7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Oncogenic variants guiding treatment in thoracic malignancies
Meng, Pei

DOI:
10.33612/diss.160074057

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Meng, P. (2021). Oncogenic variants guiding treatment in thoracic malignancies. University of Groningen.
https://doi.org/10.33612/diss.160074057

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-10-2022


https://doi.org/10.33612/diss.160074057
https://research.rug.nl/en/publications/d7a082fd-826d-421a-8520-eadee2d8530e
https://doi.org/10.33612/diss.160074057

CHAPTER 1




Chapter 1

1. Non-small cell lung cancer (NSCLC)

1.1. Epidemiology

Lung cancer ranked first for incidence rate (11.6% of the 18.1 million total cancer cases) and
mortality (18.4% of the 9.6 million total cancer deaths) among 36 cancer types in 185
countries irrespective of sex in 2018 [1]. In the United States, the incidence of lung and
bronchus cancer was estimated to be the second most common type and ranked first in
cancer associated deaths in 2020 with 220,820 new cases and 135,720 deaths [2]. Based on
major clinical differences in presentation, metastatic spread, and response to therapy, lung
cancer is histologically divided into small cell lung cancer (SCLC) and NSCLC. NSCLC
represents about 85% of all lung cancer cases [3]. The common subtypes of NSCLC are
adenocarcinoma (approx. 60% of all lung cancer), squamous cell carcinoma (approx. 20% of
all lung cancer) and large cell carcinoma (approx. 3% of all lung cancer) [4,5]. Incidence and
mortality of lung cancer, especially of SCLC and squamous cell carcinoma, and to a lesser
extent adenocarcinoma are highly correlated with cigarette smoking [6,7]. The most common
lung cancer subtype in never smokers is adenocarcinoma [8]. The incidence of lung cancer
declined following the initiation of comprehensive tobacco control programs in the US, UK
and some other countries [9]. The tobacco control program remains at an earlier stage in
China and the significance of tobacco smoking control in recent decades have not yet been
recognized [10].

1.2 Diagnosis and prognosis overview

The majority of lung cancer patients (approx. 75%) present with symptoms at an advanced
stage [11] and are diagnosed with unresectable disease in which systemic treatment
interventions are largely palliative and with poor prognosis [11,12]. For early-stage patients,
up to 60% eventually die of their disease despite curative resection due to recurrence [13-15].
The majority of the recurrences are distant metastasis or combined local and distant
metastasis [13,16]. Lung cancer screening using sensitive screening modalities such as low-
dose CT scanning has been recommended to allow diagnosis at an early stage [12,17,18].
Initial diagnosis of lung cancer remains to be based on histological and later also
immunohistochemical features. The development of next generation sequencing (NGS) and
other high-throughput analyses has enabled routine genetic testing and improved selection
of patients who will benefit from specific targeted treatment regimens [19]. These
developments led to a substantial improvement in survival. In contrast, limited improvement
of survival has been achieved for SCLC patients due to limited targeted treatment regimens
[20]. The most recent 5-year survival rate published for NSCLC is 24%, compared to 6% for
SCLC (Lung Cancer - Non-Small Cell: Statistics from American Society of Clinical Oncology
approved in 2020).

1.3 Molecular characteristics and targeted treatment options

Molecular characteristics of NSCLC include mutations in various driver genes (Table 1.1).
Tumors with EGFR, PTEN, ALK, ROS1, and RET alterations are found more commonly in
never- or light-smokers, whereas KRAS and BRAF alterations are more common in smokers
[21-24]. Squamous cell carcinomas predominantly have genomic aberrations in tumor
suppressor genes. A number of molecular alterations have shown to be effective targets for
anticancer therapies in different malignancies [25]. In combination with the implementation



Introduction

of NGS in clinical oncology, this has enabled stratification of patients for targeted therapy
[26,27].

