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General introduction

GENERAL INTRODUCTION

Cancer is a disease of abnormal cell growth and spread that ranks among the leading causes 
of death, with almost 10 million cancer-related deaths registered in 2020.1 The past decades 
have seen the introduction of advanced molecular diagnostic techniques that enable an 
in-depth profiling of alterations in the DNA of a patient’s tumor. Using this information, 
pathologists can reach a more appropriate diagnosis and oncologists can treat patients 
with drugs that specifically target the cancer’s vulnerabilities. However, molecular testing 
results are increasingly difficult to interpret, which can influence the diagnosis or treatment 
decision. The aim of this thesis is to explore such complex results from routine molecular 
diagnostics and investigate strategies that can be used to improve decision-making, with 
special attention for the role of multidisciplinary Molecular Tumor Boards (MTBs). This 
general introduction will summarize background information about somatic variants in 
cancer, molecular profiling techniques, targeted therapies, and MTBs, and will outline the 
aim and scope of this thesis.

Somatic variants in cancer
Normal cells can transform into cancer cells (malignant transformation) by accumulating 
(epi)genetic changes in the cell’s genome (DNA).2 The human body has various built-in 
mechanisms by which changes in DNA (‘variants’) can be prevented, repaired or eliminated. 
If the variant nevertheless persists, it usually has no consequences. However, a variant can 
contribute to malignant transformation when it affects a gene that stimulates or suppresses 
processes such as cell growth, proliferation, cell survival, abnormal differentiation, and, 
ultimately, the ability to invade adjacent tissue or spread to other anatomical sites.2 Genes 
that naturally stimulate these processes can contribute to malignant transformation when 
a variant up-regulates their function (oncogenes), whereas genes that naturally suppress 
these processes can contribute to malignant transformation when they are inactivated 
(tumor suppressor genes).3 Variants that contribute to malignant transformation are called 
‘pathogenic’ (‘disease-causing’) or ‘oncogenic’ (‘cancer-causing’) variants. A normal cell 
requires an accumulation of multiple pathogenic variants to transform into cancer. Such 
variants may be present in all cells including germ cells and thus inherited by next generations 
(germline variants) or acquired during the course of life in non-germ cells (somatic variants). 
There are various types of somatic variants involved in cancer development.4 Currently, 
three types of somatic variants have the most clinical relevance: small-scale mutations, 
gene copy number alterations (CNAs), and chromosomal rearrangements (Figure 1). Small-
scale mutations involve a limited amount of nucleotides within or around a gene, including 
substitutions, insertions or deletions of one or more nucleotide(s) with various effects on 
the resulting protein.5 A CNA occurs when there is a gain or loss of a chromosomal region 
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Figure 1. Examples of the most common clinically relevant somatic variants observed in cancer. 
Visualization of different types of somatic variants that are commonly detected in routine diagnostics of various 
types of cancer. A, Small-scale variants, which involve a limited number of nucleotides within or around a 
gene. B, Copy-number alterations, which is a gain or loss of a chromosomal region hosting one or more genes. 
C, Chromosomal rearrangements, which can result in (oncogenic) fusion genes. A common mechanism in 
hematological malignancies, the juxtaposition of a promotor or enhancer region of a gene to the full coding 
region of an oncogene, is not depicted. Chr, chromosome.
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hosting one or more genes: CNAs with potential oncogenic effects include amplifications 
or deletions of such regions.6,7 Chromosomal rearrangements, such as translocations or 
inversions, can result in (oncogenic) fusion genes or the juxtaposition of a promotor or 
enhancer region of a gene to the full coding region of an oncogene.8,9 There are other types 
of somatic variants that can contribute to malignant transformation, but these are outside 
of the scope of this thesis.

