Aus dem Institut fur Pathologie
der Universitat zu Koln
Direktor: Universitatsprofessor Dr. med. R. Buttner

Clonal evolution and resistance mechanisms in
BRAF-driven EGFR-mutated lung cancer

Inaugural-Dissertation zur Erlangung der Doktorwirde
der Medizinischen Fakultat
der Universitat zu Koln

vorgelegt von
David Fabian Ast
aus Bergisch Gladbach

promoviert am 18. Dezember 2025



Gedruckt mit Genehmigung der Medizinischen Fakultat der Universitat zu Koln
Druckjahr 2026



Dekan: Universitatsprofessor Dr. med. G. R. Fink

1. Gutachter: Professor Dr. med. M. Sos
2. Gutachter: Privatdozent Dr. med. M. Scheffler
Erklarung

Ich erklare hiermit, dass ich die vorliegende Dissertationsschrift ohne unzulassige Hilfe Dritter
und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus
fremden Quellen direkt oder indirekt tbernommenen Gedanken sind als solche kenntlich
gemacht.

Bei der Auswahl und Auswertung des Materials sowie bei der Herstellung des Manuskriptes
habe ich keine Unterstitzungsleistungen erhalten.

Weitere Personen waren an der Erstellung der vorliegenden Arbeit nicht beteiligt.
Insbesondere habe ich nicht die Hilfe einer Promotionsberaterin/eines Promotionsberaters in
Anspruch genommen. Dritte haben von mir weder unmittelbar noch mittelbar geldwerte
Leistungen fir Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der vorgelegten
Dissertationsschrift stehen.

Die Dissertationsschrift wurde von mir bisher weder im Inland noch im Ausland in gleicher oder
ahnlicher Form einer anderen Prifungsbehdérde vorgelegt.

Die in dieser Arbeit bzw. dem Paper ab der Uberschrift ,Resistance through the selection of
BRAFV¢%E_positive clones angegebenen Daten, Ergebnisse und Experimente (Figure 2 und 3;
Supplemental Figure 5-13) wurden von mir oder unter meiner Mitarbeit gesammelt bzw.
durchgefiihrt. Bei der Sammlung und Bearbeitung der klinischen (Patienten-)Daten (Figure 1;
Supplemental Figure 1-4) sowie Betreuung der Patienten war ich nicht beteiligt.

Die in dieser Arbeit angegebenen Experimente sind nach entsprechender Anleitung durch
Herrn Martin Sos und Herrn Johannes Bragelmann von mir selbst ausgefuihrt worden. Darunter
fallen folgende Laborschritte bzw. Experimente:

Zellkultur, Klonierung und Einbringung der viralen Vektoren zur Uberexpression von BRA
und NRAS®™ in die Zelllinien, Generierung resistenter Zelllinien, Crystal violet-Assay,
Western Blot, PCR, RTqPCR, Gel-Elektrophorese, CTG-Assay, Synergy Screen,
Wachstumsreihen, Klonalitats-Assay, Generierung und Vorbereitung der Zellen fur die in vivo
Experimente.

FVBOOE

Die Durchflusszytometrische Bestimmung der Apoptoserate wurde von Frau Hannah
Tumbrink (Supplemental Figure 6a und 8) durchgefiihrt.

Die in vivo Experimente wurden von Frau Hannah Tumbrink unter Mithilfe von Frau Inga Spille
und Frau Steffanie Lennartz durchgefihrt.

Die in dieser Arbeit entstandenen Messwerte sind nach entsprechender Anleitung durch Herrn
Martin Sos und Herrn Johannes Bragelmann von mir selbst ausgewertet worden. Dafiir wurde
die Statistiksoftware ,R“ oder Mikrosoft Excel benutzt. Dies bezieht sich auf alle oben
genannten von mir durchgefihrten Experimente sowie die in vivo Daten.

Die Auswertung der RNA-Sequenzierung (Figure 2 E; Supplementary Figure 6D und 7A) fand
durch Herrn Johannes Bragelmann statt.



Erklarung zur guten wissenschaftlichen Praxis:

Ich erklare hiermit, dass ich die Ordnung zur Sicherung guter wissenschaftlicher Praxis und
zum Umgang mit wissenschaftlichem Fehlverhalten (Amtliche Mitteilung der Universitat zu
Kéln AM 132/2020) der Universitat zu Kdln gelesen habe und verpflichte mich hiermit, die dort
genannten Vorgaben bei allen wissenschaftlichen Tatigkeiten zu beachten und umzusetzen.

David Fabian Ast
Koln, den 21.01.2026



Danksagung

An dieser Stelle méchte ich allen danken, die mich bei der Anfertigung meiner Doktorarbeit

unterstutzt haben.

Mein besonderer Dank gilt Martin und Johannes fur die hervorragende Betreuung und

Unterstutzung, ohne die diese Arbeit so sicher nicht entstanden ware.

AulRerdem mochte ich mich insbesondere bei Marcel und Hannah fiir die schnelle und
kompetente Durchsicht dieser Arbeit und die zahlreichen Verbesserungsvorschlage

bedanken.

In den Jahren im Labor habe ich unzahlige tolle Menschen kennengelernt, von denen ich viele
mittlerweile zu meinen engsten Freunden zahlen darf. Ich danke euch fur die fachliche und
emotionale Unterstltzung — bei egal wie bléden Fragen und Problemen, zu jeder denkbaren
Zeit. Ich bin dankbar fir die unvergesslichen Feiern und ,Beer Hours*. Danke, Marcel, Hannah,

Carina, Laura, Mareike, Katharina, Lisa — um nur einige zu nennen.

Fir die finanzielle Unterstitzung dieser Arbeit danke ich der Mildred Scheel School of
Oncology fiir das Forschungsstipendium, Martin fir die zeitweise Anstellung als studentische
Hilfskraft und meiner Familie fir die Unterstlitzung, ohne die ich meine Zeit nicht so

zielgerichtet auf dieses Projekt hatte fokussieren kénnen.

Meinen Eltern, meiner Familie, meinen Freunden und nicht zuletzt meiner Freundin danke ich
fur ihre Ermutigungen, Zuspriche und ihren Glauben an mich — in Momenten, in denen ich

selbst gezweifelt habe.



Ich widme diese Arbeit meinen Eltern, Ina und Falk, sowie meinen Omas, Gudrun und Helga.
Ihr habt all die Jahre an mich geglaubt und mich bei allem unterstitzt.

Ich bin froh, euch zu haben.

Widmung

5



Table of contents

LIST OF ABBREVIATIONS

1. ZUSAMMENFASSUNG

11 Summary

2. INTRODUCTION
21. Lung cancer
2.2 Carcinogenesis of lung adenocarcinoma

23 MAPK-Pathway

2.31. EGFR
2.3.2. RAS
2.3.3. BRAF

24 Targeted Therapy

2.5 Resistance mechanisms

2.6 Aims of the work

3. PUBLICATION

Clonal dynamics of BRAF-driven drug resistance in EGFR- mutant lung cancer

4, DISCUSSION

41 Strengths and limitations

4.2 Research question

43 Integration into the current study context
44 Outlook on future research questions

4.5 Conclusion

5. LIST OF REFERENCES

10

11

11

11

12
13
14
15

15

18

19

20

20

33

33

33

35

35

36

37



6.

6.1

APPENDIX

Supplementary material paper

40

40



List of abbreviations

ATP
BRAF
EGF
EGFR
ErbB
ERK
EGR
FDA
GDP
Grb2
GTP
HRAS
HER2
KRAS
KSR
LUAD
MAPK
MEK
MET
mMRNA
NRAS
NSCLC
RAF
RAS
RET
RTK
SCLC
SOS
TKI
WES

adenosine triphosphate

v-Raf murine sarcoma viral oncogene homolog B1
epidermal growth factor

epidermal growth factor receptor
erythroblastic leukaemia viral oncogene homolog B
extracellular-signal regulated kinase

early growths response protein

U.S. Food and Drug Administration
guanosine diphosphate

growth factor receptor-bound protein 2
guanosine triphosphate

Harvey rat sarcoma viral oncogene homolog
human epidermal growth factor receptor 2
Kirsten rat sarcoma viral oncogene homolog
kinase suppressor of RAS

lung adenocarcinoma

mitogen-activated protein kinase
mitogen-activated protein kinase kinase
mesenchymal epithelial transition factor
messenger RNA

neuroblastoma RAS viral oncogene homolog
non-small cell lung cancer

rapidly accelerated fibrosarcoma kinase

rat sarcoma viral oncogene homolog
rearranged during transfection

receptor tyrosine kinase

small cell lung cancer

son of sevenless

tyrosine kinase inhibitor

whole exome sequencing



1. Zusammenfassung

Trotz des klinischen Erfolges der Drittgenerations-Tyrosinkinase-Inhibitoren (TKI) des
epidermalen Wachstumsfaktorrezeptors (EGFR) stellt die TKI-Therapie erworbene Resistenz
nach wie vor eine bedeutende Einschrankung bei der Behandlung von nicht-kleinzelligem
Lungenkrebs (NSCLC) dar. In dieser Studie wird eine Kohorte von Patienten mit gleichzeitig
auftretenden EGFR- und BRAF-Mutationen sowohl bei der Erstdiagnose als auch als
Resistenzmechanismus nach einer EGFR-TKI-Therapie untersucht. Mithilfe von Whole-Exom-
Sequenzierung (WES) multipler Biopsien einzelner Patienten konnten die klonale Entwicklung
der entdeckten Subklone und ihre jeweiligen Resistenz- und Entstehungsmechanismen
beschrieben werden.

Die Ergebnisse mehrerer Studien haben gezeigt, dass Zellen mit gleichzeitigen EGFR- und
KRAS-Mutationen eine synthetische Letalitat aufweisen'=>. In dieser Arbeit wurde untersucht,
ob die gleichzeitige Uberexpression von EGFR und BRAF zu einer dhnlichen zytotoxischen
Wirkung fuhren. Funktionelle Untersuchungen ergaben, dass NSCLC-Zelllinien aus Patienten
mit einer Koexpression von EGFR®" und BRAF'®“*_Mutationen durch eine anhaltende
Aktivierung des MAPK-Signalwegs eine Resistenz gegen eine EGFR-TKI-Therapie aufweisen.
Es wurden jedoch keine Fitnessnachteile oder synthetische Letalitat beobachtet.

Die Ergebnisse zeigen, dass die BRAF'®*_Mutation bei EGFR-mutiertem NSCLC ein
robuster und relevanter Resistenzmechanismus gegen eine EGFR-TKI-Therapie ist. Die
Studie zeigt die klinische Relevanz von BRAF-Mutationen in NSCLC-Patienten und das
Potenzial, MAPK-Signalweg vermittelte Resistenzen durch die kombinierte, vertikale Inhibition
von EGFR und MEK1/2 zu Uberwinden. Diese Kombinationstherapie mittels osimertinib und
trametinib unterdriickte das Tumorwachstum in vitro sowie in vivo in murinen Xenograft-

Modellen.



11 Summary

Despite the clinical success of third-generation epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors (TKIs), acquired resistance remains a key limitation for the treatment
of non-small cell lung cancer (NSCLC). This study investigates co-occurring EGFR and BRAF
mutations at initial diagnosis and as resistance mechanism after EGFR-TKI therapy in a cohort
of patients. Using whole-exome sequencing (WES) of multiple biopsies from individual patients
provided insights into the clonal evolution of detected subclones and their respective
mechanisms of resistance as well as their origin.

The findings of multiple studies have shown that cells with co-occurring EGFR and KRAS
mutations exhibit synthetic lethality’. This work explored whether simultaneous
overexpression of EGFR and BRAF could result in a similar synthetic lethal cytotoxic effect.
Our functional studies revealed that patient-derived NSCLC cells harbouring co-expression of
EGFR®" and BRAF"®¢ mutations are resistant to EGFR-TKI therapy through sustained
activation of the MAPK signalling pathway. However, no fithess disadvantages or synthetic
lethality were observed.

The study demonstrated that BRAF"%%¢ in EGFR-mutant NSCLC is a robust and relevant
mechanism of resistance against EGFR TKI therapy. The study also highlighted the clinical
relevance of BRAF mutations in NSCLC patients and the potential to overcome MAPK
pathway-mediated resistance through combined vertical inhibition of EGFR and MEK1/2. This
combination therapy of osimertinib and trametinib suppressed tumour growth in vitro and in in

vivo mouse xenograft models.
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2. Introduction

2.1. Lung cancer

Lung cancer is the leading cause of cancer-related deaths worldwide, with an incidence of
almost 2.5 million new cases and about 1.8 million deaths per year®. Lung cancer can be
divided histologically into small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC), with NSCLC accounting for about 85 % of cases (Figure 1)°. The majority of NSCLC
patients present with lung adenocarcinomas (LUAD) that originate from alveolar type Il (ATII)
cells while the rest primarily show squamous differentiations. The primary risk factor for lung
cancer is tobacco smoking, which is responsible for 80-90 % of all cases. Less prevalent are
other risk factors such as passive smoking, radiation, asbestos, and pre-existing lung

diseases®.

Lung cancer

85% \|, 15% \|,

Non-small cell lung cancer Small cell lung cancer
(NSCLC) (SCLC)
70% 30% \|/
Non-squamous Squamous
90% 10% \|/

Adenocarcinoma
(LUAD)

Other

Figure 1. Schematic overview of lung cancer classification with frequency distribution.
15 % of lung cancers are classified as small cell lung cancer (SCLC), with the remaining 85 %
classified as non-small cell lung cancer (NSCLC). NSCLC can be divided into squamous
(30 %) and non-squamous (70 %). Of the latter, the majority (90 %) are adenocarcinomas,

which can also be further subdivided histologically. (adapted from Gridelli et al., 2015)°

2.2 Carcinogenesis of lung adenocarcinoma
LUAD develops through the acquisition of genetic mutations, deletions, translocations, or

amplifications (Figure 2). Some of the most frequently occurring mutations in NSCLC are those
11



affecting the genes of the epidermal growth factor receptor (EGFR), with a prevalence of 10-
35 %, the Kirsten-Rat Sarcoma virus (KRAS), with a prevalence of 15-25 %, the v-Raf murine
sarcoma viral oncogene homolog B1 (BRAF), with a prevalence of 1-3 % and Neuroblastoma
RAS viral oncogene homolog (NRAS) with a prevalence of 1 % of NSCLC cases®. The proteins
encoded by these genes all function within the mitogen-activated protein kinase (MAPK)

pathway’, which triggers cell growth and proliferation upon stimulation by mitogens.