In the past years, treatment decision for metastatic NSCLC patients has changed from
general cytotoxic therapy to personalized medicine. Personalized therapy has become
increasingly important to improve outcome of NSCLC patients. This makes molecular
subtyping of NSCLC patients at diagnosis crucial for selecting the most optimal targeted
therapy. Currently, standard therapies are available for EGFR, BRAF, ALK, ROS1, MET, NTRK
and RET. For part of the aberrations, e.g. PTEN, FGFR1, AKT1, no targeted therapies are
available. For others, e.g. KRAS, ERBB2, PIK3CA, NRAS, NRG1 and MEK targeted drugs are
under development. NSCLC patients without targetable driver mutations can be treated with
immune checkpoint inhibitors (ICl) for cases with expression of programmed death ligand-1
(PD-L1) and for those with low PDL-1 expression ICl is combined with chemotherapy [28]
(https://www.esmo.org/Guidelines/Lung-and-Chest-Tumours/Metastatic-Non-Small-Cell-
Lung-Cancer). After pathological examination and histological subtyping, current guidelines
recommend predictive biomarker testing for all patients with advanced, possible, probable
or definite adenocarcinoma [29-32]. Molecular testing is recommended in squamous cell
carcinoma only when the patient is a never-, long-time ex- or light-smoker (<15 pack-years)
[28]. NGS on circulating tumor DNA (ctDNA) is gradually being implemented for testing of
adenocarcinomas to identify targetable oncogenes [31,33,34]. Whether fusion genes
identified by NGS require further validation by immunohistochemistry (IHC) or fluorescence
in situ hybridization (FISH) remains an open question [28]. In practice, having one test for all
genomic aberrations would be desirable considering limited tissue availability, shorter
turnaround times and costs. A brief guideline for molecular testing for advanced NSCLC at
initial diagnosis is presented in Figure 1.1.
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Advanced stage non-small cell lung cancer

Squamous cell carcinoma

Moderate- Never-, long-time ex- or light-
/heavy- smokers smoker (<15 pack-years)

Adenocarcinoma

KRAS, EGFR, ALK, ROS1, BRAF, RET, MET, HER2, NTRK1/2/3
and NRG1 (IHC, FISH, PCR, NGS)

Figure 1.1. Brief overview of molecular testing in advanced NSCLC patients at initial diagnosis. IHC:
immunohistochemistry; PCR: polymerase chain reaction; NGS: next generation sequencing; FISH:
fluorescence in situ hybridization.

1.4 EGFR

Activating EGFR mutations occur in 10-20% of Caucasian and up to 60% of Asian patients
with advanced NSCLC [36-39]. In-frame deletions of part of exon 19 and the L858R
mutation in exon 21 are the most commonly observed aberrations. Together these two
mutations account for up to 85% of the activating EGFR mutations [40]. Other less
common activating EGFR mutations include in-frame deletions of part of exon 18, in-frame
insertions in exon 19, exon 20 InDels, E709K, S768l, L861Q, multiple mutations leading to
an amino acid change at G719, and other mutations within exons 18-25 of the EGFR gene
[40,41]. These activating mutations were demonstrated to enhance the EGFR tyrosine
kinase activity, resulting in constitutive receptor autophosphorylation [42,43]. EGFR
tyrosine kinase inhibitors (TKIs) are small molecules that inhibit EGFR autophosphorylation
and subsequent receptor activation and signal transduction [43]. Patients with activating
EGFR mutations are sensitive to 1% generation TKIs such as erlotinib, gefitinib, and the 2"
generation TKls such as afatinib, dacomitinib, and the 3" generation TKI osimertinib with
response rates up to 83% [44-50]. All these TKls have been approved for first-line treatment
of patients carrying activating EGFR mutations by the FDA [49]. Patients receiving first-line
osimertinib have a median response time of 17.2 months versus 8.5 months for patients
treated with 1% and 2™ generation TKls [49]. Treatment with a combination of erlotinib-
bevacizumab, and erlotinib-ramucirumab have been approved for first-line treatment as
well, with response rates of 69% and 76% respectively [51,52]. Median PFS of treatments
with this two-drug combination therapy were 16.0 months and 18.0 months respectively.
Activating exon 20 insertions are found in NSCLC in approximately 1.5-2.5% but patients
with these mutations did not respond to standard TKIs [53]. At the moment, several
studies are performed on poziotinib, TAK-788, high dose osimertinib and afatinib-
cetuximab.
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1.5 ALK

