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Preface

The present thesis, entitled Genotyping tumor DNA for Precision Oncology, contains

results of a 5 years’ work, developed at GenoMed - Diagndsticos de Medicina Molecular,
S.A., Lisboa, Portugal. This project was developed under the supervision of Professora
Doutora Maria Carmo-Fonseca and Dra. Teresa Porta Nova.

This dissertation is organized in four main chapters, preceded by a list of publications, a list
of abbreviations, Portuguese and English summaries, and the corresponding keywords.
The first chapter introduces the concepts of precision oncology and precision medicine and
presents an overview of the different types of methodologies that are available for this new
era of standard care in Oncology.

The second chapter states the objectives of this work.

The results obtained are presented in the third chapter. This chapter is subdivided into
three subchapters, which represent the three main achievements of my research. The first

subchapter, Detection of rare and novel EGFR mutations in NSCLC patients: Implications

for treatment-decision, highlights the limitations of targeted-methods. In this study, we

found that approximately 3% of NSCLC patients have uncommon genetic alterations in the
EGFR gene, which could be missed if targeted-methods were used. Moreover, six new
single mutations, previously unidentified in NSCLC patients, were reported, as well as seven

novel combinations of doublet mutations. The second subchapter, Detection and

quantification of EGFR T790M mutation in liquid biopsies by droplet digital PCR, describes

the optimization of an ultra-sensitive method that allows mutation detection in a cfDNA
allele frequency as low as 0.5%. The results suggest that repeated ddPCR tests in cfDNA
may obviate tissue re-biopsy in patients unable to provide a tumor tissue sample. The third

subchapter, Comprehensive Genomic Profiling of Cell-Free Circulating Tumor DNA Detects

Response to Ribociclib Plus Letrozole in a Patient with Metastatic Breast Cancer,

highlights the utility of ¢fDNA analysis by massively parallel sequencing for therapy
monitoring in metastatic breast cancer patients.
The fourth chapter includes a general discussion, addressing pros and cons of the main

methodologies currently available, as well as trends for future directions.
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Resumo

O inicio do século XXI foi marcado por uma revolugdao genédmica nas areas da Biologia e da
Medicina. Com a conclusao do Projeto do Genoma Humano, em 2003, inumeras inovagdes
tecnoldgicas surgiram, levando a descodificagdo de toda a informacgdo genética, na saude
e na doenga, e iniciando o caminho na era da Medicina de Precisao. Em particular, esta
revolugao gendmica modificou a investigacdo na area do cancro e transformou o nosso
conhecimento e entendimento sobre a origem do cancro e a sua biologia. Nos ultimos anos,
temos assistido a reclassificacdo de varios tumores, com base no seu perfil gendmico, e
inimeros farmacos tém vindo a ser desenvolvidos, com o objetivo de atuar num alvo
molecular especifico de um respetivo tumor — mutac¢des acionaveis.

Para o sucesso da Oncologia de Precisao, é crucial que disponhamos de ensaios que sejam
sensiveis e precisos na obtencdo da assinatura genémica dos tumores. Além disso, e para
além da genotipagem do tecido tumoral, tanto do tumor primdrio como das suas
metastases, metodologias que permitam realizar genotipagem tumoral em acidos
nucleicos extraidos a partir de sangue periférico e de outros fluidos corporais, tém atraido
muitas atencgdes.

Este projeto foi iniciado com o objetivo de implementar e validar metodologias inovadoras,
na genotipagem de ADN tumoral, para o uso na pratica clinica.

Numa primeira abordagem, recorremos a sequenciacdo de Sanger para determinar a
frequéncia com que mutagdes raras ou novas, no gene que codifica o recetor do fator de
crescimento epidérmico (EGFR), ndo seriam detetadas por metodologias baseadas na
técnica de PCR, como seja o caso do kit Idylla™ EGFR Mutation Assay. Em doentes com
carcinoma do pulmao de ndo pequenas células (CPNPC), a pesquisa de mutacdes no gene
EGFR é realizada na pratica clinica, pois estas mutagdes sao consideradas biomarcadores
preditivos de resposta as terapias dirigidas a este gene. Estas terapias sdo conhecidas como
inibidores da tirosina cinase (EGFR-TKI). Assim, a genotipagem do dominio tirosina cinase
do gene EGFR fornece informacdo crucial na escolha e decisdo terapéutica para estes
doentes. Rotineiramente sdo usadas duas principais metodologias na genotipagem deste

gene: a sequenciacao de Sanger e o PCR em Tempo Real. No entanto, as metodologias

