D-soft agar 

anchorage-independent growth assay synergistically in BRAFV600mut CRC cell lines, with slight 

synergism to additivity in HT-29 cells and striking synergism in COLO 201 cells. In 2D monolayer 

culture resazurin assay, the proliferative activity of BRAFV600mut CRC cell lines was affected in 

a range from slight antagonism in HT-29 cells to slight synergism in RKO cells, but all in all 

generally close to additivity, with some variability, depending on the cell line investigated. In 

mice, the tested compounds were tolerated relatively well and showed initially promising 

combination treatment effects regarding tumour shrinkage and metastasis suppression.  

In conclusion, this thesis reveals the combination of BRAFis with HSP90is as a promising 

approach in the treatment of BRAFV600mut CRC and contributes to the growing evidence for 

further treatment options. In addition, it calls for further studies to investigate the synergistic 

interaction at the proteomic level and to escalate the experimental settings to a broader 

spectrum of compounds and cell lines with the perspective to enter clinical trials.  
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8 Theses 

 

1 The HSP90 inhibitors 17-AAG and HSP990 are active in all examined BRAF-mutated 

colorectal cancer cell lines with high potency at nanomolar concentrations in two-

dimensional-monolayer cell culture conditions, as well as in three-dimensional 

anchorage-independent culture conditions. 

 

2 The BRAF inhibitors vemurafenib and dabrafenib and the HSP90 inhibitors 17-AAG 

and HSP990 in combination act additively in the examined BRAFV600-mutated 

colorectal cancer cell lines in two-dimensional-monolayer cell culture conditions 

with the exception of some slightly antagonistic effects in HT-29 cells and some 

slightly synergistic effects in RKO cells. 

 

3 The BRAF inhibitors vemurafenib and dabrafenib and the HSP90 inhibitors 17-AAG 

and HSP990 in combination act clearly synergistic in BRAFV600-mutant COLO 201 

cells and slightly synergistic or at least additively in BRAFV600-mutant HT-29 cells in 

the three-dimensional anchorage-independent culture conditions at nanomolar 

concentrations. 

 

4 Combination treatment of the BRAF inhibitor dabrafenib and the HSP90 inhibitor 

HSP990 inhibits tumour growth in BRAFV600-mutated HT-29 xenografts in mice. 

 

5 The combination regimen of the BRAF inhibitor dabrafenib and the HSP90 inhibitor 

HSP990 is relatively well tolerated by mice since mice recovered quickly from 

diarrhoea and weight loss after HSP990 application. 
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Table 3: Clinical trials in BRAFV600mut CRC patients. 

inhibitor compounds ref N CR/PR 
 [%] 

SD  
[%] 

PD  
[%] 

PFS  
[month] 

OS  
[month] 

placebo 
BRAFi  

- 
R (Grothey et al. 2013) 255

505
0.4 

1 
15
43

80 
50 

1.7
1.9

5.0
6.4

BRAFi E (Gomez-Roca et al. 
2014) 18 0 67 22 4.0

BRAFi V (Kopetz et al. 2015) 21 24 33 43 2.1 7.7
BRAFi V 

(Hyman et al. 2015) 
10 0 50 26 4.5 9.3

BRAFi + EGFRi V + C 27 4 67 23 3.7 7.1
BRAFi + EGFRi V + P (Yaeger et al. 2015) 15 13 53 33 3.2 7.6
BRAFi + MEKi D + T (Corcoran et al. 2015) 43 12 56 23 3.5
BRAFi + MEKi D + T 

(Atreya et al. 2015) 
20 10 80 10 

BRAFi + MEKi  
+ EGFRi D + T + P 35 26 57 14 

BRAFi + EGFRi + CT V + C + IRI (Hong et al. 2016) 19 32 47 11 7.7
BRAFi + MEKi E + C 

(van Geel et al. 2017) 
26 19 58 15 3.4

BRAFi + MEKi + PI3Ki E + C + AL 28 18 75 4 4.2
BRAFi + EGFRi D + P 

(Corcoran et al. 2018) 
20 10 80 10 3.5 13.2

BRAFi + MEKi  
+ EGFRi D + T + P 91 21 65 9 4.2 9.1

BRAFi + MEKi  
+ EGFRi E + B + C (van Cutsem et al. 