Molecular markers
Somatic variants that serve as biological markers (biomarkers) of disease are called 
molecular markers.10 In patients with cancer, molecular markers can have clinical relevance 
when they have diagnostic, prognostic and/or predictive consequences.11 A diagnostic 
molecular marker supports or determines a diagnosis. For example, in soft tissue or bone 
lesions, distinct gene fusions are pathognomonic for the final diagnosis; the detected 
fusion genes are thus diagnostic molecular markers.12 A prognostic molecular marker can 
be used as an indicator of prognosis irrespective of treatment. One example of a prognostic 
molecular marker is a deletion or deleterious mutation in tumor suppressor gene POLE 
in endometrial cancer, which is associated with improved survival as opposed to other 
molecular subclasses.13 Furthermore, a predictive molecular marker predicts the tumor 
response to treatment. For instance, activating small-scale mutations in EGFR in non-small 
cell lung cancer (NSCLC) are associated with response to EGFR inhibitors.14 As such, EGFR 
mutations can be considered predictive molecular markers for targeted therapy.

Targeted therapy
Therapies that target specific predictive molecular markers are collectively known as 
‘molecularly targeted therapy’ or simply ‘targeted therapy’.15 This includes a variety of small 
molecule inhibitors, monoclonal antibodies and antibody-drug conjugates. Pioneering 
drugs in this class of cancer therapy were anti-HER2 monoclonal antibody trastuzumab (for 
HER2-overexpressing breast cancers),16 and small molecule multi-kinase inhibitor imatinib 
(for chronic myeloid leukemias driven by the BCR-ABL fusion gene).17 Trastuzumab and 
imatinib were approved for these diseases by the European Medicines Agency (EMA) in the 
early 2000s. They were followed by the introduction of erlotinib (2005) and gefitinib (2009), 
which are small molecule inhibitors targeting EGFR mutations in NSCLC.14,18 The arsenal of 
clinically available, EMA-approved targeted therapies started rapidly expanding in 2012 with 
the approval of vemurafenib for BRAF p.(V600)-mutant melanoma and crizotinib for ALK 
fusion-positive NSCLC.19,20 Over a span of ten years, the EMA approved over 35 (combinations 
of ) drugs for a variety of molecular indications in a range of cancers; as of October 2021, the 
total amount of available drugs tallied 45 (Table 1).21 In addition, numerous other targeted 
drugs are pending EMA approval (Table 2),22 in clinical trials, or in preclinical development.
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Table 1. EMA-approved targeted therapies for specific molecular variants (as of October 1, 2021)21

Molecular marker Type of cancer Targeted drug
Initial EMA 
approval date

ALK fusion NSCLC Crizotinib
Ceritinib
Alectinib
Brigatinib
Lorlatinib

14/11/2012
06/05/2015
16/02/2017
22/11/2018
06/05/2019

BCR-ABL fusion
(Philadelphia chromosome)

CML Imatinib
Dasatinib
Nilotinib
Bosutinib

07/11/2001
20/11/2006
19/11/2007
27/03/2013

ALL Imatinib
Dasatinib
Ponatinib

07/11/2001
20/11/2006
01/07/2013

BRAF p.(V600) mutation Colorectal cancer Encorafenib/Cetuximab 30/04/2020

Melanoma Vemurafenib/Cobimetinib
Dabrafenib/Trametinib
Encorafenib/Binimetinib

17/02/2012
26/08/2013
19/09/2018

NSCLC Dabrafenib/Trametinib 23/02/2017

BRCA1 mutation
BRCA2 mutation

Breast cancer
Ovarian cancer
Pancreatic cancer
Prostate cancer

Olaparib 16/12/2014

Ovarian cancer Rucaparib 23/05/2018

Breast cancer Talazoparib 20/06/2019

EGFR amplification Squamous NSCLC Necitumumab 15/02/2016

EGFR mutation
(except exon 20 insertions)

NSCLC Erlotinib
Gefitinib
Afatinib
Osimertinib
Dacomitinib

19/09/2005
24/06/2009
25/09/2013
01/02/2016
02/04/2019

ERBB2 amplification Breast cancer Trastuzumab
Lapatinib
Pertuzumab
Trastuzumab emtansine
Neratinib
Trastuzumab deruxtecan
Tucatinib