XV



baseadas na técnica de PCR, como o PCR em Tempo Real, estdo desenhadas para detetar
apenas mutagdes frequentes, ndo detetando mutagdes raras ou novas. Neste estudo, o
nosso objetivo passou por determinar a prevaléncia de mutacdes novas ou raras no
dominio tirosina cinase do gene EGFR (exdes 18 a 21), mutag¢des essas que ndo constam da
lista de possiveis mutagdes a detetar se recorrermos aos kits comerciais mais comummente
usados, como o cobas’ EGFR Mutation Test e o Idylla™ EGFR Mutation Assay. Com recurso
a sequenciacdao completa dos exdes do dominio tirosina cinase do gene EGFR, foram
estudados um conjunto de 1228 doentes com CPNPC. Observamos que 252 doentes (~20%)
apresentavam pelo menos uma mutagdo nas regides estudadas do gene EGFR e que 38
doentes (~3%) apresentavam variantes genéticas raras que poderiam ndo ser identificadas
pelos kits comerciais cobas’ ou Idylla™. Adicionalmente foram identificadas seis novas
mutacdes e sete mutacbes compostas (conjuntos de duas mutacgées) que nao tinham sido
reportadas previamente na literatura. A informacao clinica e o resultado dos tratamentos
aplicados a estes doentes foi apresentada. Em conclusdo, este estudo demonstra a
importancia das metodologias de sequenciacdo na identificacdo de mutac¢Oes raras ou
novas. Adicionalmente, importa referir que, em muitas situacdes como seja, por exemplo,
a presenca de inser¢cdes ou delecbes, apenas recorrendo as técnicas de sequenciacdo
conseguimos apurar que mutagdo estd realmente presente, sendo que essa informagao
poderd ser determinante na decisdo terapéutica a aplicar aquele doente. Os nossos
resultados acrescentam novas mutagdes ao reportério de mutacdes descritas no gene
EGFR, contribuindo assim para a melhoria do tratamento de precisdo em doentes com
cancro do pulmao.

Apds a detecdo de uma mutacdo sensivel aos EGFR-TKI, ao diagnéstico inicial, e apds
tratamento com inibidores de 12 ou 22 geracao, cerca de metade dos tumores desenvolvem
uma mutacdo de resisténcia. Sendo imprescindivel identificar essa mutacdo para que o
tratamento possa ser reajustado, é necessdrio que a amostra e o método sejam
cuidadosamente escolhidos. Assim, o préximo passo foi a implementacao e avaliacao de
desempenho de um ensaio de droplet digital PCR (ddPCR) para a detecdo da conhecida
mutacdo de resisténcia, no gene EGFR, T790M, em bidpsias liquidas. Com recurso a bidpsia
liquida, é possivel identificar muta¢des aciondveis em cancro, de forma minimamente

invasiva. Em doentes com CPNPC, a técnica de ddPCR é amplamente usada para a
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genotipagem do gene EGFR no ADN livre circulante (cfDNA). No entanto, a sensibilidade
desta abordagem ainda ndo esta totalmente esclarecida. Foi otimizado o ensaio para a
pesquisa da mutacdo T790M no gene EGFR por ddPCR, e testdmos 77 amostras de plasma
de doentes com CPNPC em progressdao de doencga. Este ensaio permitiu-nos detetar e
guantificar a mutacdo T790M no gene EGFR em cfDNA com frequéncia alélica até 0.5%.
Esta mutacdo foi detetada em 40 amostras de plasma, correspondendo a uma taxa de
positividade de 52%. O niumero de moléculas mutadas por mililitro de plasma variou entre
1 e 6.000. Em 12 doentes que apresentaram um resultado negativo no plasma, testdmos
uma rebidpsia de tecido, tendo sido identificada a mutagdao em dois doentes. Em 6 doentes
com resultado negativo no plasma, foi repetida a bidpsia liquida e a mutacdo foi
identificada em 3 casos. Em conclusdo, este estudo demonstra a capacidade da técnica de
ddPCR em detetar e quantificar a mutacdo T790M no gene EGFR em bidpsias liquidas, na
pratica clinica. Os nossos resultados demonstram ainda que a repeticdao do estudo numa
segunda amostra de plasma pode obviar uma rebidpsia tecidular, nomeadamente em
doentes em que nao seja possivel aceder a uma amostra de tecido adequada a analise
molecular.