ALK rearrangements leading to ALK fusion genes are present in 3-13% of NSCLC. ALK
fusion genes are observed predominantly in adenocarcinoma in young female patients but
also occur in males and at various ages. In general, ALK fusion genes are mutually
exclusive with EGFR and KRAS mutations [54-56]. A wide variety of ALK fusion gene
partners have been identified and all fusions result in a chimeric product containing the
kinase domain of ALK. Echinoderm microtubule-associated protein-like 4 (EML4) is the
most prevalent fusion partner. Other less common fusion partners include kinesin family
member 5B (KIF5B) and others as shown in Table 1.1 [57]. Crizotinib was the first approved
ALK inhibitor (ALKi) for first-line treatment of ALK fusion gene-positive NSCLC patients. In
two phase lll open-label trials, median progression-free survival (PFS) was significantly
longer upon treatment with crizotinib than with chemotherapy (7.7 vs. 3.0 months and
10.9 vs. 7.0 months) [58,59]. Alectinib, ceritinib, brigatinib and lorlatinio have been
developed and approved as 2" and 3™ generation ALKi. Alectinib is now the preferred
first-line treatment for ALK fusion gene positive patients because it penetrates the blood-
brain barrier, results in a significantly longer PFS as compared to crizotinib and has a less
severe toxicity profile [60,61]. Recently, brigatinib and lorlatinib have also been accepted as
first-line treatment options for NSCLC with ALK rearrangements [62].

1.6 BRAF

BRAF p.(V600E) mutations occur in 1%-2% of NSCLC patients, and account for about half
of the BRAF mutations in NSCLC [63,64]. This mutation leads to constitutive activation of
the mitogen activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)
pathway [65] and results in activation of the downstream protein kinases MEK1/2 (Figure
1.2). BRAF p.(V600) positive NSCLC patients treated with the BRAF inhibitor vemurafenib
had a response rate up to 45% [66,67]. Dabrafenib (BRAF inhibitor) treatment resulted in a
response in 26/78 (33%) previously treated and 4/6 previously untreated patients [68].
Combining both dabrafenib and trametinib (MEK inhibitor) resulted in a response rate of
more than 60% in both first-line and subsequent lines of treatment. This regimen has now
been approved for the treatment of NSCLC patients with BRAF V600E mutations [69,70].
Combined treatment with encorafenib and binimitinib is still under investigation in clinical
trials.

1.7 KRAS

KRAS is the most commonly mutated driver gene of NSCLC with mutations in nearly 30%
of the cases [71]. Although trials are ongoing, there is no clinically approved drug yet for
this patient group. Early clinical trials using inhibitors against either KRAS or upstream and
downstream effectors of KRAS, such as ERBB2 and MEK are ongoing [72]. Sotorasib is a
small molecule that targets KRAS p.(G12C) mutated tumors. A phase | trial demonstrated
32.2% of objective response and 88.1% of disease control to sotorasib in 59 patients with
advanced NSCLC harboring the KRAS p.(G12C) mutation [73].
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RTK including EGFR, MET, PDGFRa, etc.

L 2 Cell membrane

RAF  —— dabrafenib
BRAF P.(V600E)
AKT \]/

MEK1/2——— trametinib

v )

mTOR ERK1/2

y J

Proliferation and survival

Figure 1.2. Schematic of PI3K and MAPK pathways. The drugs used for the combined targeting of
BRAF and MEK as crucial components of the MAPK pathway are shown on the right site.