28/08/2000
10/06/2008
04/03/2013
15/11/2013
31/08/2018
18/01/2021
11/02/2021

Gastric / GEJ cancer Trastuzumab 17/12/2009

FGFR2 fusion Cholangiocarcoma Pemigatinib 26/03/2021

FIP1L1-PDGFRA fusion HES / CEL Imatinib 28/02/2005
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Table 1. Continued

Molecular marker Type of cancer Targeted drug
Initial EMA 
approval date

FLT3 mutation AML Midostaurin
Gilteritinib

18/09/2017
24/10/2019

KIT mutation GIST Imatinib 19/03/2009

MSI-H/dMMR Colorectal cancer Pembrolizumab
Ipilimumab/Nivolumab

10/12/2020
20/05/2021

Endometrial cancer Dostarlimab 24/04/2021

NTRK1 fusion
NTRK2 fusion
NTRK3 fusion

Any solid tumor Larotrectinib
Entrectinib

19/09/2019
31/07/2020

PDGFRA p.(D842V) GIST Avapritinib 24/09/2020

PDGFRA fusion
PDGFRB fusion

MDS / MPD Imatinib 23/12/2005

PD-L1 expression Various cancers Nivolumab
Pembrolizumab
Atezolizumab
Durvalumab

17/07/2015
17/07/2015
20/09/2017
21/09/2018

PIK3CA mutation Breast cancer Alpelisib 27/07/2020

RET fusion
RET mutation

NSCLC
Thyroid cancer

Selpercatinib 11/02/2021

RET mutation MTC Selpercatinib 11/02/2021

ROS1 fusion NSCLC Crizotinib
Entrectinib

21/07/2016
31/07/2020

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CEL, chronic eosinophilic leukemia; CML; chronic 
myeloid leukemia; dMMR, mismatch repair deficient; EMA, European Medicines Agency; GEJ, gastro-esophageal 
junction; GIST, gastro-intestinal stromal tumor; HES, hypereosinophilic syndrome; MDS, myelodysplastic syndrome; MPD, 
myeloproliferative disease; MSI-H, microsatellite instability high; MTC, medullary thyroid cancer; NSCLC, non-small cell 
lung cancer.

Molecular pathology and molecular profiling techniques
The emergence of molecular markers with diagnostic, prognostic and/or predictive 
relevance has necessitated routine testing of patients’ tumors for the presence of these 
markers. The discipline within pathology that focuses on the detection of molecular markers 
is molecular pathology, also known as molecular diagnostics.23 Molecular pathology 
broadly comprises any technique used for the testing of nucleic acids (DNA, RNA) in tissue, 
cytology or plasma samples.24 In pathology departments throughout the Netherlands, 
clinical scientists in molecular pathology (CSMP) are responsible for the implementation, 
interpretation and quality control of these techniques, and the reporting of their 
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results.25 Some techniques, such as polymerase chain-reaction (PCR)-based methods and 
fluorescence in-situ hybridization (FISH), have been available for years.26,27 However, novel, 
state-of-the-art DNA- and RNA-based molecular profiling techniques have quickly become 
feasible for implementation in molecular pathology laboratories due to the swift expansion 
of clinical indications that justify molecular diagnostic testing in routine oncology practice.28 
One technology that has especially revolutionized molecular pathology is next-generation 
sequencing (NGS).29 This technology allows for parallel, targeted sequencing of multiple 
genes, covering broader genomic regions than only hotspot mutations and simultaneously 
profiling tumor tissue from multiple patients.25,30

Table 2. Targeted therapies pending EMA approval (as of October 1, 2021)22

Molecular marker Type of cancer Targeted drug

ALK fusion NSCLC Ensartinib

BCR-ABL fusion
(Philadelphia chromosome)