Gender
Smoking status

m Male m Female NA m Ever-smoker® Never-smoker

TP53
KRAS
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STK11
EGFR
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Figure 2. Genetic landscape in LUAD. Co-mutation plot from whole exome sequencing of
230 lung adenocarcinomas. The upper bar displays the gender and smoking status of the
individuals. The lower part of the graph shows the significantly altered genes
(corrected P value less than 0.025) in order of prevalence. The colour coding is used to specify
the type of genetic alteration. (Modified from EA Collisson et al./ The Cancer Genome Atlas
Research Network, 2014)®

2.3 MAPK-pathway

The MAPK pathway is a crucial signalling cascade that transmits signals from extracellular
mitogens like the epidermal growth factor (EGF) to the nucleus, leading to gene expression
changes that promote cell growth, proliferation, and differentiation. Signalling is initiated when
the ligand (e.g. EGF) binds to its receptor, (e.g. EGFR, a receptor tyrosine kinase (RTK))
located on the cell membrane. This binding induces homo- or hetero-dimerization of EGFR,
leading to phosphorylation of tyrosine residues in the C-terminal tail. The phosphorylated
tyrosine residues on EGFR serve as docking sites for adaptor proteins such as growth factor
receptor-bound protein 2 (Grb2), which recruits Son of Sevenless (SOS), a guanine nucleotide
exchange factor. SOS activates RAS, a small GTPase, by facilitating the exchange of GDP for
GTP on RAS. Once activated, RAS activates RAF, a serine/threonine kinase. This activation
involves the binding of RAF to GTP-bound RAS at the plasma membrane, leading to the
activation and subsequent phosphorylation of RAF. The process of signal transduction from
RAF to ERK is facilitated by the formation of a RAF-MEK-ERK complex, which is enabled by
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kinase suppressor of RAS (KSR) proteins. Activated RAF phosphorylates and activates
MAPK/ERK kinase 1/2 (MEK1/2), a dual-specificity kinase that can phosphorylate both
serine/threonine and tyrosine residues. MEK1/2 phosphorylates extracellular-signal-regulated
kinase 1/2 (ERK 1/2) on both threonine and tyrosine residues, leading to its activation. Once
activated, ERK1/2 translocates to the nucleus, where it phosphorylates various families of
transcription factors such as MYC, EGR and FOS. This ultimately leads to changes in gene

expression that drive cell growth, proliferation and differentiation (Figure 3)"°-'2,

?
=y
|

RAF >
MEK1/2

ERK1/2

ERK1/2

i \
=) (=) (=

o N

Figure 3. Simplified schematic representation of the RAS/RAF/MEK/ERK MAPK pathway
initiated via EGF-binding. The binding of EGF to EGFR results in the activation of RAS, which
is facilitated by Grb2 and SOS. RAS, in turn, activates the mitogen-activated protein kinase
(MAPK) pathway, initiating a signalling cascade via RAF, MEK and ERK facilitated by KSR.
Activated ERK translocates into the nucleus, where it phosphorylates different families of
transcription factors, ultimately resulting in cell growth and differentiation. (modified from Ullah
et al., 2021)"

23.1. EGFR
The ErbB protein family consists of four RTKs: ErbB 1 (EGFR), ErbB 2 (HER2), ErbB 3 and
ErbB 4. EGFR and HER2 can often be found as oncogenes in many different cancer entities™.
The most common therapeutically tractable driver mutations observed in LUAD are those that
result in activation of the EGFR gene. These mutations display ethnic-specific differences in
frequency, with higher prevalence in Asians (40-60 %) compared to Caucasians (7-10 %)'.
The most prevalent EGFR alterations observed in NSCLC are deletion-mutations in exon 19
(45 %) and the point-mutation EGFR%%R (40-45 %), which occurs in the activation loop region
of exon 21 (Figure 4)'°. Some mutations are predominantly identified in relapsed tumours as
a resistance mechanism against targeted therapy, exemplified by EGFR""° and EGFR7"S

13



16 Activating mutations within the kinase domain result in the constitutive activation of EGFR

leading to aberrant signalling via the MAPK-pathway among others'’.

EGFR i T790M
deletions C797S L858R

T T T

Exon 1-18 Exon 19 Exon 20 Exon 21 Exon 22-28

Figure 4. EGFR mutations. Schematic representation of the most common EGFR mutations
with reference to the affected exon. (adapted from O’Leary et al. 2020)"

2.3.2. RAS
RAS is one of the most frequently mutated oncogenes, with a prevalence of approximately 15-
19 % across all cancer subtypes'®. The prevalence varies between the three isoforms, with
KRAS being responsible for about 75 % of the cases, followed by NRAS with about 17 % and
Harvey rat sarcoma virus (HRAS) with about 7 %''°. While KRAS alterations are most
common in pancreatic, colorectal and LUAD cancers, NRAS alterations are most prevalent in
skin, thyroid and haematopoietic cancers'®?. The most frequent mutations in RAS are
activating mutations in codon 12, 13 or 61, which lead to reduced intrinsic GTPase activity,
resulting in a prolonged half-life of GTP-loaded RAS whereby it becomes constitutively active
91119 Five mutations (G712D, G12V, G12C, G13D and Q61R) account for 70 % of all RAS
mutant patients (Figure 5)'°. Due to transversions associated with bulky adducts produced by

mutagens in tobacco smoke, G712C mutations are often found in lung cancer'®.

RAS G12D/VIC
G13D salollay
Exon 1 Exon 2 Exon 3 Exon 4

Figure 5. RAS mutations. Schematic representation of the most common RAS mutations with
reference to the affected exon. (adapted from Prior, Hood and Hartley, 2020)'°
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2.3.3. BRAF
BRAF, along with ARAF and CRAF (also known as RAF1), is a member of the rapid
accelerated fibrosarcoma (RAF) kinase family®'"?'. Mutations in the BRAF gene are found in
about 7-8 % of all cancers®*2. They are frequently found in malignant melanoma (about 66%)
and are also commonly found in colorectal cancer, thyroid cancer and NSCLC, with BRAF 6%
being by far the most frequent?*?22®, BRAF mutations can be divided into 3 classes®*?°. Class
1 are BRAF mutations in codon 600 (V600E/K/D/R/M). These mutations result in RAS-
independent signalling as activated monomers. Class 2 mutations are defined as non-V600
mutations that result in RAS-independent signalling as activated dimers®*?. These include
mutations in codons 464 (G464V/E), 469 (G469A/V/R), 597 (L597Q/V) and 601 (K601E/N/T)
(Figure 6). While class 1 and 2 mutations result in increased kinase activity compared to wild-
type BRAF, class 3 mutations are known as "kinase-dead" with no or reduced kinase
activity**?®. They are unable to activate MEK1/2 but are able to bind to CRAF in a RAS-
dependent manner to transduce signals®*~?®. Therefore, class 3 mutations are often found in

combination with RAS alterations®*?°.

BRAF L597Q/V
Gj“"’v’\E/ o V600E/K/D/RIM
GA469AVI K601E/N/T
Exon 1-10 Exon 11 Exon 12-14 Exon 15 Exon 16-18

Figure 6. BRAF mutations. Schematic representation of the most common BRAF mutations
with reference to the affected exon. (adapted from Yao et al. 2017)*

24 Targeted therapy
The treatment of NSCLC is complex and involves a multimodal interplay between different
approaches and medical specialties. The most definitive and, if possible, preferred therapy is
complete surgical removal of the tumour at an early stage as it offers a high chance of a cure
with a low amount of systemic side effects. However, tumours are often only discovered at an
advanced, metastatic stage, when they are usually inoperable. For advanced-stage NSCLC,
chemotherapy and radiotherapy were the only options until the advent of targeted therapy and
immunotherapy. While chemotherapy and radiotherapy also have an unspecific, toxic effect
on non-cancerous cells, targeted therapy is directed specifically against, for example, a
mutated variant of a protein with ideally little to no effect on the wild-type protein and
correspondingly far fewer side effects.
The concept of "oncogene addiction" describes the phenomenon where certain cancer cells
become dependent on the continuous activity of a single oncogenic pathway or protein to
15



maintain their malignant properties?’. Despite accumulating numerous mutations, these cancer
cells rely predominantly on the sustained function of their driver oncogene, such as EGFR or
BRAF in lung cancer to sustain their survival and proliferation. Experimental evidence from
tumour models further supports this concept, showing that the acute inhibition of oncogene
activity can induce cancer cell death through proliferative arrest, apoptosis, or
differentiation®®?®. The dependence of cancers on specific oncogenes creates a vulnerability
that can be exploited therapeutically, as demonstrated by the dramatic tumour regressions and
prolonged survival observed in patients treated with targeted therapies aiming at these
oncogenes®*-32

A model to explain the effects of oncogenic addiction in response to therapy is based on the
‘oncogenic shock’ concept. Oncogenes, especially RTKs such as EGFR, activate various
signalling pathways, which mediate proliferation and pro-survival but also pro-apoptotic
signals®**. These opposing signals must be kept at a delicate balance in favour of the pro-
survival signals to ensure the survival of the cancer cells. When inhibiting the oncogene using
targeted therapy, the pro-survival signals vanish faster than their pro-apoptotic counterparts,
thus leading to programmed cell death3334,

During tumourigenic growth, numerous cellular processes are rewired, resulting in rapid
proliferation leading to elevated cellular stress levels. This includes induction of DNA damage

3537 Cancer cells

and replication stress, as well as metabolic, proteotoxic and oxidative stress.
have been shown to be more dependent on stress-reduction pathways than wild-type cells.
Inhibition or depletion of key proteins in these pathways can cause stress overload and Kkill
cancer cells specifically, as they have less buffering capacity than wild-type cells, thus opening
a therapeutic window>%%",

A subset of the non-oncogene addiction model is the concept of synthetic lethality. This
describes the phenomenon whereby two genetic alterations that are harmless to cell viability
when occurring separately are lethal to the cell when they occur together (Figure 7).

Prior to therapy, activating mutations in EGFR and KRAS are virtually mutually exclusive and
thus do not occur in the same cancer. In vitro experiments demonstrated that cells with
simultaneous expression of activating EGFR and KRAS mutations exhibited synthetic lethality,
which could be rescued by inhibiting one of the two mutations'. Subsequent experiments
demonstrated that the hyperactivation of the MAPK signalling pathway is the underlying cause
of cell death in this context?. Petti et al. demonstrated that melanoma cells that concurrently
express BRAF®% and NRAS®¢'R mutations undergo a process of cellular senescence and

cell cycle arrest™®,

The concepts of oncogenic addiction and non-oncogene addiction of cancer cells explain why

targeted therapy can be so effective for patients with tumours, and they provide the rationale

16



for developing novel therapeutic approaches tackling these "Achilles' heels". One of the first
oncogenes to be targeted was EGFR in NSCLC with first-generation EGFR tyrosine kinase
inhibitors (TKI) such as erlotinib and gefitinib, with clinical trials showing improved progression-
free survival with fewer side effects compared to chemotherapy. A retrospective study by
Howlader et al. showed that in patients in the United States, the incidence of NSCLC and,
correspondingly, incidence-based mortality declined between 2006 and 2016%. Between 2013
and 2016, incidence-based mortality declined significantly more than incidence. This is
explained by the approval of EGFR inhibitors erlotinib and afatinib against advanced NSCLC
harbouring EGFR"%°%% or EGFR""® mutations by the U.S. Food and Drug Administration (FDA)
in 2013 and the resulting benefit of treatment with targeted EGFR TKIs***,

u ONCOGENE ADDICTION

x
x» %%
E SYNTHETIC LETHALITY
e P
NGB VA
A B A B
AR AYK RGAAR

NON-ONCOGENE ADDICTION

£ o

stress

stress

Cancer cell Normal cell Alive Dead

Figure 7. Schematic overview of the concepts of oncogene addiction, synthetic lethality
and non-oncogene addiction. A) The cancer cell depends on oncogene-driven, persistent,
and elevated cell signalling (symbolized by arrows) and succumbs to signal inhibition. B)
Cancer cells are viable with either genetic alteration A* or B*, respectively. Co-existence of
genetic alterations A* and B* have been shown to be synthetic lethal. C) Cancer cells exhibit
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elevated stress levels compared to normal cells. Additional stress can be accommodated by
normal cells, which possess the necessary resources to buffer it. However, cancer cells lack
these resources and consequently experience stress levels that exceed a critical lethal
threshold. (reproduced from Nagel, Semenova and Berns, 2016)*’

2.5 Resistance mechanisms

In the context of EGFR-mutated LUAD, virtually all patients develop resistance upon targeted
therapy. Drug resistance can be categorised into on-target and off-target resistance
mechanisms. On-target mechanisms involve mutations or other alterations of the target protein
that lead to an ongoing signal in the presence of the drug or prevent it from binding. Off-target
mechanisms lead to an ongoing signal independent of the target gene, for example through

acquired alterations downstream in the same or in parallel signalling pathways (Figure 8)*'.