1.8 Resistance mechanism to targeted treatment

Drug resistance is a strikingly universal feature evolving upon treatment with kinase
inhibitors targeting the activated driver proteins. Most malignancies, including lung cancer,
evolve as subclones with distinct molecular variants. This is also known as intratumor
heterogeneity [74] and contributes to non-responsiveness to treatment which is known as
primary/intrinsic resistance. Besides the intrinsic resistance, acquired resistance emerges
during the treatment after a good initial response. Resistance mechanisms can be caused
by re-activation of the signaling pathway or by activation of a critical parallel signaling
pathway(s) caused by alterations in other oncogenic drivers [75]. In this section, | will focus
specifically on conventional resistance mechanisms induced by EGFR and BRAF targeted
therapy. Resistance-associated abnormalities involve secondary aberrations preventing
binding of the TKI to these genes known as on-target resistance mechanisms or off-target
aberrations such as activation of the phosphoinositide 3-kinase (PI13K)/AKT/mammalian
target of rapamycin (mTOR) and RAS/RAF/MEK signaling pathways (Figure 1.2) [76].

Pre-existing or treatment-induced on-target EGFR variants, activation of bypass pathways,
downstream pathway activation and histological transformation have been reported to be
responsible for resistance against EGFR-TKI [77]. The EGFR p.(T790M) is the most
commonly observed resistance-causing mutation to 1* and 2" generation TKls [78].
Osimertinib, a 3™ generation EGFR-TKI, has been approved for patients with acquired
resistance to 1% or 2™ generation EGFR-TKI due to the occurrence of a T790M mutation
[49]. Additional, less common resistance-associated mutations in EGFR include the D761Y,
T854A, L747S, C797G/S, L798I, L718Q, L844 V, and L797S and others. Amplification of
EGFR has also been demonstrated to be a resistance mechanism for the 3™ generation
EGFR-TKI (osimertinib) [79]. In addition, receptor tyrosine kinase (RTK) fusions are reported
as actionable resistance mechanisms to EGFR-TKIs [80,81]. Resistance mechanisms




Chapter 1

involving activation of bypass or downstream pathways include BRAF mutations [82] and
fusions [80,81], and amplifications of MET or ERBB2 and small cell lung cancer
transformations [75].

Resistance mechanism to BRAF inhibitor monotherapy have been studied extensively in
melanoma. Currently known resistance mechanisms result from re-activation of MAPK, via
BRAF copy number gains, BRAF splice variant, NRAS or MEK1/2 mutations and over-
expression of RTKs [83]. The proportion of MAPK re-activation due to combined
dabrafenib/trametinib resistance is reported in up to 82% [84]. However, another study
showed that resistance mechanisms in melanoma patients treated with mono and
combination therapy are independent of MAPK re-activation and involve p21-activated
kinases (PAKs) activation [85]. BRAF monotherapy and BRAF / MEK combination therapy
induced resistance mechanisms in NSCLC are less well studied thus far. The limited
number of reported resistance mechanisms mainly involve the MAPK pathway and PI3K
pathways and include KRAS p.(G12D/V), or NRAS p.(Q61K), MEK1 p.(K57N), KRAS p.(Q61R)
and PTEN frameshift mutations [86-90]. These mutations have also been associated with
resistance in melanoma.

2. Esophageal squamous cell carcinoma

The incidence of esophageal cancer ranks at the ninth position and it is the sixth most
common cause of cancer mortality globally [91]. Histologically, esophageal cancer can be
divided to adenocarcinoma and squamous cell carcinoma. Squamous cell carcinoma (ESCC)
is the most common histological subtype worldwide, particularly in high-incidence areas
of eastern Asia and in eastern and southern Africa [91]. Adenocarcinoma is more
predominant in western countries [92]. The diagnosis of esophageal cancer is determined
by endoscopy and biopsies for histopathological test. Although there are improvements in
endoscopy for early detection, surgical resection, and palliative therapy including
immunotherapy, radiotherapy and chemotherapy, the 5-year survival of patients with
esophageal cancer is low, mainly due to presentation at middle-late stage of disease at
diagnosis [93]. Moreover, recurrence rate of ESCC after esophagectomy was reported to
occur in up to 52% of the patients [94]. To increase the survival rates of this patient group,
it is of great importance to identify new biomarkers for early detection or as prognostic
markers. A potential power approach that could be explored is the analysis of circulating
tumor (ct)DNA in ESCC patients.