CML Asciminib

BRCA1 mutation Ovarian cancer
Fallopian tube cancer
Primary peritoneal cancer

Veliparib

EGFR exon 20 insertions NSCLC Amivantamab

ERBB2 amplification Breast cancer Margetuximab
Trastuzumab duocarmazine

Gastric / GEJ cancer Trastuzumab deruxtecan

FGFR2 fusion Cholangiocarcoma Infigratinib

FGFR2 fusion
FGFR2 mutation
FGFR3 fusion
FGFR3 mutation

Urothelial carcinoma Erdafitinib

IDH1 mutation Cholangiocarcinoma Ivosidenib

KRAS p.(G12C) NSCLC Sotorasib

MET exon 14 skipping NSCLC Capmatinib
Tepotinib

RET fusion NSCLC Pralsetinib

TP53 mutation MDS Eprenetapopt

CML; chronic myeloid leukemia; EMA, European Medicines Agency; GEJ, gastro-esophageal junction; MDS, 
myelodysplastic syndrome; NSCLC, non-small cell lung cancer.
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Interpretation of ‘rare’ somatic variants in cancer
As a consequence of introducing extensive molecular profiling into routine practice, the 
interpretation of molecular results has become more challenging. CSMPs, pathologists and 
oncologists increasingly have to deal with (combinations of ) somatic variants that they 
rarely encounter, or have not encountered before, and of which the clinical consequence is 
therefore uncertain. These variants have been received different designations in literature: 
terms that have been used in literature include ‘unknown’,31 ‘rare’,32 ‘uncommon’,33 ‘complex’,34 
or ‘compound’.35 These terms are often interchangeable. To understand the variety of 
challenges that arise from ‘rare’ somatic variants, these terms require further explanation.

The vast majority of somatic variants are ‘unknown’ variants. A variant can be truly classified 
as ‘unknown’ when it has not been biologically or clinically characterized – in other words, 
when its pathogenicity has not been investigated. In genetics and pathology, these variants 
are termed ‘variants of unknown or uncertain clinical significance’ (VUS).36 When a CSMP 
finds a variant that has not been encountered before, this does not mean it is always a VUS: 
cancers generally harbor thousands of somatic variants, most of which have no biological 
effect. Early studies have estimated that every cancer generally harbor more than 10,000 
somatic variants, most of which are unique to that patient.37 VUS are often unique; as a result, 
CSMPs often need to assess numerous variants that they have not encountered before in 
routine diagnostics. Their interpretation is dependent on consulting different (inter)national 
databases and published research that may elucidate the biological effect of a variant or the 
association between a variant and clinical outcome.

A ‘rare’ pathogenic somatic variant is a variant that has been (biologically or clinically) 
characterized as (likely) to induce cancer, but that occurs at a low frequency. This is a broad 
definition that can encompass many types of variants, depending on the criteria used. 
The Dutch guideline for the treatment of advanced NSCLC defines ‘rare’ as a frequency of 
a variant in <5% of the general population of NSCLC.38 By this definition, however, ROS1 
fusions (0.8% prevalence),39 for which the Dutch guideline recommends treatment with 
crizotinib,38 would classify as ‘rare’, whereas RET fusions (prevalence 1.0%),39 for which the 
guideline has no recommendation yet,38 would not. In addition, variants that are rare in one 
type of cancer may be common in others: for example, fusions involving one of the NTRK 
genes are highly enriched in secretory carcinomas, congenital mesoblastic nephroma and 
infantile fibrosarcoma (>90% of cases), but rare in more common types of cancer such as 
NSCLC and colorectal cancer (<1% of cases).40 Furthermore, many unique variants are ‘rare’, 
but can be grouped into a ‘common’ denominator. For example, deleterious mutations in 
tumor suppressor gene TP53 occur in many types of cancer (38–50%),41 but a multitude of 
different mutations have been described, of which many have an individual frequency of 
<1%. Thus, defining a somatic variant as ‘rare’ based on an arbitrary cut-off of prevalence 
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does not always reflect difficulty in interpretation; rather, whether or not a variant should 
be considered ‘rare’ is dependent on the cancer type it was discovered in and its potential 
clinical relevance.