Apesar das vantagens acima descritas, o ddPCR tem como grande desvantagem a
dificuldade em testar varios alvos em simultaneo. Como tal, foi explorada a aplicabilidade
da tecnologia de sequenciacdo massiva em paralelo na identificacdo de mutacGes em
cfDNA extraido a partir de sangue periférico. Foi selecionada uma doente com cancro da
mama metastatico, que tinha sido elegida para participar num ensaio clinico de fase lllb
gue consistia na administra¢do de tratamento combinado com ribociclib e letrozol. Foram
testadas duas amostras de cfDNA isolado a partir de sangue periférico colhidas antes
(Pre_cfDNA) e depois (Post_cfDNA) do tratamento combinado com ribociclib e letrozol. A
analise da amostra Pre_cfDN, feita com recurso ao painel Memorial Sloan Kettering-
Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT), revelou duas
alteragbes: uma mutacdo missense no gene PIK3CA (3:178952085, A>G, H1047R) e um
aumento do numero de cdpias (amplificacdo) do gene CCND1. A presenca destas alteragdes
foi posteriormente confirmada numa amostra de tecido do tumor primario desta doente.
Apds o inicio do tratamento, a doente apresentou melhorias clinicas significativas e ambas

as alteracdes deixaram de ser detetadas em amostra de cfDNA (Post_cfDNA). Este trabalho
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mostra que a natureza minimamente invasiva da bidpsia liquida permite colher amostras
seriadas e monitorizar a progressao da doenga oncoldgica, representando uma alternativa
pratica a bidpsia tecidular. O recurso a sequenciacdo massiva em paralelo permite
interrogar varios genes simultaneamente, pesquisar varios tipos de mutacao e identificar
variantes com baixa frequéncia alélica.

Com base nos resultados obtidos no ponto anterior, decidimos prosseguir com a
implementacdo de um ensaio de ddPCR dirigido a pesquisa de mutacdes no gene PIK3CA
em cfDNA. Este ensaio foi utilizado para testar cfDNA em amostras de urina da doente com
a mutacao PIK3CA detetada previamente no plasma, mas nao foi possivel obter nenhum
resultado positivo, ou seja, concordante com o resultado obtido no plasma.

Em conclusdo, na GenoMed foram implementados os principais métodos que sdo hoje em
dia recomendados no diagndstico molecular aplicado a Oncologia de Precisdo, desde a
sequencia¢dao massiva em paralelo ao ddPCR. Foram apresentadas as principais vantagens
e desvantagens de cada uma das tecnologias, aplicadas a uma variedade de amostras
bioldgicas, desde tecido tumoral a cfDNA obtido a partir de sangue e outros fluidos. Em
conjunto, os resultados deste trabalho representam uma importante contribuicdo no
sentido de caminhar para uma Medicina de Precisdo mais acessivel e menos dispendiosa

para que possa ser aplicada na pratica clinica.
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Diagndstico molecular; bidpsia liquida; ddPCR; sequenciacdo massiva em paralelo; cancro

do pulmao; cancro da mama.
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Summary

The genomic revolution marked the beginning of the 215 century in biology and medicine.
Completion of the Human Genome Project in 2003 has brought a flood of technological
innovations that enabled decoding the entire genetic information in health and disease,
leading to the foundation of the precision medicine movement. Genomics has
revolutionized cancer research and transformed our understanding of how cancer arises.
In recent years cancers have been re-classified based on their mutations, and a multitude
of new drugs were developed that target specific molecular features of the tumor.
Accurate and sensitive assays for cancer genotyping are crucial to enable precision
oncology. Moreover, in addition to genotyping tissue samples from the primary tumor and
metastasis, methodologies for cancer genotyping in circulating blood and other biological
fluids are attracting much attention.

This project was initiated with the goal of implementing and validating cutting-edge
methodological approaches for profiling tumor DNA in the clinic.