3. Blood based liquid biopsy

Liquid biopsies have gained much interest as a minimal invasive approach for early
detection of cancer, assessing molecular subtype, monitoring therapeutic response and
development of resistance and evaluating presence of residual disease after surgery [34].
Commonly used blood based liquid biopsy derived biomolecules, include CctDNA,
circulating tumor cells (CTCs), tumor derived circulating extracellular vesicles (EVs), such as
exosomes, tumor-educated platelets (TEPs). Potential value of these biomolecules as
clinical biomarkers has been shown in different studies [95]. The advantages and
disadvantages of liquid and tissue biopsies are summarized in Table 1.2.
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Table 1.2. The pros and cons of liquid and tissue biopsies

Approach Advantages Disadvantages
Tissue Golden standard, allows histological Invasive, does not capture tumor heterogeneity, not
biopsy assessment always feasible to obtain, not suitable for follow-up,

tumor content might be too low for molecular analysis,
artifactual C:G>T:A variants in FFPE DNA

Liquid Less invasive, might capture tumor Lack of standard protocols, low tumor content which
biopsy heterogeneity, suitable for monitoring might lead to high false-negative rates
of treatment response and

development of resistance

In healthy individuals, circulating cfDNA is derived from dying normal cells, elevated levels
are observed upon exercise or in subjects with fever. In cancer patients the cfDNA also
contains variable amounts of ctDNA originating from tumor cells. The main approaches to
identify mutations in cfDNA are ddPCR and targeted NGS. The ddPCR was shown to be
highly sensitive and allowed detection of mutations with variant allele frequency as low as
0.1% [96]. Targeted NGS of ctDNA allows reliable detection of mutations occurring at a
minimal frequency of 0.2% or as shown by some studies even at lower frequencies [97-99].
The use of cfDNA to identify cancer driver or resistance associated mutations has been
approved as a medical diagnostic for lung cancer and colorectal cancer by the FDA in 2016
[100]. However, clinical applications for other tumor types still awaits further studies and
standardized protocols are required before it can be implemented in a clinical setting.

Exosomes (30-100nm) and microvesicles (100-1000 nm) are both extracellular vesicles
containing proteins, nucleic acids and lipids, but differ in size [101]. Tumor cells can release
EVs for intercellular communication at local and more distant locations [102]. Platelets
capture EV-derived RNAs [103-105] and RNA-seq analysis has indicated that these platelets
carry a tumor specific RNA profile [106-108]. This can in theory help to determine the type
of cancers even in the absence of representative tissue biopsies. However, the use of
these specific signatures has not been implemented in a clinical setting. Analysis of TEPs in
ALK-positive lung cancer patients has shown presence of EML4—ALK fusion transcripts [104].
Monitoring of the number of EML4-ALK transcripts in subsequently collected platelet
samples may thus be used to monitor effectiveness of ALK inhibitors in NSCLC patients.
Moreover, in a single case, the EML4-ALK fusion gene transcript has been detected in
platelets two months prior to radiographic disease progression [104]. This suggests that
platelet-derived RNA might be used as a potential biomarker to monitor progression. The
value of cfDNA, TEPs and/or EVs and their limitations are summarized in Table 1.3.

CTCs are a subset of tumor cells found in the blood of patients as either single migratory
cell or multicellular clusters. The CellSearch® CTCs capture system is now an FDA-cleared
platform to measure progression of metastatic prostate, breast and colon cancers [109].
Different techniques, such as CellSearch, ISET, Adna test, have been used for isolation
CTCs and enumeration in early and advanced NSCLC cohorts to explore the potential of
CTCs as early diagnosis or prognosis biomarker [110,111]. However, the results obtained
thus far are discrepant and need further validation studies before they can be
implemented in a clinical setting.
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Table 1.3 Comparison of cell free DNA and tumor educated platelets/ Extra cellular
vesicles

Source Analysis capability Limitations
Cell free DNA Mutations, amplifications, Need of specialized blood tubes to prevent lysis of
methylation patterns white blood cells, not all patients contain sufficient

amounts of cfDNA, high amount of plasma
required for MRD detection.