2019) 29 41 45 0 5.5 15.3

EGFRi + CT C+IRI/ 
FOLFIRI 

(Kopetz et al. 2019) 

107 2 29 34 1.5 5.4

BRAFi + EGFRi E + C 113 20 54 7 4.2 8.4
BRAFi + MEKi  
+ EGFRi E + B + C 111 26 42 10 4.3 9.0

EGFRi + CT 
BRAFi + EGFRi + CT 

C + IRI 
V + C + IRI (Kopetz et al. 2021) 50

49
4 

16 
17
50

53 
16 

2
4.2

5.9
9.6

 

Abbreviations: alpelisib (AL), binimetinib (B), cetuximab (C), complete response (CR), chemo 
therapy (CT), dabrafenib (D), encorafenib (E), folinic acid + irinotecan (FOLFIRI), inhibitor (-i) 
irinotecan (IRI), number of patients (N), overall survival (OS), panitumumab (P), progressive 
disease (PD), progression free survival (PFS), partial response (PR), regorafenib (R), reference 
(ref), stable disease (SD), vemurafenib (V) 
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Table 4: BRAFi resistance mechanisms, non-mutational and mutational alterations. 
MAPK/ERK pathway Cross-talking pathways 

- RASwt amplification  
(Mao et al. 2013; Yaeger et al. 2017) 

- BRAFwt, BRAFV600 amplification  
(Corcoran et al. 2010; Oddo et al. 2016) 

- increased BRAFV600/BRAFwt/CRAF 
homo/heterodimerisation 
(Lito et al. 2012; Yaeger et al. 2017) 

- kinase switch between A/B/CRAF 
(Villanueva et al. 2010) 

- alternatively spliced BRAFV600 isoforms 
dimerising RAS independently  
(Poulikakos et al. 2011) 

- feedback activation of EGFR 
(Corcoran et al. 2012; Prahallad et al. 2012) 

- EGFR amplification (Mao et al. 2013) 
- HGF secreting microenvironment 

(Straussman et al. 2012) 
- up-regulation of other RTKs, especially 

HER2/3  
(Herr et al. 2018; Prasetyanti et al. 2015), 
PDGFR (Nazarian et al. 2010), 
IGF1R (Villanueva et al. 2010), 
HGFR (Pietrantonio et al. 2016) 

- GAB1/2, SHP2 up-regulation  
(Herr et al. 2018; Prahallad et al. 2015) 

- AKT over-expression, up-regulation of 
PI3K/AKT/mTOR pathway (Mao et al. 
2013) 

- CRC: WNT activation (Chen et al. 2018) 
- Malignant melanoma: WNT inactivation  

(Biechele et al. 2012) 
- down-regulation of proapoptotic BMF 

(Boussemart et al. 2014) 
- EIF4F complex accumulation, increased 

translation (Boussemart et al. 2014) 
- ATF4 up-regulation, integrated stress 

response (Nagasawa et al. 2017) 
- AMPK up-regulation, increased 

autophagy 
(Sueda et al. 2016) 

- COT over-expression  
(Johannessen et al. 2010) 

 

- KRAS/NRASmut (Oddo et al. 2016) 
- EGFRmut (Oddo et al. 2016) 
- MEK1/2mut (Emery et al. 2009; Emery et 

al. 2017; Oddo et al. 2016) 

- PTEN loss, PI3Kmut 
(Mao et al. 2013; Paraiso et al. 2011) 

 
 

Colours: non-mutational (grey), mutational (white) 
Abbreviations: colorectal cancer (CRC), mutated (mut), receptor tyrosine kinase (RTK), 
wild type (wt), protein names (please see section Abbreviations, pages III-V)  
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Figure 9: Treatment scheme for cells cultures in 96-well plates to conduct the 2D resazurin 
assay. Abbreviations: BRAF inhibitor (BRAFi), HSP90 inhibitor (HSP90i) 

 

Figure 10: Treatment scheme for 24-well plates utilised for the 3D anchorage-independent 
growth soft agar assay. Abbreviations: BRAF inhibitor (BRAFi), control (Ctrl), HSP90 inhibitor 
(HSP90i) 
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Figure 11: Image acquisition conditions for colonies formed in the soft agar anchorage-
independent growth assay. Abbreviations: Focal length (F), exposure time (t), sensitivity 
(ISO) 
 

 

 
Figure 12: Colorectal cancer cell lines used in 2D cell culture experiments. 
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Figure 13: Macro module for image analysis in ImageJ; written with the support of Dr. Marc 
Lewitzky. 
 

 
Figure 14: Macro module for MS Excel to import and sort sheets; written by Dr. Marc Lewitzky. 
 

 
Figure 15: Single treatment of HT-29 cells with AUY992 and HSP990 (H) 
for 72 h using resazurin assay. Normalized data between background 
(0%) and vehicle-treated control (Ctrl) (100%). Means and standard 
deviations of at least three independent experiments. 
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Figure 16: Dabrafenib (D) and HSP990 (H) combination treatment at low 
concentrations of HT-29 cells in comparison to COLO 201 cells in 3D soft agar 
anchorage-independent growth assay. Results of four independent 
experiments are shown. Vehicle-treated control (Ctrl). 
 

 
Figure 17: Total weight of mice during treatment, normalized to day 0. Dabrafenib (D) was 
applied daily, except on weekends, and HSP990 (H) as indicated by the dotted lines. Means 
of eight mice each are shown. Vehicle-treated control (Ctrl). 
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