The term ‘uncommon’ mutation is generally synonymous with ‘rare’, but it has been 
popularized to distinguish rare (‘uncommon’) EGFR mutations – such as exon 20 insertions, 
p.(G719)- and p.(L861)-mutations – from the ‘common’ EGFR exon 19 deletions and p.(L858R) 
mutations. A third term that is sometimes used to described individual rare variants is ‘non-
canonical’, referring to the opposite of ‘canonical’, which is defined as a universally accepted 
standard. In other words, a ‘non-canonical’ variant would be a variant for which current 
standards (clinical guidelines) do not have an answer, which is again a broad definition as 
most guidelines do not provide in-depth definition of which specific variants are included 
in common denominators. For example, ‘KRAS exon 2 mutations’ are a contra-indication for 
anti-EGFR treatment in colorectal cancer, but some somatic mutations in KRAS exon 2 – 
such as KRAS p.(E31K)42 – are not pathogenic and therefore of no clinical relevance.

‘Complex’ and ‘compound’ are terms that usually denote the co-existence of multiple 
pathogenic somatic variants and/or VUS. This can include co-existence of multiple activating 
mutations in different genes, which occurs rarely, as driver mutations are often mutually 
exclusive,43 or multiple mutations affecting one (allele of a) gene, such as compound EGFR 
mutations (G719X/S768I).35 These categories of rare mutations are more frequently found 
in patients who relapse on targeted therapy. Cancers can develop resistance by acquiring 
additional mutations that bypass the inhibiting effects of a drug.44 A well-known example 
is the secondary EGFR p.(T790M) mutation, which prevents the binding of EGFR inhibitors 
such as gefitinib, afatinib and erlotinib in NSCLC patients with activating EGFR mutations.45 
Third-generation EGFR inhibitor osimertinib reverts this resistance mechanism, as it can 
still bind despite the secondary p.(T790M) mutation.46 A large variety of (rare) molecular 
mechanisms of resistance have been described for both EGFR-mutant and ALK-rearranged 
NSCLC patients,47,48 some of which are actionable with other targeted drugs. This has 
justified sequential molecular diagnostic testing to treat patients with second- and third-
line targeted drugs, but has further increased the complexity of interpretation of molecular 
testing results.

Altogether, these different categories of ‘rare’ somatic mutations can each represent 
uncertainties in interpretation of molecular testing results. CSMPs and pathologists 
increasingly have to deal with rare somatic variants of which they cannot always determine 
the clinical consequence. On the other hand, treating oncologists are faced with complex 
molecular results that they have not been trained to understand. These challenges have 
instigated the implementation of MTBs.
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Molecular Tumor Boards (MTBs)
Rare somatic variants require a multidisciplinary approach to ensure the interpretation 
of molecular testing results is optimized for individual patients. To this effect, various 
academic centers around the world have established multidisciplinary MTBs,49–59 in 
which representatives from molecular pathology and clinical oncology meet periodically 
to discuss difficult cases and provide a patient-tailored clinical recommendation. MTBs 
are complimentary to conventional, cancer type-specific multidisciplinary team (MDT) 
meetings. Conventional MDTs integrate clinical information, imaging, laboratory results 
and pathological assessment to determine the patient’s disease stage and the subsequent 
appropriate guidelines-based choice of treatment in patients with a specific type of cancer. 
MDT meetings are thus predominantly a clinical discussion. In contrast, MTBs provide a 
clinical interpretation and integration of (rare) somatic variants into the clinical context 
of the patient, taking into account the technical aspects of molecular testing results, the 
biological rationale of pathogenicity and the evidence regarding actionability, often in a 
histology-agnostic manner.50,51,53,54,56,57,60 In contrast to MDTs, discussions within an MTBs 
often go beyond the directive of current guidelines. Cases discussed in an MTB therefore 
require a structured review of (online) data- and knowledge bases and an elaborate 
discussion to prioritize targets within the MTB.