TKI therapy On:ttarget Bt¥P3t§5 Patrhallel
resistance Activating activation pathway
kinase
mutation
TKI / TKI TKI
IR RAS or RAF
PI3K/AKT ™ mutatlon P|3K/AKT
mTOR i JAK/STAT mTOR \

v
RAS/MAPK RAS/MAPK

Figure 8. Mechanisms of acquired resistance following targeted therapy with EGFR-
TKils. Mutated EGFR is inhibited by a TKI. On-target resistance mutations prevent TKI binding
and subsequent signaling in the downstream RAS-MAPK, PI3K-AKT-mTOR, and JAK/STAT
pathways. Sustained signaling is enabled by mutations that bypass the inhibited oncogene in
the pathway, such as RAS or RAF in the MAPK pathway. Alterations that cause alternative
receptor tyrosine kinases to restore signaling in the oncogene-dependent cell through parallel
pathways. (modified from Tulpule and Bivona, 2020)*'

Acquired resistance to first-generation EGFR-TKIs is often caused by the T790M gatekeeper
mutation in the adenosine triphosphate (ATP) binding pocket of EGFR, seen in 50-60% of
relapsing patients***3. Second-generation EGFR-TKIs, including afatinib and dacomitinib,
covalently bind to EGFR, in contrast to first-generation EGFR-TKIs. Nevertheless, in the
context of inhibiting EGFR™™, the results obtained in vitro and in vivo were comparable to
those of first-generation EGFR-TKIs***The substitution of threonine for methionine at amino
acid position 790 (T790M) impedes the binding of first- and second-generation TKIs due to
steric hindrance caused by the larger methionine residue***¢. Third-generation EGFR-TKIs,
such as osimertinib, were developed to overcome the T790M gatekeeper mutation. They form
an irreversible covalent bond with the cysteine-797 residue in the ATP binding site of EGFR

and avoid the steric clash with the gatekeeper.*’*® These inhibitors demonstrated potent

18



activity against the EGFR'*° mutation while exhibiting minimal inhibitory activity against the
wild-type receptor®’. In multiple large-scale clinical trials, osimertinib showed not only an effect
in EGFR-TKI-pretreated patients with a T790M mutation but also superiority over

4851 These results led to the approval of osimertinib

chemotherapy and first-generation TKils
as first-line therapy for EGFR-mutated NSCLC.

Unfortunately, similar to first- and second-generation EGFR TKis, the cancer cells develop
resistance after treatment with osimertinib. The EGFR’’S mutation, which prevents covalent
binding, is one of the most common alterations after second-line treatment, occurring in 10-
26% of patients*®%2, When osimertinib is applied as first-line therapy, C797S occurs in 7% of
patients, alongside other on-target and off-target resistance mechanisms such as MET

amplification, BRAF and KRAS mutations and RET fusions'6:523,

26 Aims of the work

Despite significant progress in targeted therapies, resistance and subsequent disease
progression remain major challenges. A detailed understanding of the underlying resistance
mechanisms is essential to identify potential vulnerabilities and improve therapeutic strategies.
Building on observations that co-activation of EGFR and KRAS can induce synthetic lethality
via MAPK pathway hyperactivation, it is plausible that other downstream mutations, such as

BRAF"%%E 'might elicit a similar effect.

The objective of this study is to provide a comprehensive molecular and phenotypic
characterization of concurrent EGFR and BRAF mutations in LUAD. Firstly, the question of
whether co-expression of EGFR®"? and BRAF'®°F mutations leads to synthetic lethality is
investigated. The second aim is to address the question of how to overcome BRAF-mediated

resistance to EGFR-TKI therapy.

To this end, cell culture-based models of EGFR-TKI resistance involving EGFR®"® and
BRAF"%%E co-mutations are analysed and compared to cells harbouring only EGFR™'"°. These
models are implemented to perturb MAPK signalling using targeted inhibitors such as
osimertinib (EGFR), vemurafenib (BRAFY®%F), and trametinio (MEK1/2). Combination
treatments targeting the same pathway are evaluated for synergistic effects and their ability to
overcome EGFR-TKI resistance. Findings from in vitro experiments are validated in vivo and
complemented by RNA sequencing of E2F target genes and MAPK pathway responsive genes
to assess the impacts of pathway perturbations on gene expression to better reflect clinical
implications. As part of a comprehensive translational approach, all experiments are
embedded in the context of a patient cohort exhibiting co-expression of EGFR and BRAF

mutations either on initial diagnosis or as a resistance mechanism to EGFR-TKI therapy.
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Diana Schaufler'', David F. Ast»*>*'%, Hannah L. Tumbrink*>3, Nima Abedpour>®, Lukas Maas>, Ayla E. Schwibe (3>, Inga Spille>?,
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and Martin L. Sos

Martin Peifer (3?, Johannes Brigelmann (3>>*>™, Matthias Scheffler

Activation of MAPK signaling via BRAF mutations may limit the activity of EGFR inhibitors in EGFR-mutant lung cancer patients.

However, the impact of BRAF mutations on the selection and fitness of emerging resistant clones during anti-EGFR therapy remains
elusive. We tracked the evolution of subclonal mutations by whole-exome sequencing and performed clonal analyses of individual
metastases during therapy. Complementary functional analyses of polyclonal EGFR-mutant cell pools showed a dose-dependent
enrichment of BRAF/5%°F and a loss of EGFR inhibitor susceptibility. The clones remain stable and become vulnerable to combined
EGFR, RAF, and MEK inhibition. Moreover, only osimertinib/trametinib combination treatment, but not monotherapy with either of
these drugs, leads to robust tumor shrinkage in EGFR-driven xenograft models harboring BRAF5%F mutations. These data provide
insights into the dynamics of clonal evolution of EGFR-mutant tumors and the therapeutic implications of BRAF co-mutations that

may facilitate the development of treatment strategies to improve the prognosis of these patients.
npj Precision Oncology (2021)5:102; https://doi.org/10.1038/541698-021-00241-9

INTRODUCTION

Targeted treatment of epidermal growth factor receptor (EGFR)-
mutant non-small cell lung cancer (NSCLC) is a landmark for
rational therapy addressing molecular vulnerabilities'. Treatment
with first- and second-generation EGFR tyrosine kinase inhibitors
(TKIs) markedly improved the clinical outcome of patients with
advanced EGFR-mutant NSCLC?™. Currently, osimertinib is the
only third-generation EGFR inhibitor approved for the sequential
treatment of patients with acquired EGFR™°M resistance mutation
occurring after first- and second-generation TKIs®’. In addition,
osimertinib became the new standard-of-care in the first-line
treatment of patients with EGFR-mutant NSCLC®®.

Despite the clinical efficacy of osimertinib in the first- and
second-line treatment of EGFR-mutant NSCLC, drug resistance
with disease progression is inevitable'®'8, Various EGFR-depen-
dent and EGFR-independent resistance mechanisms have been
identified including EGFR*’?’S and EGFR®72** mutations, MET/HER2
amplification, activation of the RAS-mitogen-activated protein
kinase (MAPK) or RAS-phosphatidylinositol 3-kinase (PI3K) path-
ways, new fusions, and histological transformation. RAS-MAPK
pathway aberrations that are known to confer resistance to
osimertinib include BRAF, NRAS, and KRAS mutations'®'%2°, BRAF
mutations occur in 2-4% of NSCLC patients and the vast majority

are localized in the kinase domain, including the most common
mutation BRAFYS%E, BRAF mutations can be categorized into three
classes based on their ability to act as monomers or dimers and
based on their kinase activity. BRAF"*°F mutations represent class
| mutations that, similarly to class Il BRAF mutations (RAS-
independent), result in activation of the BRAF kinase and the
MAPK pathway (gain of function). Class Il BRAF mutations (RAS-
dependent) result in an impaired BRAF kinase activity and amplify
ERK signaling depending on upstream activating signals (e. g. RAS
activating mutations, NF1 tumor suppressor deletion)?'. All classes
of BRAF mutations are recognized as oncogenic driver mutations,
yet only BRAFY®9%F mutations represent clinically actionable drug
targets in cancer patients?>%3,

BRAFY6%€ mutations have been identified as a resistance
mechanism to osimertinib in roughly 3% of cases with EGFR-
mutant lung cancer, with or without concurrent EGFR™*M
mutation'®'92°, Several combination therapies have been pro-
posed for BRAF resistance in EGFR-mutant lung cancer, but an
integrated genomic analysis of these tumors is lacking and
precludes an optimization of therapeutic regimen?*-2’, Further-
more, the current understanding of the clonal evolution of EGFR-
mutant cells that concomitantly acquire BRAF mutations during
anti-EGFR therapy remains limited.
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Within the present study, we aimed for a comprehensive and
translational approach to systematically characterize the role of
co-occurring EGFR/BRAF mutations in patients with advanced lung
adenocarcinoma.

RESULTS
Targeting BRAF-driven resistance in EGFR-mutant lung cancer
To characterize the role of BRAF mutations in the context of
druggable EGFR mutations, data of eligible patients from several
centers were analyzed (see “Methods”). This led to the identifica-
tion of 15 patients with lung adenocarcinoma harboring activating
EGFR mutations and co-occurring BRAF mutations (Fig. 1a, Table
1). In five cases, EGFR and BRAF mutations were detected at the
time of initial diagnosis, whereas in ten patients, BRAF mutations
were acquired after anti-EGFR therapy (Table 1). In eight patients,
BRAF mutations occurred after osimertinib treatment, in one
patient after gefitinib treatment, and in one patient after afatinib
treatment. The treatment history of these ten patients before the
detection of acquired BRAF mutations is outlined in Supplemen-
tary Fig. 1. The median duration of time elapsed from diagnosis of
EGFR-mutant lung cancer to the detection of acquired BRAF
mutation was 33.8 months (95% ClI: 9.0-99.1 months) (Fig. 1b). Six
patients were evaluable for analysis of subsequent treatment and
outcome after detection of acquired BRAF mutation (Fig. 1¢, Table
2). Median overall survival (OS) for these six patients after
detection of BRAF-driven acquired resistance was 7.8 months
(95% ClI: 5.1-10.5 months; Fig. 1c). Of which, four patients
(P12-P15) presenting with acquired activating BRAF5F and
BRAF?’E (gain of function) mutations received either osimertinib
and bevacizumab (n = 2), osimertinib and chemotherapy (n =1),
or chemotherapy plus bevacizumab (n=1) as the next line of
treatment after detection of the BRAF mutation (Table 2). In the
Cologne cohort, we detected 26/1951 co-occurrences of EGFR and
BRAF mutations (1.3%) but narrowed it down to clearly activating
EGFR mutations. In the Paris cohort, we detected 4/184 co-
occurrences of EGFR and BRAF mutations (2.2%). Overall, our data
show that BRAF mutations represent a resistance mechanism in a
relevant proportion of EGFR-mutant patients, warranting further
investigation of the underlying clinical and evolutionary dynamics.
Next, we selected two patients (P01, P04) who acquired
BRAF6%€ mutation under osimertinib treatment to evaluate the
safety and efficacy of various drug combinations including EGFR,
RAF, MEK, or MET inhibitors, chemotherapy, or bevacizumab
(Table 2, Fig. 1d, Supplementary Fig. 2a). We chose functional
imaging by FDG-PET for (early) metabolic response evaluation
during our investigational conduct (Supplementary Table 1) and
monitored treatment-related adverse events that were predomi-
nantly of low grade and manageable (Supplementary Table 2).
Osimertinib treatment was initiated and carried out for 16 months
in P01 and 7 months in P04 before the detection of progressive
disease. While in PO1 EGFR™°M mutation was sustained, in P04,
we observed a loss of EGFR™*°™ mutation. Both patients started
with dabrafenib and trametinib, which in both cases did not lead
to a confirmed metabolic response. Both patients underwent a
rebiopsy of progressive lesions and started immediately with
osimertinib and dabrafenib. In P01, the rebiopsy revealed an
EGFR!"® mutation, loss of EGFR7?°M, no BRAF'5%% mutation and
an intermediate-level MET amplification (GCN 5.58, FISH). Sub-
sequent doublet combinations of osimertinib plus dabrafenib and
afatinib plus crizotinib showed either primary refractory disease or
metabolic responses that could not be confirmed in the next
scans. In contrast, the triple combination of osimertinib, dabrafe-
nib, and trametinib led to a prolonged metabolic response and
clinical benefit (Supplementary Table 1, Table 2). In P04, doublet
combinations of osimertinib and dabrafenib led only to a short
metabolic response not confirmed in the next scan, and with the
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addition of trametinib, we then observed a marked metabolic
response in the primary lung tumor but not in the hepatic
metastases. Rebiopsy of the hepatic lesions revealed an EGFR/’®
mutation with T790M and C797S resistance mutations in cis and
no BRAF mutation. Treatment was thus changed to osimertinib
plus chemotherapy/transarterial chemoembolization due to pro-
gressive liver metastases. The patient, unfortunately, died a year
after detection of BRAF/®%F resistance. Thus, biopsy-guided
mutational profiling in conjunction with FDG-PET imaging can
guide effective combination therapies to overcome resistance in
these patients.

To investigate the clonal dynamics during the development of
resistance, we performed whole-exome sequencing (WES) of
biopsies from multiple time points and different metastatic sites
obtained from P01 to P04 (Fig. 1d-i (P04), Supplementary Fig. 2
(PO1)). For patient PO1 WES could be performed on the primary
tumor and two metastatic samples (Supplementary Fig. 2), while
insufficient tissue, unfortunately, precluded analysis of the BRAF-
mutant metastasis. Pairwise clustering based on the cancer cell
fractions of the mutations (CCFs, i.e. frequency of occurrence in
cancer cells after adjustment for purity, ploidy, and copy number
(CN)?® revealed a high proportion of private mutations, while only
a few mutations (e.g, EGFR?'?) were clonal in all samples
(Supplementary Fig. 2b-d). Due to the sequencing quality, an
intra-biopsy heterogeneity analysis was not undertaken, but
phylogenetic tree analysis between biopsies indicated a branched
evolution during resistance development (Supplementary Fig. 2e).
Interestingly, a common ancestor gave rise to the pleural upper
lung lobe metastasis and clones subsequently developing into the
pleural metastasis and the primary tumor. In accordance with this
branching model, the CN profiles show shared alterations
between all three available samples, but also CN segments
exclusive to just one or a pair of samples (Supplementary Fig. 2f).
Our data indicate early branching during tumor development and
is in accordance with a scenario where resistant cells develop in
parallel to the primary tumor even before treatment pressure is
applied.