First, we used Sanger sequencing to determine the frequency of rare mutations in the gene
that encodes epidermal growth factor receptor (EGFR) that are not detected by the widely
used PCR-based Idylla™ EGFR Mutation Assay. Mutations in the EGFR gene are biomarkers
that predict how non-small cell lung cancer (NSCLC) patients respond to EGFR-targeted
therapies collectively known as tyrosine kinase inhibitors (TKIs). Thus, EGFR genotyping
provides crucial information for treatment decision. Both Sanger sequencing and real-time
PCR methodologies are used for EGFR genotyping. However, methods based on real-time
PCR have limitations, as they may not detect rare or novel mutations. We sought to
determine the prevalence of rare mutations in the tyrosine kinase domain (exons 18 to 21)
of the EGFR gene not targeted by the most frequently used real-time PCR approaches, i.e.,
the cobas® EGFR Mutation Test, and the Idylla™ EGFR Mutation Assay. A total of 1228
NSCLC patients were screened for mutations in exons 18 to 21 of the EGFR gene using
Sanger sequencing. We observed that 252 patients (~20%) had at least one mutation in the
EGFR gene, and 38 (~3%) carried uncommon genetic alterations that could not be identified

by the cobas’ or the Idylla™ tests. We further found six new single mutations and seven
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previously unreported compound mutations. Clinical information and patient outcome are
presented for these cases. In conclusion, this study highlights the value of sequencing-
based approaches to identify rare mutations. Our results add to the inventory of known
EGFR mutations, thus contributing to improved lung cancer precision treatment.

After the detection of an EGFR-TKI-sensitive mutation, at initial diagnosis, and after
treatment with 1t or 2" generation inhibitors, about half of tumors develop a resistance
mutation. To identify this mutation, so that the treatment can be readjusted, it is
mandatory to carefully choose the sample and the method to be used. Therefore, we
implemented and assessed the performance of a droplet digital PCR (ddPCR) assay for
detecting the EGFR T790M mutation in liquid biopsies. Liquid biopsy allows the
identification of targetable cancer mutations in a minimally invasive manner. In patients
with NSCLC, ddPCR is increasingly used to genotype the EGFR gene in circulating cell-free
DNA (cfDNA). However, the sensitivity of this method is still under debate. We optimized a
ddPCR assay and used it to detect the EGFR T790M mutation in plasma samples from 77
patients with NSCLC in progression. Our ddPCR assay enabled the detection and
quantification of the EGFR T790M mutation at cfDNA allele frequency as low as 0.5%. The
mutation was detected in 40 plasma samples, corresponding to a positivity rate of 52%.
The number of mutant molecules per mL of plasma ranged from 1 to 6,000. A re-biopsy
was analyzed for 12 patients that had a negative plasma test and the mutation was
detected in 2 cases. A second liquid biopsy was performed for 6 patients and the mutation
was detected in 3 cases. In conclusion, this study highlights the value of ddPCR to detect
and quantify the EGFR T790M mutation in liquid biopsies in a real-world clinical setting.
Our results suggest that repeated ddPCR tests in cfDNA may obviate tissue re-biopsy in
patients unable to provide a tumor tissue sample suitable for molecular analysis.

Despite the advantages above described, the major disadvantage of ddPCR is the difficulty
in testing multiple targets simultaneously. As such, we explored massively parallel
sequencing methodologies for mutation discovery in cfDNA extracted from circulating
blood. We analysed a patient with metastatic breast cancer who was selected for
enrolment in an open-label clinical phase lllb trial with ribociclib combined with letrozole.
We genotyped cfDNA isolated from blood samples collected before (Pre_cfDNA) and after

(Post_cfDNA) treatment with ribociclib and letrozole. Analysis of Pre_cfDNA using the
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Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets
(MSK-IMPACT) revealed two alterations: a missense hotspot mutation in the PIK3CA gene
(3:178952085, A>G, H1047R) and a copy number amplification of the CCND1 gene. The
presence of both molecular alterations was confirmed in the primary tumor. After
treatment, the patient presented a significant clinical improvement, and the two
alterations were no longer detected in cfDNA (Post_cfDNA). This work underlines that the
minimally invasive nature of liquid biopsy allows monitoring of disease progression,
demonstrating a practical alternative to tissue biopsy. The use of massively parallel
sequencing enables to interrogate of several genes simultaneously, the search for different
types of mutation, and identify variants with low allele frequency.