Tumor-educated Mutations, fusion gene Contamination by peripheral blood mononuclear
platelets transcripts, RNA splice cells, more complex to isolate

variants
Extra cellular vesicles Contamination by peripheral blood mononuclear

cells, more complex to isolate with limited amount

4. NGS and droplet digital PCR (ddPCR)

DNA-based NGS is a high throughput sequencing approach that allows for parallel analysis
of a limited number of samples for a specific gene panel (targeted sequencing), the entire
genome (whole genome sequencing, WGS) or its coding part (whole exome sequencing,
WES) within a few days. Without question, NGS has greatly contributed to the
characterization of the oncogenome and has resulted in identification of novel targets for
cancer therapy. With the development of tailored therapies for patients with specific gene
variants, the FDA has finalized a guide for monitoring the development, safety, and
efficaciousness of NGS-testing in clinical use [112].

In multiple cancer subtypes amplifications of specific oncogenes have been demonstrated
to act as drivers of tumorigenesis. Moreover, amplifications have been implemented as
biomarkers to stratify patients sensitive to specific inhibitors, such as EGFR amplifications
in gliomas [113] or ERBB2 amplifications in mamma carcinoma [114]. As both mutations and
amplifications were demonstrated to be critical biomarkers to select the most optimal
targeted treatment compounds, NGS-based approaches are likely to present the most
robust analytic approaches to analyze a comprehensive set of aberrations even with
limited tissue specimens.

DdPCR is a preferred approach for the detection of low-abundance variants in a
predominant background of wild type targets or for detection of variants in samples with
limited DNA input such as cfDNA. It provides an ultrasensitive and absolute quantification
method and is relatively cheap to perform [115]. Most ddPCR applications in the field of
cancer diagnostics are focused on liquid biopsies. It has become an important diagnostic
test for the examination of genetic alterations including single nucleotide variant (SNVs),
insertion/deletion variants (indels), and gene rearrangements in different kinds of clinical
samples [115,116].



Introduction

5. Scope of the thesis

Cancers are genetically heterogeneous in nature. This heterogeneity contributes to tumor
evolution and results in subclonal dynamics. The aim of this thesis was to explore the
value of tumor cell specific biomarkers and to investigate intrinsic and acquired resistance
mechanisms.

In chapter 2, we explored the possibility of using our customized all-in-one transcriptome-
based assay to identify therapy-guiding genomic aberrations (both mutations and fusion
genes) in NSCLC patients. In chapters 3 and 7, we focused on the use of blood based liquid
biopsies as biomarkers to identify tumor specific variants to guide treatment and as a tool
to monitor treatment response over time. In chapter 3, we tested the feasibility of using
platelet derived RNA to monitor mutations using our customized NGS panel (the same
panel as used in chapter 2) and ddPCR. In chapter 7, we tested the presence of ctDNA
before and after surgery in ESCC patients. In chapter 4, we analyzed targeted NGS data
from molecular diagnostic tests of pre- dabrafenib/trametinib treatment samples of BRAF
p.(V600E) NSCLC patients with a short and long response duration and a limited number of
paired pre- and post-treatment samples. Our aim was to investigate whether mutations
occurring concurrent with BRAF p.(V600E) correlate with PFS time and to identify acquired
resistance mechanisms. In chapter 5, we present two EGFR mutant NSCLC patients with
osimertinib induced BRAF p.(V600E) mutations as a resistance mechanism. We evaluated
tumor response to combined EGFR-TKI and BRAF/MEK inhibitor therapy. In chapter 6, we
re-analyzed targeted sequencing results from routine molecular diagnostic tests and
developed an approach using these NGS data to estimate EGFR copy number gains.
Moreover, we investigated the clinical value of the EGFR copy number gain determined by
the targeted NGS. A summary of our main findings and future perspectives are presented
in chapter 8.
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