For patient P04 WES was performed on a peritoneal metastasis
that occurred during initial inhibitor treatment (EGFR%™® and
EGFR™%M), a liver metastasis 6 months after treatment had been
switched to osimertinib (EGFRY®'"® and BRAF'5°%) and a rebiopsy of
the same liver lesion at progressive disease under dabrafenib and
trametinib treatment (EGFR?®'"® and BRAF'5%%) (Fig. 1d). Compara-
tive pairwise CCF-based clustering showed only a few mutations
to be shared between the peritoneal biopsy and the first liver
biopsy (e.g., EGFR?'"®), while the majority was private for each one
of metastases (e.g., EGFR™7*°M and BRAF'5%%, respectively) (Fig. 1e).
In contrast, almost all mutations were found to be shared between
both biopsies of the liver lesion (Fig. 1f). Subclonal composition
analysis of the peritoneal metastasis revealed two subclones (C1
60%, C3 40%), while the liver metastases presented with one
dominant clone each (Fig. 1g).

For subsequent phylogenetic analyses, a founder clone CO was
derived based on the mutations shared by all biopsies since the
material of the primary tumor was unavailable for WES. Tracking
the genomic development from CO indicated a branched
evolution diverging towards the peritoneal metastasis carrying
EGFR™9° with its first subclone C1, which further spawned a new
subclone C3 present in the same biopsy (Fig. 1h). The liver
metastasis appeared to have developed from CO independently of
the peritoneal metastasis by acquiring the BRAF'®°% mutation
(C2). The rebiopsy of that lesion showed a distinguishable clone
C4 which only carried one additional non-synonymous mutation
of unknown biological relevance indicating a high degree of
genetic similarity (Fig. 1h). In addition, genetic similarities between
lesions were quantified to gain further insight into the clonal
evolution toward therapy resistance (see Supplementary Material
for further details). This analysis supports a branched evolution
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Fig. 1 Clinicopathological characteristics for the study cohort and clonal evolution. a Spectrum and distribution of BRAF co-mutations in
patients with EGFR-mutant lung adenocarcinoma. b Kaplan-Meier curve of the time elapsed from the detection of the EGFR mutation until the
detection of the acquired BRAF mutation (as events) in days. ¢ Kaplan-Meier curve of overall survival for patients P01, P04, P12-P15 that were
available for survival analysis. d Overview of the biopsies and key molecular findings by NGS for patient PO4. Flow chart (top right) summarizes
lines of therapy approaches overtime after the acquisition of BRAF"5° mutation. e, f Clustering of WES-derived mutations based on their CCFs
between pairs of tumor biopsies to detect clusters of shared clonal and private mutations. Candidate mutations in EGFR and BRAF are
highlighted. g Subclonal composition in individual biopsies indicating two subclones (C1, C3) in the peritoneal metastasis and single clones in
the liver metastases. h Clonal evolution of reconstructed cell populations presented as a phylogenetic tree. The computationally inferred most
common ancestor CO is common to all subsequent clones and highlighted mutations are present in descendent clones. (i) Visualization of
evolutionary genetic distances between normal tissue and longitudinal biopsies. WES whole-exome sequencing, NGS next-generation
sequencing, PD progressive disease, PR partial response, D + T dabrafenib+trametinib, O + D( + T) osimertinib-+dabrafenib(+trametinib), O
+ CTX + B osimertinib+chemotherapy+bevacizumab, O + Tc TACE osimertinib+transarterial chemoembolization, C clone, CCF cancer cell
fraction.
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Table 1.

Clinicopathological characteristics for the study cohort.

Patient ID Sex Age Biopsy EGFR mutation

BRAF mutation

Co-mutations

01 F 70 TB E746_A750del, T790M V600E Class | Acquired Persistent T790M
(osimertinib)

02 F 71 TB E746_A750del, T790M S605C Not classified Initial TP53 R273H

03 M 61 TB L858R K601E Class Il Initial DDR2 R279M

04 M 72 TB E746_A750del, T790M V600E Class | Acquired loss of T790M
(osimertinib)

05 M 77 TB L861Q G466A Class Il Acquired (afatinib) ERBB2 G815A, TP53 S166*

06 M 66 TB L858R, V834L V600E Class | Acquired loss of EGFR mutations
(osimertinib)

07 F 8 TB L858R V600E Class | Initial -

08 F 74 TB L858R G466E Class Il Acquired (gefitinib) -

09 M 50 TB E746_A750del V600E Class | Acquired CCDC6-RET
(osimertinib)

10 F 67 TB L747_P753delinsS G466E Class Il Initial KRAS A59E

1 F 75 TB E746_A750del S605N Not classified Initial -

12 F 61 LB E746_A750del, 790M, C797S, C797G V600E Class | Acquired TP53 splice
(osimertinib)

13 M 50 LB L747_S752del K601E Class Il Acquired TP53 R248G
(osimertinib)

14 F 70 TB L858R, T790M, C797S V600E Class | Acquired TP53 K120E, BRCA S237Y (VUS)
(osimertinib)

15 M 52 TB L747_A750delinsP T790M, C797G V600E Class | Acquired CTNNB1 S37C, ATM

(osimertinib) R1437K (VUS)

Patients with lung adenocarcinoma harboring activating EGFR mutations and co-occurring BRAF mutations were collected from three different cancer centers.
Class | and class Il (RAS-independent) BRAF mutations result in activation of the BRAF kinase and the MAPK pathway. Class Il (RAS-dependent) BRAF mutations
result in impaired BRAF kinase activity and amplify ERK signaling based upon upstream activating signals. BRAF5°“N mutations (variants) lie within the kinase
domain of the BRAF protein, they are not yet functionally classified. TB tissue biopsy, LB liquid biopsy.

Table 2. Systemic treatment lines and outcome evaluable for six patients after detection of the acquired BRAF mutation.

Time to detection of BRAF mutation Treatment after detection of BRAF mutation
after diagnosis (months)

Patient ID BRAF mutation TTD (days) OS (days) Outcome

01 V600E (Classl) 96 Dabrafenib+-trametinib (1 L) 74 636 Alive
Osimertinib+dabrafenib (2 L) 27
Afatinib-+crizotinib (3 L) 65
Osimertinib+dabrafenib + (4 L) trametinib 288
Osimertinib+bevacizumab (5L) 53
Afatinib-+crizotinib (6 L) 105
Osimertinib+dabrafenib + (7 L) trametinib na
04 V600E (Classl) 47 Dabrafenib+trametinib (1 L) 38 287 Deceased
Osimertinib+dabrafenib (2 L) 93
Osimertinib+dabrafenib + (3 L) trametinib 77
Osimertinib-+carboplatin + (4 L) 75
Pemetrexed+bevacizumab osimertinib+TACE na
(5L)
12 V600E (Class 1) 38 Carboplatin+paclitaxel + (1 L) bevacizumab 68 101 Deceased
13 K601E (Class Il) 26 Osimertinib-+paclitaxel (1L) 50 239 Deceased
14 V600E (Class 1) 34 Osimertinib+bevacizumab (1 L), carboplatin 92, 40 359 Deceased
-+gemcitabine (2 L)
15 V600E (Classl) 51 Osimertinib-+bevacizumab (1 L) carboplatin 57,163 219 Deceased

+paclitaxel + (2 L) bevacizumab

BRAFV6%%F and BRAF¥5°’F mutations result in an increased BRAF kinase activity. See also Fig. 1c for the Kaplan-Meier curve of OS. TTD time-to-treatment
discontinuation, OS overall survival: time from acquired resistance (date of biopsy) until death/last day of follow-up, TACE transarterial chemoembolization.
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trajectory model with a common ancestor giving rise to the
peritoneal metastasis and liver metastases (Fig. 1i). While the
peritoneal metastasis and liver metastases are not closely related,
only minor changes occurred between the first and second biopsy
of the liver lesion (Fig. 1i). Accordingly, the CN landscape is very
similar between the peritoneal metastasis and liver metastases,
but almost identical between both liver biopsies (Supplementary
Fig. 3). This highlights that the different metastases and resistance
mechanisms (EGFR™?°M and BRAF'®%%, respectively) developed
independently from a common ancestral clone rather than in a
linear relationship. Also, the remarkably high similarity between
both liver biopsies indicates that selection pressure did not give
rise to a highly distinct new subclone, potentially due to the lack
of an EGFR inhibitor in the combination treatment. However, it
may also be due to resistance to anti-BRAF therapy already being
present in the clone C2 that propagates to C4 or may have a non-
genomic basis not detectable by WES.

For a third patient (P14) we obtained a biopsy at the time of
progression under osimertinib treatment (Supplementary Fig. 4a).
WES of this biopsy showed the presence of several oncogenic
EGFR mutations, namely L858R, T790M, and C797S (Supplemen-
tary Fig. 4b). All of those mutations were clonal, the T790M and
C797S mutations are in agreement with previously described
resistance mechanisms to EGFR inhibitors. Interestingly, we also
detected a BRAFY®%%F mutation (Supplementary Fig. 4b, Table 1). In
contrast to the EGFR mutations, the BRAF mutation was subclonal
and may thus indicate the branching of a newly developing
subclone. This further highlights the complexity of disease
resistance, which may incorporate several mechanisms of
resistance development in parallel. Overall, the clonal analyses
highlight that a process of branched evolution underlies
resistance to targeted treatments in patients with EGFR-mutant
tumors and may give rise to various independent resistance
mechanisms.

Resistance through the selection of BRAFV5%E-positive clones

To functionally validate our clinical observations, we over-
expressed BRAFYOF in EGFR®-mutant PC9 cells. To compare
BRAFV6%%-mediated effects to upstream activation of MAPK
signaling, we generated cells expressing NRAS?'¥, a mutation
reported in preclinical models of acquired EGFR-inhibitor resis-
tance’®'. In a polyclonal pool of PC9 cells stably expressing
BRAFV6%F or NRAS®'K, only modest activation of the MAPK
signaling was detected as determined by immunoblotting of
phospho-ERK (Fig. 2a). However, residual phospho-ERK-levels after
osimertinib treatment were detected only in cells with BRAF/6%%F
or NRAS?'K overexpression but not in control PC9 empty vector
(EV) cells. During 7-14 day treatment the insufficient inhibition of
MAPK signaling translated into the outgrowth of osimertinib-
resistant clones in cells expressing BRAF5%F or NRAS?®'X (Fig. 2b,
). In line with this observation, only <0.3% of PC9 (EV) cells were
found to be able to give rise to colonies during increasing doses of
osimertinib treatment (Fig. 2d). However, overexpression of
BRAFV69% or NRAS?®'K significantly enhanced the pool of cells
with the capacity to outgrow during therapy to 5.2% (BRAF) and
4.5% (NRAS) or less in a dose-dependent manner (Fig. 2d).

The next question was whether the enrichment of cells with
high BRAFY6%%F or NRASP'K expression would have an impact on
EGFR inhibitor sensitivity. Therefore, polyclonal PC9BRAF-V600E gng
PCONRAS-QSTK calls were preselected either with 10 nM (PC9BRAF
NRAS OS 10 nM) or 100 nM (PC9BRAFNRAS 05 100 nM) of osimertinib
over the course of >30 days. Using RT-PCR a dose-dependent
elevation of RNA levels of the respective resistance alleles was
found in PC9BRAF OS and PCONRAS OS cells after osimertinib
selection (Fig. 2e, f). Osimertinib-preselected cells exhibited a
higher induction of BRAF5%F expression (9.39-fold) than NRAS?'K
expression  (4.25-fold, p=0.036). Accordingly, untreated

Published in partnership with The Hormel Institute, University of Minnesota

D Schaufler et al.

npj

osimertinib-preselected cells with high BRAF“% expression
displayed stronger phospho-ERK staining when compared to
NRAS'X (Fig. 2g). Both osimertinib-preselected PC9BRAFVE00E gng
PCONRAS-QSTK calls showed higher levels of sustained phospho-ERK
during osimertinib treatment (Fig. 2g) and a higher degree of
resistance in viability assays compared to non-selected cells (Fig.
2h). A similar degree of resistance was observed against the EGFR
inhibitors erlotinib or afatinib (Supplementary Fig. 5a, b) but not
against the non-specific, chemotherapeutic cisplatin (Supplemen-
tary Fig. 5¢).

To further substantiate our data in an independent model,
BRAFY69% \yas overexpressed in the EGFR%/"*-mutant HCC827 cell
line. Again, a dose-dependent induction of resistance thro
ugh osimertinib-preselection was observed in polyclonal
HCC827BRAF-VE0OE el pools  (Supplementary Fig. 5d). These
findings are in line with our clinical observations and previous
cases that identified BRAF-mediated resistance in EGFR-mutant
tumors during anti-EGFR therapy. Our results suggest that BRAF-
mutant clones are enriched through EGFR-directed therapy in
EGFR-mutant adenocarcinoma.

FVGODE

Overcoming BRA -mediated resistance in EGFR-mutant

cells

Previous studies have found that concomitant KRAS and EGFR
mutations may increase the cell death rate of adenocarcinoma
cells through hyperactivation of ERK signaling?®3°. We tested
whether the activation of MAPK signaling via BRAF“5%¢ may have
a similar effect in EGFR-mutant PC9 cells. To this end, the cell
proliferation of PC9BRAF-V60OE g pCONRAS-QSTK \yas measured over
5 days, but no major differences were observed compared to EV
cells (Fig. 3a). We also did not detect any differences in the basal
cell death rate between cell lines (Supplementary Fig. 6a).
Consequently, cells with high expression of mutant BRAF/NRAS
did not get counter-selected after the withdrawal of osimertinib
(Fig. 3b, ¢).