In the Netherlands, MTBs have been operating since 2014,61 but unlike MDTs,62 there is no 
quality directive on how an MTB should operate. Experts disagree on the type of patients 
who are eligible to be reviewed by an MTB, the cancer types that should be included in the 
scope of an MTB, and the health professionals that should participate in MTB meetings.63,64 
Not surprisingly, the MTBs that have been published thus far show major differences,65,66 
and recommendations provided by MTBs seem to vary among different institutions 
internationally.67 Furthermore, there is no consensus on the most optimal approach for 
achieving a treatment recommendation. As MTBs are increasingly being incorporated into 
standard-of-care cancer diagnostics and therapy, there is a risk that patients receive different 
treatment recommendations when they are treated in different centers within the same 
healthcare system. Therefore, it is necessary to gain insight into the differences between 
existing MTBs in the Netherlands and to establish tools and strategies for decision-making 
within and outside MTBs.
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AIM AND SCOPE OF THIS THESIS

The aim of this thesis is to investigate strategies that can be used for the clinical interpretation 
of challenging results from molecular pathology for patients with cancer. MTBs are a 
foremost resource for oncologists, pathologists and CSMPs to translate rare somatic 
variants into a diagnostic or treatment recommendation. Insight into the organizational 
infrastructure, methods and subsequent treatment outcomes of MTBs in the Netherlands 
is currently lacking. Therefore, the aim of part I is to investigate the methods of current 
MTBs associated with tertiary cancer referral centers in the Netherlands. Chapter 2 will 
analyze the methods and subsequent adherence and treatment outcome resulting from 
MTB recommendations in a single tertiary cancer referral center. In chapter 3, the focus will 
be expanded to the rest of the Netherlands, comparing the organizational structure and 
differences in targeted therapy recommendations among MTBs hosted in all eight tertiary 
cancer referral centers in the Netherlands. In chapter 4, the core of MTB decision-making 
is further explored by investigating how rare variants are interpreted by CSMPs associated 
with these MTBs and which available resources were used to facilitate this assessment. In 
addition, the agreement among these experts in the interpretation of pathogenicity and 
actionability of challenging somatic variants was assessed.

Within and outside of the MTBs, oncologists, pathologists and CSMPs are faced with a 
variety of challenges at different levels of decision-making that require strategies tailored 
to each situation for an optimal diagnostic or treatment recommendation. This can range 
from choosing the appropriate testing method to the treatment outcome of patients 
with rare somatic variants that are treated with targeted therapy. The aim of part II was 
to explore these specific challenges and determine strategies that can be used to solve 
them. Chapter 5 centers around establishing the appropriate testing method that can be 
used to detect fusions in NTRK1–3. Chapter 6 will illustrate the diagnostic significance that 
can result from the detection of rare (predictive) somatic variants, based on a patient with 
lung adenocarcinoma harboring multiple such unusual variants. In chapter 7, the utility of 
applying a classification system for actionability will be investigated based on a landscape of 
clinically actionable, uncommon EGFR mutations in Dutch patients with NSCLC. Chapter 8 
will investigate the potential advantage of basing treatment decisions on in vitro and 
(limited) clinical evidence to predict the clinical tumor response of ALK inhibitors directed 
towards on-target resistance mutations in ALK fusion-positive NSCLC patients. Chapter 9 
focuses on the significance of off-target (bypass) mutations and the possibility to repurpose 
currently approved drugs to treat patients with such resistance mechanisms.
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Finally, chapter 10 summarizes the results of this thesis, provides a framework for the 
optimal decision-making strategy that can be applied when detecting a rare somatic 
variant in routine diagnostics, and highlights how recent advances in molecular pathology 
may affect these strategies.
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