Next, we tested combination therapies by targeting EGFR and
MAPK signaling individually in PC9BRAF-VE00E g pCONRAS-QGTK cel|g
(Fig. 3d). Both MEK inhibition and BRAF inhibition, as mono-
therapy, had a limited effect on the viability of PC9BRAF-V60OE
mutant cells (Supplementary Fig. 6b, c). In contrast, the combina-
tion of osimertinib and MEK or BRAF inhibition effectively
prevented the outgrowth of colonies (Fig. 3d). To further validate
our previous findings on a transcriptional level, we performed RNA
sequencing of PC9 (EV), PCQBRAFV60OE gnd PCQBRAF-V60OE g
100 nM cells treated with osimertinib, trametinib, a combination
of both or control for 48h (see Supplementary Material). As
expected, a principal component analysis showed that osimertinib
monotherapy had strong effects only on PC9BRAFVE0OE calls, while
trametinib plus osimertinib comparably impacted both PC9BRAF-
V600E and PCYBRAF-VE0OE OS5 100 nM cells (Supplementary Fig. 6d).
We next clustered samples based on the expression of E2F target
genes to assess the impact on cell cycle-related gene expression
as a surrogate marker for the cytotoxic effects of the given
perturbation (Fig. 3e). In this analysis, the strongest down-
regulation of E2F genes was present in the group of cell line/
treatment combinations that led to reduced cell numbers in
crystal violet assays (Fig. 3d). Repression of E2F target genes was
lower in unselected PC9BRAF-V6OOE ce||s with osimertinib compared
to PC9 EV cells or compared to combination treatment (Fig. 3d).
This indicates the limited efficacy of osimertinib monotherapy
treatment if a BRAF mutation is present even without prior
selection and supports the use of combination treatment.
Furthermore, in PC9BRAFV6E 5 100 nM cells the expression of
MAPK pathway responsive genes was only perturbed during
osimertinib and trametinib treatment (Supplementary Fig. 7a)®'.
Next, we assessed the synergy between osimertinib and
trametinib, using ZIP-based synergy analysis, and found a strong
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Fig. 2 Selection of BRAFV*°*.positive clones in EGFR-mutant cells. a Inmunoblotting of PC9 cells expressing the annotated constructs,
treated with (+) or without (=) osimertinib (48 h). Hsp90 is used as a loading control. b Clonogenicity assays of PC9 derived cell lines treated
with osimertinib for 7 and 14 days or DMSO control for 7 days are displayed. ¢ Quantitative analysis of (b) normalized to PC9 (EV). d Limited
dilution assay of PC9-derived cell lines treated for 21 days before analysis. e, f qRT-PCR analysis of mRNA expression in e BRAF and f NRAS in
PC9 derived cell lines normalized to EV. g Immunoblotting of PC9 cells expressing the annotated constructs that were treated as in (a).
h Viability curves of PC9 cells expressing the annotated constructs treated with osimertinib (72 h) are shown. The relative area under the curve
(AUC) in % compared to a theoretical non-responding AUC. Error bars indicate mean + SD. Two-tailed paired t tests, ***p <0.001, **p < 0.01,
*p <0.05, "*p > 0.05. EGFR epidermal growth factor receptor, BRAF B-rapidly accelerated fibrosarcoma, NRAS neuroblastoma rat sarcoma, EV

empty vector.

synergy that correlated with the expression of BRAF-V600E in PC9
cells (Fig. 3f, see Methods). The calculated synergy score for
osimertinib and vemurafenib was limited and we found an
antagonism for the combination of trametinib and vemurafenib
inhibition in PC9BRAF-VE00E mytant cells (Supplementary Fig. 7b, c).
Finally, using a three-fold titration matrix, we observed a
considerably low synergy for osimertinib and vemurafenib
treatment compared to osimertinib and trametinib treatment,
which was not further increased in a triple combination by adding
vemurafenib (Supplementary Fig. 7d). In accordance with the
synergy results, osimertinib with trametinib in contrast to
osimertinib alone resulted in full inhibition of phospho-ERK
signaling. Vemurafenib did not fully abrogate the sustained
phospho-ERK signaling, as it also hyperactivated phospho-ERK as
monotherapy, most likely due to the paradoxical effect on the
endogenous wild type BRAF kinase (Fig. 3g)*2 To further validate
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our in vitro results, we performed an in vivo study with xenografts
implanted with PC9BRAF-VE0OE calls that were preselected for high
BRAFVS9%F expression. Once the mice developed tumors, we
started with the treatment regimen consisting of vehicle,
osimertinib, trametinib or the combination of osimertinib and
trametinib for 21 days (Fig. 3h). Compared to vehicle treatment,
trametinib did not significantly decrease tumor volume, and
osimertinib monotherapy led to a measurable tumor growth
reduction. However, only, combination therapy led to robust
tumor shrinkage in these xenografts (Fig. 3h). Thus, our in vivo
data largely reflects our in vitro findings and suggests that
combination therapy is necessary to induce substantial tumor
shrinkage in tumors harboring activating EGFR and BRAF muta-
tions. Of importance, none of the mice in the individual treatment
arms experienced weight loss (Supplementary Fig. 7e) or any
other severe treatment-associated side effects.
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DISCUSSION

Osimertinib replaced other EGFR inhibitors in the early lines of
therapy. This development had a major impact on the resistance
profiles and development of effective salvage therapies'®~'%18:33,
The activation of MAPK signaling seems to play a more prominent
role in patients' progressive on third-generation EGFR inhibitors
when compared to first- and second-generation EGFR inhibi-
tors' 116192034 Our comprehensive genomics study of EGFR-
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time after treatment start in days

mutant patients with co-occurring BRAF mutations provides
insights into the evolution of MAPK-driven resistance and its
impact on EGFR-directed treatment.

Our combination of longitudinal clinical and genomic analyses
provides insight into the subclonal heterogeneity of the individual
tumors and corresponding metastases during resistance evolu-
tion. Our clonality analyses revealed that resistance to osimertinib
(initiated at detection of EGFR™°°Y mutation) and subsequent
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Fig.3 Overc g BRAFV5%%E.mediated e in EGFR- cells. a Growth series of PC9 derived cell lines counted for 5 days every
24 h (see Methods) b Immunoblotting of PCQBF‘AF “V600E 05 100 nM, PCONRAS-QSTK 05 100 nM, and PC9 (EV). Osimertinib-preselected cells were
cultured for 0, 7, and 21 days without osimertinib treatment and plated 48 h before lysis. ¢ Cell viability assay of PC9 cells expressing the
annotated constructs treated for 72 h with osimertinib is shown. The relative AUC (see Methods) of BRAFY6%E OS 100 nM and NRAS?®™K OS
100 nM after osimertinib withdrawal for >40 days are shown. d Clonogenicity assay of PC9 cells expressing the annotated constructs treated
for 14 days with indicated compounds before staining. e RNA-seq based expression of E2F gene set genes (rows) in PC9 derived cell lines
(columns) after 48 h treatment with indicated inhibitors. Expression was normalized as z-score per gene. f Synergy screen of osimertinib and
trametinib combination treatment in PC9 derived cell lines for 72 h are displayed. g Immunoblotting of PC9 cells expressmg the annotated
constructs is shown. Treatment with indicated compounds 48 h before lysis. h Relative tumor volume of xenograft mice injected with PC9BRAF-
V600E S 100 NM cells in % compared to day 0 of the treatment regimen (see Methods). Error bars indicate mean + SD. Two-tailed paired t tests
(all except (h); two-tailed Welch's t tests with Bonferonni-correction), ***p <0.001, **p <0.01, *p <0.05, ™*p > 0.05. EGFR epidermal growth

factor receptor, BRAF B-rapidly accelerated fibrosarcoma, NRAS neuroblastoma rat sarcoma, EV empty vector.

combination of dabrafenib plus trametinib (initiated at detection
of BRAFY6%F mutation) was driven by an evolutionary branching
process rather than a linear trajectory of one clone that continues
to acquire additional resistance mutations. Moreover, in both
patients, the different metastases are genetically distinct from
each other but arise from common ancestors that do not carry a
resistance mutation. Even within our limited cohort, we observe
different patterns of clonal evolution: while for P04 a common
ancestor most likely from the primary tumor gave rise to the
different metastases, for patient P01 phylogenetic analyses are in
accordance with a model supporting much earlier branching. Of
note, resistance mutations such as EGFR"7°M and BRAF5%%F were
not detected by either panel sequencing or WES in samples still
sensitive to the respective inhibitors. This may indicate that they
developed either de novo during treatment or were pre-existent,
but at a frequency to low to be detected without selection
pressure.

Overall, our results demonstrate the presence and further
development of tumor heterogeneity that can give rise to multiple
resistance mechanisms due to treatment selection pressure.
Moreover, our genomic analysis emphasizes that we are faced
with a complex mutational landscape based on intra-tumoral,
inter-tumoral, and inter-patient heterogeneity. It thus constitutes a
major clinical challenge for the development of an efficient
treatment strategy to counteract tumor progression. Based on the
present findings a diagnostic strategy aiming to address the
multilayered heterogeneity e.g. using liquid biopsies or multiple
re-biopsies appears warranted to optimize treatment schedules.
Our data suggest that one promising treatment strategy for
patients with concurrent EGFR and MAPK pathway activation may
require alternating treatment regimens with intermittent changes
between drug combinations based upon observed heterogenic
tumor response and emerging resistance patterns. To facilitate
this strategy FDG-PET can be quite useful for rapid treatment
evaluation and hence, dynamic clinical management as demon-
strated by our investigational approach. However, we are aware
that more patients need to be profiled in the future to
compliment our results.

We and others have previously found that acquired resistance
through activation of MAPK signaling via KRAS mutations can be
detected in patients receiving third-generation EGFR inhibi-
tors'"'2, BRAF mutations and BRAF rearrangements have also
been shown to play a similar role like KRAS in the resistance
setting of EGFR-mutant adenocarcinoma'®'®34, This is surprising
as previous functional analyses indicated that mutant KRAS
mutations may augment the cell death rate of EGFR-mutant cells
and thereby limit the outgrowth of resistant clones®®. Our cell line
models indicate that concomitant MAPK pathway signaling is
tolerated when BRAF or NRAS are activated. This corresponds with
our clinical observation that BRAF mutations can co-occur with
EGFR mutations even before anti-EGFR therapy. Interestingly, the
levels of phospho-ERK activation differ strongly between BRAF-
and NRAS-mutant cells but we did not observe major differences
in the ability of these alleles to promote resistance or cell death in
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EGFR-mutant cells. These functional observations are also in line
with our finding that BRAF/EGFR-mutant lung tumors are
recurrently found across different cancer centers, indicating a
basis for the co-existence of BRAF/EGFR mutations without
selection pressure. Future studies are required to fully decipher
the potential differences between MAPK signaling activation at
different levels of the pathway in the context of EGFR-mutant lung
adenocarcinoma. Nevertheless, our in vitro and in vivo findings
fully support the notion that EGFR/MEK combination might be a
viable option to overcome BRAF-driven resistance in patients with
EGFR-mutant lung adenocarcinoma.

In summary, our data uncover basic principles of drug-induced
evolutionary paths underlying BRAF-driven resistance in patients
with lung adenocarcinoma. The integrated analyses support a
model in which concomitant activation of EGFR and BRAF is
selected through anti-EGFR therapy that combines well with EGFR,
BRAF, and MEK inhibitors to overcome resistance. Our systematic
exploration of clinically relevant drug combinations may offer
additional avenues for follow-up investigations into novel
targeted treatment strategies for patients with co-occurring EGFR
and BRAF mutations.

METHODS

Patients

We compiled a cohort of 15 patients with lung adenocarcinoma and
activating EGFR mutations that harbored co-occurring BRAF mutations with
and without prior anti-EGFR treatment. Patients were identified within the
Network Genomic Medicine (NGM) Lung Cancer in Cologne, Germany,
Institute Gustave Roussy in Paris, France, and Cantonal Hospital of Lucerne,
Switzerland. Treatment, genetic findings, and survival of these patients
were evaluated. All patients consented to be analyzed. The study was
conducted in concordance with local ethical guidelines and was reviewed
by the institutional ethics committee. Selected patients were treated with
different lines of therapy including combinations of osimertinib, dabrafe-
nib, and trametinib. These patients provided written informed consent for
a prospective investigational molecular- and imaging-guided personalized
treatment approach. Rebiopsies were acquired at disease progression.
Tissue biopsy was performed through core needle biopsy according to
local standard procedures. Survival of all patients was calculated using the
Kaplan Meier method.

Molecular analyses

The vast majority of the specimens analyzed in our study consisted of tumor
tissue (n=13). For two patients, liquid biopsies were evaluated. (Table 1).
Next-generation sequencing (NGS)-based molecular profiling was performed
for each patient either on tumor tissue or on circulating tumor DNA (ctDNA).
For patients, PO1 and P04 whole-exome sequencing was additionally
performed on the tumor tissue. For patients PO1 and P04, we obtained
longitudinally serial repeated tissue biopsies of the leading tumor lesions at
each time of progression during treatment with different combinations of
osimertinib, dabrafenib and trametinib, and other therapies. NGS of tumor
tissue was performed as previously described>~3%, Plasma analysis of ctDNA
was performed as previously reported™.
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PET-CT assessments

The efficacy of treatment was evaluated by positron emission tomography
(PET)/computed tomography (CT) scans using radiolabeled '8F-2-fluoro-2-
deoxy-p-glucose (FDG). Scans were acquired at baseline, and as early as
2 weeks (early assessment) and again at regular intervals roughly every 6
or more weeks (late assessments) after initiation or change of therapy to
capture early metabolic response (measured by standard uptake value
(SUV)max) and morphologic response over time. Scans were conducted as
previously described and performed on a Biograph mCT Flow-Edge 128
PET/CT-system (Siemens Medical Solutions) with a 128-slice spiral CT
component from the base of the skull to the mid-thigh®®. We followed
Positron Emission Response Criteria in Solid Tumors version 1.0 guidelines,
assuming that response is characterized by an SUV reduction of at least
30% in the hottest lesion®'.

Whole-exome sequencing (WES)

WES was performed on FFPE-derived DNA from serial tumor tissue
rebiopsies obtained at the time of tumor progression during treatment of
patients PO1 and P04. In addition, for one patient DNA was extracted from
the primary tumor using the truXTRAC FFPE DNA extraction kit (Covaris,
USA, Cat. No. 520307). Exomes were individually prepared using 200 ng of
DNA using standard protocol SureSelectXT Automated Target Enrichment
for lllumina Paired-End Multiplexed Sequencing and Agilent Bravo
automated liquid handling platform. As for patient P14, there was only a
post-osimertinib tumor biopsy available for WES, which was enriched using
the Agilent SureSelect CR kit (Agilent, USA). After validation (2200
TapeStation, Agilent Technologies) and quantification (Qubit System,
Invitrogen, Waltham, USA) pools of libraries were generated. The pools
were quantified using the KAPA Library Quantification kit (Peqglab,
Germany, KAPBKK4854) and 7900HT Sequence Detection System (Applied
Biosystems, Waltham, USA) and subsequently sequenced at 140X mean
coverage on an lllumina NovaSeq6000 sequencing instrument using a
paired-end 2 x 100 bp protocol.

WES and clonality analysis

Analysis of raw sequencing data and clonality analyses were performed
using an established pipeline*: After alignment of the raw sequencing
data to the hg19 reference genome in total 137-325 million reads could
successfully be mapped per sample corresponding to a mean coverage of
93%-200x per sample and covering all intended exonic target region with
>20x% coverage for 90-98% of those. In summary, of the 42.3 megabases of
exonic regions as defined by the GRCh 37/hg19 RefSeq genome
annotation, 39-40 megabases of exons were sufficiently covered for
mutation calling and subsequent analyses. Thus, allelic fractions of somatic
mutations were corrected for purity and CN changes to determine cancer
cell fractions (CCF). The distribution of CCFs was then searched for distinct
subpopulations by using a nonparametric method to deconvolute the
noise in the CCFs. This allows for the identification of genetically distinct
tumor subclones and the reconstruction of tumor evolutionary histories.

Cell culture and functional analyses

Human NSCLC cell lines were verified by STR profiling at the Institute for
Forensic Medicine of the University Hospital of Cologne. PC9, HCC827, and
HEK293T cell lines were obtained from ATCC. PC9 and HCC827 cells and
their osimertinib-preselected derivatives were cultured in RPMI (Fisher
Scientific, USA, Cat. No. 12004997) HEK293T cells were cultured in DMEM
(Fisher Scientific, USA, Cat. No. 61965-026). All media were supplemented
with 10% fetal bovine serum (Fisher Scientific, USA, Cat. No. 10270-106)
and 1% penicillin/streptomycin (Fisher Scientific, USA, Cat. No. 15070-063).
All cells were grown at 37 °C in a humidified atmosphere with 5% CO,.

Reagents

For cell culture studies, osimertinib (LC Laboratories, USA, Cat. No.
1421373-65-0), trametinib (LC Laboratories, USA, Cat. No. 871700-17-3),
and vemurafenib (LC Laboratories, USA, Cat. No. 918504-65-1) were
dissolved in dimethyl sulfoxide (DMSO) (Carl Roth, Germany, Cat. No.
4720.4) to a final stock concentration of 10 mM. Cisplatin (pharmacy of
University Hospital of Cologne) was diluted to 3.33 mM in 0.9% NaCl.

Published in partnership with The Hormel Institute, University of Minnesota

D Schaufler et al.

npj

Crystal violet assay

Totally, 10° cells were plated into one well of a 6-well plate and treated
with  DMSO (control), 300nM osimertinib, 100nM trametinib, 1pM
vemurafenib, and combinations osimertinib plus trametinib and osimerti-
nib plus vemurafenib. Seven or 14 days after treatment, cells were fixed in
4% paraformaldehyde (Carl Roth, Germany, Cat. No. CP10.1) in phosphate-
buffered saline (PBS) (Fisher Scientific, USA, Cat. No. 14190144), stained
with 0.1% crystal violet (Sigma Aldrich, USA, Cat. No. C3886-25G) in PBS,
and rinsed in PBS before image acquisition. For quantification, the Crystal
Violet dye was dissolved in 2 ml methanol (Carl Roth, Germany, Cat. No.
CP43.4) in the 6-well plate. Twenty microlitres of this solution were diluted
1:10 with methanol and injected into 96-well plates. The read-out was the
absorption at 560 nm wavelength. The results per cell line were normalized
against their DMSO-controls and then against the empty vector (EV)
control cell line.

Protein overexpression experiments
Vectors pBABE puro, pBABE-puro-BRAFY%°F, and pBABE-NRAS®'® were
cotransfected with a helper plasmid into HEK 293T cells using TransIT-LT1
reagent (Mirus, USA, Cat. No. MIR2300). Forty-eight hour post transfection,
replication-incompetent retroviruses were collected from the supernatant
for infection of PC9 and HCC827 in the presence of 8 ug/ml polybrene
(Merck Millipore, USA, Cat. No. TR1003-G). Twenty-four hour after infection,
the growth medium was changed and 3 pg/ml (PC9) or 2 ug/ml (HCC827)
puromycin (Sigma Aldrich, USA, Cat. No. p8833) was added for selection for
7 days. After selection, cells were analyzed for protein expression.

pBABE-puro was a gift from Hartmut Land & Jay Morgenstern & Bob
Weinberg (Addgene plasmid # 1764; RRID:Addgene_1764).

pBabe-Puro-BRAFV%%E was a gift from William Hahn (Addgene plasmid #
15269; RRID:Addgene_15269).

pBabe-NRAS?®™® was a gift from Channing Der (Addgene plasmid #
12543; RRID:Addgene_12543).

Cell viability screening

To assess cell viability, cells were plated in 96-well plates in triplicates, and
compounds were added at 9 decreasing compound concentrations 24 h
after seeding. Seventy-two hours later, cell viability was measured via Cell
Titer-Glo (CTG) assay (Promega, USA, Cat. No. g7573) and was normalized
to DMSO-treated controls. Resistance in % was calculated as the area
under the curve (AUC), calculated via Gauss's trapezoid area formula and
then divided by a theoretical non-responding AUC, all calculated in R. Data
are represented as mean + standard error of the mean and significance
was calculated by paired Student’s t tests.

RNA isolation and qRT-PCR

Totally, 5x10° cells were plated into one well of a 6-well plate and
harvested after 24 h. Total RNA was isolated using the RNeasy-kit (Qiagen,
Germany, Cat. No. 74106) according to the manufacturer’s instructions,
including DNAse | digestion (Qiagen, Germany, Cat. No. 79256). In all,
1.5 pg of total RNA was reverse transcribed using Super-script Il (Thermo
Fisher Scientific, USA, Cat. No. 18064022) with random hexamer primers.
Quantitative real-time PCR (qPCR) was performed using the QuantStudio 3
Real-Time PCR System (Thermo Fisher Scientific) and Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific, USA, Cat. No. 4309155). Data
were normalized to GAPDH RNA levels and are presented as mean +SD
and significance was calculated by paired Student’s t tests.

Flow cytometry

Cell lines were seeded into 6-well plates (1 x 10° cells/well). Twenty-four-
hour later Staurosporine (Sigma Aldrich, USA, S4400) or DMSO control was
added to the medium. Twenty-four-hour later supernatant was collected,
cells were trypsinized (Fisher Scientific, USA, Cat. No. 11560626), washed
with ice-cold PBS, and resuspended in antibody-binding buffer (10 mM
HEPES pH 7.4 (Fisher Scientific, USA, Cat. No. 15630080), 140 mM NaCl;
2.5mM CaCl,). Cells were stained for Annexin-V (BD Biosciences, USA, Cat.
No. 556420) and 50 pg/mL propidium iodide (Carl Roth, Germany, Cat. No.
CN?74). After 20 min of incubation in the dark, samples were analyzed on a
FACS Gallios Flow Cytometer (Beckman Coulter). We used FACS Kaluza
software (Beckman Coulter) to quantify populations. At least 5 x 10* events
were assessed per measurement. All measurements were performed as
duplicates. Gates used can be found in Supplementary Fig. 8. Data are
presented as mean + SD.
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Immunoblot
Cell lysates were prepared using RIPA buffer supplemented with protease
inhibitors (Complete Mini Protease Inhibitor Cocktail, Roche, Switzerland, Cat.
No. 11836170001). Protein concentration was determined by BCA assay
(Thermo Fisher Scientific, USA, Cat. No. 23225) and equal amounts of protein
(20 ug) were separated on 4-12% Tris-glycine sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels (Thermo Fisher Scientific, USA, Cat.
No. XP04125BOX) and transferred to PVDF-FL membrane (Sigma Aldrich, USA,
Cat. No. IPFL00010). Membranes were blocked in 5% milk (Carl Roth, Germany,
Cat. No. T145.1) blocking buffer in Tris-buffered saline (TBS), incubated with
primary antibodies, washed, and incubated with fluorescently labeled
secondary antibodies before detection with Odyssey CLx imaging system (LI-
COR Biosciences). Images were processed using the Image Studio Software (LI-
COR Biosciences). Primary antibodies are EGFR (Cell Signaling, USA, Cat. No. CS-
4267), p-EGFR (Cell Signaling, USA, Cat. No. CS-3777), BRAF-V60OE (Spring
Bioscience, USA, Cat. No. E-19290), BRAF (Santa Cruz Biotechnology, USA, Cat.
No. SC-5284), ERK (Cell Signaling, USA, Cat. No. CS-9102), p-ERK (Cell Signaling,
USA, Cat. No. CS-4370), Akt (Cell Signaling, USA, Cat. No. CS-2920), p-Akt (Cell
Signaling, USA, Cat. No. C5-9271) and Hsp90 (Cell Signaling, USA, Cat. No. CS-
4877). All primary antibodies were diluted 1:1000 in 5% milk blocking buffer in
TBS with 02% Tween"20 (Sigma Aldrich, USA, Cat. No. P7949-500ML).
Secondary antibodies are goat anti-rabbit 800CW (LI-COR Biosciences, USA,
Cat. No. 926-32211), goat anti-mouse 800CW (LI-COR Biosciences, USA, Cat. No.
926-3220), goat anti-rabbit 680LT (LI-COR Biosciences, USA, Cat. No. #926-
68021), and goat anti-mouse 680LT (LI-COR Biosciences, USA, Cat. No. 926-
68020). All secondary antibodies were diluted 1:20,000 in 2.5% milk blocking
buffer in TBS with 0.2% Tween“20 and 0.01% sodium dodecyl sulfate (SDS)
(Carl Roth, Germany, Cat. No. 8029.4).

All blots derive from the same experiment and were processed in
parallel. Uncropped blots can be found in Supplementary Figs. 9-13.

Synergy screen

Cells were plated in a 6 x 6 wells matrix in 96-well plates. After 24 h cells
were treated with five decreasing concentrations of compound A plus
DMSO control starting from right to left. Cells were also treated at the same
time with five decreasing concentrations of compound B plus DMSO
control starting from the bottom to the top. The topmost left well is only
treated with DMSO, while the bottommost right well is treated with the
highest concentration of both compounds. The following starting
concentrations were used: 300 nM of osimertinib, 100 nM of trametinib,
and 1 pM of vemurafenib. Seventy-two hours after treatment, cell viability
was measured via CTG assay and was normalized to DMSO-treated
controls. Synergy scores were then calculated in R using the SynergyFinder
Package and the Zero Interaction Potency (ZIP) reference model as
implemented in the package. The mean of the nine highest synergy scores
from each matrix is presented +SD and significance were calculated by
paired Student’s t tests.

3D Synergy screen

Cells were plated as described in “Synergy screen”, just on six plates, each
with a set concentration of vemurafenib to add a third dimension. Cells
were treated for the same time and with the same concentration as in
“Synergy screen”. Cell viability was measured the same way as in “Synergy
screen”. The expected drug combination responses were calculated based
on ZIP reference model using SynergyFinder>. Deviations between
observed and expected responses with positive and negative values
denote synergy and antagonism, respectively.

Growth series

Totally, 1x 10° cells per well were plated 5 times in triplicates per cell line in
6-well plates. For 5 days, always after 24 h, one triplicate of each cell line was
trypsinized and counted via Z Series Coulter Counter (Beckmann Coulter).
Results were normalized to day 1 and were anticipated from the slope of a
best-fitting line through each data set Data are presented as mean + SD.

Generating osimertinib selected cell lines

PCOBRAF-VE00E - pCgNRAS-Q6TK - ang HCCB27BRAFVO00E cq|| lines were each
treated with 10 nM or 100 nM osimertinib respectively for >30 days. After
that cells were labeled osimertinib selected (OS) 10nM or 100 nM,
respectively, and experiments were performed. Even after >30 days
osimertinib treatment in cell culture, cells were continuously kept under
osimertinib treatment.
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3’UTR-RNA sequencing

For each cell line (PC9 pBABE EV, PC9 pBABE BRAFY®°E, and PC9 pBABE
BRAFV6%E OS 100) 5 x 10° cells were plated and left to adhere overnight. The
next day they were treated with 300 nM osimertinib, 100 nM trametinib, a
combination of both, or DMSO control for 48h. RNA extraction and
sequencing were performed using the Qiagen RNeasy Mini kit following the
manufacturer’s instruction. Totally, 500 ng total RNA were used to prepare 3’
UTR mRNA libraries using the Lexogen QuantSeq kit (Lexogen, Austria, Cat. No.
015.96) according to the standard protocol*. Quality controlled cDNA pools
were quantified with the KAPA Library Quantification kit and sequenced on a
NovaSeq sequencer (lllumina, USA) with a 1 x 100 bp protocol. Raw data were
aligned to the human genome reference GRCh38 using STAR aligner* and
gene expression was quantified with RSEM* prior to downstream analysis
with the R package DESeq2*’. E2F target genes were obtained from the
MSigDB Hallmark collection and MAPK feedback genes from a recently
published MAPK activity score®'.

In vivo xenograft model
The local authorities and the animal protection committee approved all
animal procedures of this study.

PCYBRAF-V6OOE 55100 nM cells (5 x 10°) were resuspended in 100 uL PBS
and then inoculated subcutaneously in both flanks of 8- to 12-week-old
female nude mice (RENMRI-FOXN1 NU, Janvier Labs) and treatment was
initiated when tumors reached a mean volume of approximately 50 mm>.
Mice were treated daily for 21 days orally with vehicle solution (1% DMSO,
30% PEG300, 0.5% hydroxypropyl methylcellulose, 0.2% Tween-80, ddH,0)
QD, osimertinib (5mg/kg in 1% DMSO + 30% PEG300 + ddH,0) QD,
trametinib (1 mg/kg in 0.5% hydroxypropyl methylcellulose, 0.2% Tween-
80, ddH,0) QD or combination (osimertinib as described before and
trametinib as described before) Tumor volumes were measured daily in
two dimensions using a caliper, and the volume was expressed in mm?
using the formula: V= 0.5 x (length x width?), where V is tumor volume,
length is the longest tumor dimension and width is the longest tumor
dimension perpendicular to the length.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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4. Discussion

This study addresses resistance mechanisms in EGFR-mutated LUAD, with a specific focus
on the emergence and functional implications of co-expressed BRAF mutations. Driven by the
initial hypothesis that co-activation of EGFR'"® and BRAF'®°% might result in synthetic
lethality, the project employed genetically engineered cell models, in vivo xenografts, and
patient cohort analyses to investigate this phenomenon. In contrast to the initial hypothesis,
co-expression of EGFR®" and BRAF®°* promoted resistance to EGFR inhibition via
reactivation of MAPK signalling rather than inducing cell death. The concomitant occurrence
of EGFR and BRAF mutations was identified in five patients from the patient cohort at the time
of initial diagnosis and in 10 patients as a resistance mechanism to EGFR-TKI therapy®*. Using
patient-derived NSCLC cell lines harbouring EGFR® and BRAF®°% mutations, it was
demonstrated that dual inhibition of EGFR and MEK by osimertinib and trametinib,

respectively, overcomes resistance in in vitro experiments and in in vivo xenograft models.

41 Strengths and limitations

A particular strength of this work is the use of complementary experimental systems, enabling
functional investigation as well as translational validation. The employment of isogenic cell line
models provided controlled conditions to explain the biological consequences of BRAF'6%
expression in EGFR-mutated backgrounds. In vivo xenograft experiments further confirmed
the therapeutic potential of combined EGFR and MEK inhibition. Patient-derived genomic data
add clinical relevance by illustrating the clonal emergence of BRAF mutations under EGFR-
targeted treatment pressure. The clinical relevance of BRAF mutations as resistance
mechanisms to EGFR-TKIs is increasingly recognized, yet functional data characterizing the
co-occurrence of these mutations has been limited. This work fills an important gap by
providing mechanistic validation and highlighting MAPK pathway reactivation as a critical driver
of resistance in TKl-treated EGFR-mutated LUAD.

Limitations of this study include the use of engineered cell models that do not reflect the
heterogeneity and complexity of the tumour microenvironment and impacts of the immune
system. The patient cohort analysed comprised only 15 patients and was analysed
retrospectively, which may limit the generalizability of the findings. Investigating non-genomic
resistance mechanisms, immunogenic response and microenvironmental factors represent

important future areas of research.

4.2 Research question

Earlier studies have established the principle that concurrent EGFR and KRAS mutations are
mutually exclusive due to toxic ERK hyperactivation'2. Correspondingly, mechanistic models
have proposed the concept of an “oncogene overdose,” in which excessive ERK pathway

activation surpasses a critical signaling threshold and leads to cytotoxicity or growth arrest’*%°.
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Building on this, the present work tested a similar paradigm for BRAF in the context of EGFR-
mutant LUAD, given its role downstream of RAS in the MAPK cascade. In our study, BRAF 6%
expression in EGFR-mutant NSCLC cells resulted in MAPK pathway reactivation and
resistance to EGFR inhibition without triggering apoptotic cell death®*. These findings suggest
that BRAF"***.induced ERK signaling does not exceed the toxic signaling thresholds
observed with KRAS. Noteworthy, mRNA expression of BRAF'®* could be significantly
increased in the polyclonal pool of cells through long-term selection with osimertinib®*. Whether
BRAF"%%E expression could be increased on a single-cell basis or whether cells with increased
BRAF"%%E expression were selected out in advance cannot be determined with this experiment
design and requires further investigation. Within this study context, concurrent EGFR and
BRAF mutations had no cellular fitness disadvantages but also no growth advantages without
simultaneous inhibition of EGFR. One possible reason for stronger p-ERK signalling in the
case of concurrent EGFR and KRAS mutations rather than EGFR and BRAF co-mutation is
the position of KRAS directly upstream of RAF, which might augment signal transduction.
Whereas BRAF predominantly activates the MAPK-cascade via MEK and ERK, % KRAS
signalling into the PI3BK-AKT-mTOR-pathway could lead to the possibility that cell toxicity may
be caused by pathways other than the MAPK pathway. However, Unni et al. demonstrated that
synthetic lethality was mediated by ERK hyperactivation and AKT activation that was not
rescued by using a PI3K-inhibitor, which had no effect on cell toxicity?>. In summary, our
functional preclinical data, as well as the data from patients with BRAF and EGFR mutations
before receiving EGFR-TKI therapy, showed that BRAF mutations in the context of an EGFR
mutation in LUAD are not synthetic lethal in contrast to KRAS with co-occurring EGFR
mutations. To explain the discrepancy in synthetic lethality compared to other studies, a
functional head-to-head comparison of the two oncogenes located immediately vertically

downstream of each other in the MAPK pathway would be necessary.

A comparable approach to our study was used by Ortiz-Cuaran et al., who found a KRAS®'%S
mutation in a patient as a mechanism of resistance to osimertinib therapy®’. In subsequent
functional in vitro experiments, KRAS®'?S-mediated resistance was confirmed by sustained p-
Erk signalling under EGFR-TKI therapy. The resistance could be overcome by the combined
use of osimertinib with the MEK inhibitors trametinib or selumetinib and showed clear
synergies. It is noteworthy that the cell lines exhibiting co-mutation of EGFR and KRAS
demonstrated diminished cell viability initially; however, this was superseded following 10
passages of antibiotic selection® .

The study by Ortiz-Cuaran et al. and the current study demonstrated that the combination of

EGFR and MEK inhibitors effectively suppressed ERK activity and restored treatment
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response, emphasising the importance of targeting both the primary driver and downstream

signalling pathways.

4.3 Integration into the current study context

Recent developments in clinical oncology further support the concept of combination therapies.
The MARIPOSA ftrial, a phase 3 study, investigated amivantamab, a bispecific EGFR- and
MET-targeting antibody, combined with lazertinib, a third-generation EGFR-TKI, as first-line
therapy for EGFR-mutant NSCLC. The combination resulted in a significant improvement in
progression-free survival compared to osimertinib monotherapy (23.7 months vs. 16.6
months)®®. The FLAURAZ trial, a phase 3 study, investigated osimertinib plus chemotherapy
with pemetrexed and a platinum-based agent (cisplatin or carboplatin) against osimertinib
monotherapy as first-line therapy in advanced EGFR-mutant NSCLC. The combination of
osimertinib plus chemotherapy resulted in a significant improvement in progression-free
survival compared to osimertinib monotherapy (25.5 months vs. 16.7 months) but patients also
reported more and stronger adverse events®. Although the exact molecular mechanism of this
combined therapy is unknown, it has been suggested that the non-selective effect of
chemotherapy supports the selective effect of the EGFR-TKI to overcome intratumour

heterogeneity®. Both studies underline the clinical potential of upfront combination strategies.

Beyond EGFR-mutated NSCLC, the concept of simultaneous inhibition of multiple targets from
the MAPK pathway has been explored in other malignancies. In metastatic BRAF®°¢ mutated
colorectal cancer, the combination of BRAF, EGFR, and MEK inhibitors led to improved MAPK
pathway suppression and clinical benefit compared to dual inhibition strategies, highlighting
the importance of targeting multiple nodes in adaptive signalling pathways. Similarly, in
melanoma, combining BRAF inhibitors with MEK inhibitors proved to be more effective than
single treatment, leading to this combination therapy becoming the new standard of care®®®’

These collective findings across different tumour entities emphasize that simultaneous
targeting of EGFR and the MAPK pathway is a broadly relevant therapeutic concept. The
mechanistic rationale and the preclinical and clinical data derived from various settings

strengthen the translational significance of the observations made in the present work.

4.4 Outlook on future research questions

An important question for future research is whether the resistance mechanisms observed
after osimertinib monotherapy will remain relevant under possible new first-line combination
regimens such as amivantamab plus lazertinib. It is conceivable that selective pressures may
shift, leading to different patterns of resistance evolution. Therefore, continuous molecular

monitoring using liquid biopsies and advanced imaging modalities will be crucial.
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Moreover, proactive combination strategies, potentially including inhibitors of EGFR, MAPK
and additional pathways, may become an effective approach to further delay the emergence
of resistance. To refine therapeutic approaches, it will be essential to deepen the mechanistic
understanding of how different co-mutations affect MAPK signalling dynamics, in particular
contrasting the effects of KRAS and BRAF in the context of another mutation in the MAPK-
pathway like EGFR.

4.5 Conclusion

The present study set out to investigate the role of both co-occurring and acquired BRAF
mutations in patients with EGFR mutations. To validate the clinical data, a system with co-
mutated EGFR®"® and BRAF"°%¢ was recreated in vitro, and a therapeutic option with
combined EGFR and MEK inhibition was identified that was also effective in the in vivo
xenograft model. In conclusion, this work provides further insights into the adaptive
mechanisms of resistance in EGFR-mutant lung adenocarcinoma by demonstrating that
BRAFV¢E_mediated MAPK reactivation drives therapeutic escape. Our clinical and functional
data show that EGFR/BRAF co-mutation is not as synthetic lethal as many studies have
suggested and that further experiments are needed to understand ERK-mediated synthetic
lethality in the MAPK pathway, especially in comparison to KRAS. Furthermore, the data
presented here fit within the broader evolution of treatment strategies towards upfront
combination therapies, as exemplified by the MARIPOSA study and analogous strategies in
other tumour entities. By contributing mechanistic and translational knowledge, this work
advances the understanding of oncogene-driven resistance and lays a foundation for the

development of future therapeutic strategies in EGFR-mutated NSCLC.
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Supplementary Material

Supplementary Table 1

(A-D)'®FDG-PET/CT assessment for monitoring of metabolic

response during different lines of treatment of two patients with EGFR/BRAF-mutant lung

adenocarcinoma. Table summarizes the standard uptake values (SUV). (A) P01, lesion 1;
(B) P01, lesion 2; (C) P04, lesion 1; (D) P04, lesion 2. D+T, dabrafenib+trametinib; O+D(+T),

osimertinib+dabrafenib(+trametinib);O(+CTX)+B,osimertinib(+chemotherapy)+bevacizumab;

A+C, afatinib+crizotinib; O+TACE, osimertinib+transarterial chemoembolization; FU, Follow-

up; PD, progressive disease.

A

Left upper lung lobe

Treatment EDG-PET/CT assessments (initially hottest lesion)
SUVmax
D+T BASELINE 28.11.2018 11,64
D+T 2 WeFU 19.12.2018 9,49
D+T 6 WeFU 16.01.2019 10,64
D+T 10 WeFU 18.02.2019 11,89
O+D 2 WeFU 13.03.2019 14,46
A+C 2 WeFU 09.04.2019 8,12
A+C 6 WeFU 08.05.2019 10,91
O+D+T 3 WeFU 26.06.2019 9,83
O+D+T 7 WeFU 29.07.2019 11,89
O+D+T 12 WeFU 12.09.2019 7,74
O+D+T 20 WeFU 12.11.2019 8,07
O+D+T 32 WeFU 13.02.2020 (only CT) Morphological PD
O+D+T 9 MoFU 20.03.2019 7,13
O+Beva (2x) 6 WeFU 06.05.2020 11,96
A+C 3 WeFU 09.06.2020 8,83
A+C 12 WeFU 18.08.2020 8,68
new PET positive
retroperitoneal metastases
O+D+T not done not done not done
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Left lower lung lobe

Treatment *FDG-PET/CT assessments SUVmax
D+T BASELINE 28.11.2018 10,36
D+T 2 WeFU 19.12.2018 6,29
D+T 6 WeFU 16.01.2019 8,20
D+T 10 WeFU 18.02.2019 8,24
O+D 2 WeFU 13.03.2019 11,01
A+C 2 WeFU 09.04.2019 6,24
A+C 6 WeFU 08.05.2019 10,84
O+D+T 3 WeFU 26.06.2019 9,39
O+D+T 7 WeFU 29.07.2019 7,74
O+D+T 12 WeFU 12.09.2019 5,24
O+D+T 20 WeFU 12.11.2019 6,95
O+D+T 32 WeFU 13.02.2020 (only CT) Morphological PD
O+D+T 9 MoFU 20.03.2019 6,44
O+Beva (2x) 6 WeFU 06.05.2020 10,01
A+C 3 WeFU 09.06.2020 7,52
A+C 12 WeFU 18.08.2020 553
new PET positive
retroperitoneal metastases
O+D+T not done not done not done
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Right upper lung lobe
Treatment FDG-PET/CT assessments (hottest lesion)
SUVmax
D+T BASELINE 13.11.2018 8,41
D+T 2 WeFU 21.12.2018 12,25
D+T 6 WeFU 08.01.2019 10,99
O+D 2 WeFU 28.01.2019 9,05
O+D 6 WeFU 27.02.2019 10,89
O+D 12 WeFU 10.04.2019 10,56
O+D+T 2 WeFU 20.05.2019 5,91
O+D+T 6 WeFU 21.06.2019 10,46
O+CTX+B (2x) 4 WeFU 22.08.2019 6.37
O+TACE not done not done not done
Treatment 8FDG-PET/CT assessments Right liver lobe metastasis
SUVmax
D+T BASELINE 13.11.2018 5,73
D+T 2 WeFU 21.12.2018 6,01
D+T 6 WeFU 08.01.2019 5,91
O+D 2 WeFU 28.01.2019 3,47
O+D 6 WeFU 27.02.2019 4,30
O+D 12 WeFU 10.04.2019 417
O+D+T 2 WeFU 20.05.2019 7,13
O+D+T 6 WeFU 21.06.2019 7,58
O+CTX+B (2x) 4 WeFU 22.08.2019 6,26
O+TACE not done not done not done
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Supplementary Table 2

(A) PO1;

)]

(A,B) Treatment strategy, dose regimen and treatment-related
adverse events according to Common Terminology Criteria for Adverse Events (CTCAE)
Version 5.0. AEs of higher grade were mostly mixed disease- and treatment-related effects.

P04. D+T, dabrafenib+trametinib;
(+trametinib);O(+CTX)+B,

O+D(+T),

osimertinib(+chemotherapy)+bevacizumab;

osimertinib+dabrafenib

A+C, afatinib+

crizotinib; O+TACE, osimertinib+transarterial chemo- embolization; TTD, time-to-treatment
discontinuation; AE, adverse event.

A

Treatment Start- Dose regimen TTD AEs Comments
Stop (days)
D+T 06.12.2018- | dabrafenib 74 Hyponatremia  Grade  II-lI;
18.02.2019 150mg 1-0-1 GGT/AP increased Grade I-Il;
trametinib 2mg Fever Grade II-lll; Nausea
0-0-1 Grade l; Lipase/Amylase
increased Grade I-l; Fatigue
Grade |; Anorexia Grade |;
Panniculitis Grade I-1l; Anemia
Grade |;
O+D 22.02.2019- | osimertinib 27 Lipase/Aamylase increased | Intermittent interruption of
21.03.2019 80mg 0-0-1 Grade lI-lll; GGT/AP increased | O+D due to increase in
dabrafenib Grad |; Anemia Grade |; amylase and lipase (no
150mg 1-0-1 signs of pancreatitis);
A+C 24.03.2019- | afatinib 40mg 65 Rash maculo-papular Grade |- | Intermittent interruption
28.05.2019 1-0-0 Il; Diarrhea Grade |; Lipase/ | and/or dose reduction of
crizotinib 200mg Amylase increased Grade I-II; | A+C;
1-0-1 Nausea Grade |; Edema Grade
I; Dry eyes Grade |; Anorexia
Grade |; Paronychia Grade I-II;
Anemia Grade |;
O+D+T 05.06.2019- | osimertinib 288 Lipase/Amylase increased | Intermittent interruption of
19.03.2020 80mg 0-0-1 Grade II-lll; GGT/AP increased | O+D+T due to increase in
dabrafenib Grade |; Hyponatremia Grade | amylase and lipase (no
150mg 1-0-1 II-1ll; Diarrhea Grade |; Fever | symptoms of pancreatitis);
trametinib 2mg Grade I-ll; Nausea Grade I; | Ascites was associated to
0-0-1 Fatigue Grade |; Anorexia | peritoneal carcinosis and
Grade |; Ascites Grade Il; | cirrhosis (paracentesis);
Anemia Grade |II-lll; Edema | Tolvaptan treatment was
Grade [; administered for hypo-
natremia;
O+B 20.03.2020- osimertinib 53 Ascites Grade II; Fatigue Grade | Ascites/Edemal/Fatigue/Ano
12.05.2020 80mg 1-0-0 Il; Anorexia Grade Il; Anemia | rexia were associated with
bevacizumab Grade Il; Edema Grade I-Il; | tumor progression, pre-
15mg/kg Q3W GGT increased Grade I; existing cirrhosis and hypo-
(2x) albuminemia;
A+C 17.05.2020- | afatinib 30mg 105 Ascites Grade |I-lll; Fatigue | Intermittent interruption
30.08.2020 1-0-0 Grade IlI; Anorexia Grade IlI; | and/or dose reduction of
crizotinib 250mg Anemia Grade Il; Edema Grade | afatinib and crizotinib due to
1-0-1, later I-Il; Rash Grade I-Il; GGT/AP | rash, edema, diarrhea or
afatinib was increased Grade I-ll; Diarrhea | nausea;
reduced to Grade I-1I; Nausea Grade lI;
20 mg 1-0-0 and
crizotinib to
200mg 1-0-1
O+D+T 02.09.2020- | osimertinib na Ascites Grade II-lll; Fatigue
ongoing 80mg 0-0-1 Grade |l; Anorexia Grade II;
dabrafenib Anemia Grade II; Edema Grade
150mg 1-0-1 I-1l; GGT/AP increased Grade |-

trametinib 2mg
0-0-1

Il; Diarrhea Grade I-Il; Nausea
Grade II;
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Treatment Start- Dose regimen TTD AEs Comments
Stop (days)
D+T 06.12.2018- | dabrafenib 38 Nausea Grade I; Vomiting | Increase in AP/GGT were
13.01.2019 150mg 1-0-1 Grad |; GGT/AP increased | associated with liver meta-
trametinib 2mg Grade |; Fatigue Grade |I; | stases;
0-0-1 Fever Grade |; Dry mouth
Grade |; Myalgia Grade I-Il;
0O+D 14.01.2019- | osimertinib 93 Nausea Grade |; Fatigue | Increase in GOT/GPT can
17.04.2019 80mg 0-0-1 Grade |; GOT/GPT increased | be related to treatment;
dabrafenib Grade |; GGT/AP increased | Increase in AP/GGT can be
150mg 1-0-1 Grade |II-lll; Cough Grade I; | associated with liver
Lipase increased Grade |[; | metastases; Cough was
Myalgia Grade I-Il; Anorexia | possibly associated with
Grade [; respiratory  infection and
resolved within a few days;
O+D+T 18.04.2019- | osimertinib 7 Myalgia Grade |Il; Anorexia | Dose of trametinib was
04.07.2019 80mg 0-0-1 Grade |; GGT/AP increased | reduced which improved
dabrafenib Grade |l; Fatigue Grade I; | myalgia and fatigue
150mg 1-0-1 Fever Grade I; symptoms;
trametinib 2mg
0-0-1, from
30.04.2019
trametinib was
reduced to 1mg
0-0-1
O+CTX+B 05.07.2019- osimertinib 75 Fatigue Grade IlI; Anorexia Il- | Second cycle of chemo-
18.09.2019 80mg 1-0-0 IIl; GGT/AP increased Grade | therapy was dose reduced
carboplatin 1I-11l; Fatigue Grade [; due to clinical deterioration
AUC 6 and of the patient.
pemetrexed 500
mg/m?
(2x cycles; 2nd
cycle: AUC 4
and 250/m’)
bevacizumab 15
mg/kg Q3W (2x
cycles)
O+TACE 19.09.2019- osimertinib na Ascites Grade |II-lll; Fatigue
Nk.09.2019 80mg 1-0-0 Grade |lI; Anorexia Grade II;
Anemia Grade |l; Edema

Grade I-ll; GGT/AP increased
Grade I-IlI; Diarrhea Grade I-II;
Nausea Grade II;
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Supplementary Table 3 Used Primers

Sequence Purpose
CTAAGCCTCCGCCTCCTC pBabe seq f
GACTAATTGAGATGCATG pBabe seq r
TCCGCTGTCAAACATGTGGT seq PBABE V600E inside Braf-casette

TCGTGGTGATGGAGGATCAAC

TCATCACTCGAGTCCCGTCT

CAGGTGGTGTTGGGAAAAGC

TCAACACCCTGTCTGGTCTT

BRAF gqPCR f
BRAF qPCRr
NRAS gPCR f

NRAS gPCRr
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Patient ID

W (R)CTX ICI [0 Gefitinib [ Afatinib [l Osimertinib Erlotinib

12 I
|
15 - N I

0 800 1600 2400 3200
Treatment (days)

Supplementary Figure 1. Treatment history before the detection of
acquired BRAF mutations in 10 patients evaluable for treatment history.
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Supplementary Figure 2. (a) Overview of the biopsies and key molecular findings by targeted NGS for patient 01 and
flow chart summarizing lines of therapy approaches over time after the acquisition of BRAFY6%¢ mutation following
osimertinib. (b-d) Pairwise clustering of WES-derived mutations based on their CCFs between pairs of tumor biopsies.
Large clusters of private mutations indicate a high degree of genetic dissimilarity between biopsies. Candidate mutations
in EGFR are highlighted. (e) Visualization of genetic distances between normal tissue and longitudinal biopsies in a
phylogenetic tree. Branching indicates that the metastases and the primary tumor derived from a shared common
ancestor. (f) Profiles of purity and ploidy corrected copy number (CN) in the metastases. (red = CN gain, blue = CN loss).
EGFR, epidermal growth factor receptor; BRAF, B-rapidly accelerated fibrosarcoma; WES, whole-exome sequencing;
NGS, next-generation sequencing; PD, progressive disease; PR, partial response; D+T, dabrafenib+trametinib;
O+D(+T), osimertinib+dabrafenib(+trametinib); A+C, afatinib+crizotinib; O+B, osimertinib+bevacizumab; ECOG,

Eastern Cooperative Oncology Group;

CCF, cancer

cell

fraction;

LL,

lower lobe; UL, upper

lobe.
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Supplementary Figure 4. (a) Overview of the treatment lines for patient P14 after erlotinib was
started. Biopsy for WES obtained at the time of progression after osimertinib treatment was
taken at day 855. (b) WES-based clonality analysis of the biopsy displayed two mutation
clusters with corresponding cancer cell fractions (CCF). Relevant mutations are indicated above
the corresponding clusters. EGFR, epidermal growth factor receptor; BRAF, B-rapidly
accelerated fibrosarcoma; WES, whole-exome sequencing; PD, progressive disease; E,
erlotinib; O, osimertinib; O+B, osimertinib+bevacizumab; CTX, chemotherapy. L, line of therapy.
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Supplementary Figure 5. (a-c) Viability assay of PC9 derived cell lines, treated for 72 hours with
(a) erlotinib, (b) afatinib or (c) cisplatin. (d) Viability assay of HCC827 derived cell lines treated
with osimertinib (72h) are shown. (e) Immunoblotting of HCC827 cells expressing the annotated
constructs, treated with (+) or without (-) osimertinib (48h) and Hsp90 is used as loading control.
The relative area under the curve (AUC) in % compared to a theoretical non-responding AUC.
Error bars indicate mean +SD. Two-tailed paired t-tests, ***p <0.001, **p<0.01, *p<0.05.
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Supplementary Figure 6. (a) Percentage of dead cells measured by flow cytometry. Staurosporine
control treated for 24 hours. (b,c) Viability assay of PC9 (EV) derived cell lines, treated for 72 hours
with (b) trametinib or (c) vemurafenib. (d) Principal component analysis of 3'UTR-RNA-seqg-samples
in duplicates. The relative area under the curve (AUC) in % compared to a theoretical non-responding
AUC. Error bars indicate mean + SD. Two-tailed paired t-tests, *** p<0.001, **p<0.01, *p<0.05.
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Supplementary Figure 7. (a) RNA-seq based log2 fold-changes of negative MAPK feedback genes (see
methods) of PC9 derived cell lines after 48h treatment with indicated inhibitors compared to their respective
DMSO controls. (b) Synergy screen of osimertinib and vemurafenib combination treatment in PC9 derived cell
lines for 72 hours. (c) Synergy screen of trametinib and vemurafenib combination treatment in PC9 derived cell
lines for 72 hours. (d) 3D Synergy screen of osimertinib, trametinib and vemurafenib combination treatment in
PC9 pBABE BRAFV600E OS 100 cells for 72 hours. (e) Relative body weight of all mice in trial (see methods) in
% compared to day 0. Error bars indicate mean + SD. Two-tailed paired t-tests, *** p <0.001, **p <0.01, *p <0.05.
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Supplementary Figure 8. Flow cytometry gating strategy. Apoptosis assay using flow cytometry after
staining with annexin V-FITC/propidium iodide (PI). (a) Total cells were first gated on a forward scatter
(FS)/side scatter (SS) for total counted events. (b) Cells were gated on a FS area versus FS width
density plot to remove doublet cells. (c) Representative scatter plots of Pl (y-axis) vs. annexin V (x-axis).
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Supplementary Figure 9. Uncropped Blots of Figure 2a

N ——— — —

EGFR

ERK1/2

55



PEGFR EGFR

hsp90 BRAF-V600E

PAKT AKT

PERK1/2 ERK172

EGFR
pEGFR BRAF-VB00E
hsp90 AKT
PAKT ERK1/2
PERK1/2

Supplementary Figure 10. Uncropped blots of Figure 2g

PEGFR EGFR
BRAF-V600E
hsp90
PERK1/2 ERK1/2

Supplementary Figure 11. Uncropped blots of Figure 3b
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Supplementary Figure 12. Uncropped blots of Figure 3g
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Supplementary Figure 13. Uncropped blots of Supplementary Figure 5e
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