Based on the previously mentioned results, we decided to implement a targeted ddPCR
assay for detecting PIK3CA mutations in cfDNA. We used this assay to screen urine samples
from the patient with a PIK3CA mutation identified in the plasma, but we failed to detect
any positive result in the urine.

In conclusion, we implemented at GenoMed the main methods that are currently
recommended for molecular diagnosis in Precision Oncology, from massively parallel
sequencing to ddPCR. We characterized the main advantages and limitations of each
technology applied to a variety of biological samples including tumor tissue, blood, and
other fluids. Taken together, the results of our work represent an important contribution
towards a more achievable and cost-effective Precision Medicine in the context of real-

world clinical practice.

Keywords

Molecular diagnosis; liquid biopsy; ddPCR; massively parallel sequencing; lung cancer;

breast cancer.
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1. Introduction

Cancers are among the leading causes of death worldwide, and their incidence is increasing
as the population ages. Molecular lesions that drive oncogenesis have been identified and
therapeutic strategies were designed to block the effect of specific cancer drivers.
Currently, many successful cancer therapies are targeted to a specific molecular lesion, and
most recently developed therapeutic approaches are only effective if the cancer has a
particular molecular signature. As treatments become more precisely tailored to specific
molecular targets, the concept of “Precision Medicine” has emerged (Carmo-Fonseca,
2021). At present, several studies are looking for genetic abnormalities in patients’ tumors.
Based on the genetic results, patients with advanced tumors that have stopped responding
to standard therapy are enrolled into a clinical trial of an investigational drug that might
target the specific molecular pathology driving their cancer (Carmo-Fonseca, 2021).

Accurate and sensitive assays for cancer genotyping are crucial to enable precision
oncology. Moreover, in addition to genotyping tissue samples from the primary tumor and
metastasis, methodologies for cancer genotyping in circulating blood and other biological

fluids are attracting much attention.

1.1 Precision Medicine

Precision or Personalized Medicine is based upon the idea of adapting personalized
healthcare choices to each patient, according to some patient’s characteristics (Bidard,
Weigelt and Reis-Filho, 2013; Carmo-Fonseca, 2021).

In recent years, the Oncology field has been the area where this personalization has gained
more power. Precision Oncology is the use of tumor molecular profiles to determine
diagnostic, prognostic, and therapeutic implications for specific cancer under study
(Schwartzberg et al., 2017). This concept relies on the hypothesis that tumor biomarkers
can predict disease phenotype, clinical outcomes, and therapeutic responses. Imatinib for
chronic myeloid leukemia was the first cancer precision medicine under this model (Prasad,

Fojo and Brada, 2016; Li and Warner, 2020). Later, Dagher R. et al showed that imatinib
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was effective in gastrointestinal stromal tumors, a previously untreatable cancer (Dagher
etal., 2002).

The identification of actionable alterations marked a new era in oncology, being seen as a
way to personalize treatment (Hyman, Taylor and Baselga, 2017; Gambardella et al., 2020;
Murciano-Goroff et al., 2020). As result, patients have greater efficacy and less toxicity and
avoids pointless treatments, increasing the chances of survival (Hey et al., 2020; Murciano-
Goroff et al., 2020). The main goal is to perform a treatment aimed at a given molecular
change — actionable mutation, usually in a gene, which is a tumor driver. This allows for a
more specific treatment choice and possibly with fewer adverse effects, compared to
treatments that do not target specific molecular changes, as will be the case with
chemotherapy (CTX).

Another example is the use of EGFR-tyrosine kinase inhibitors (EGFR-TKIs), namely gefitinib,
erlotinib, afatinib and osimertinib, which showed efficacy on patients with L858R mutations
or exon 19 deletions on the EGFR gene. These mutations increase receptor dimerization
and decrease ATP binding, increasing inhibitor affinity compared to wild-type EGFR. On the
other hand, EGFR-TKIs are less effective against exon 20 insertions than against wild-type
EGFR, limiting their tolerability (Murciano-Goroff et al., 2020).

Even with the increasing availability of new drugs that are developed to target specific
molecular features of the tumor, targeted therapies still benefit only a small percentage of
cancer patients (Carmo-Fonseca, 2021). Therefore, it will be necessary to develop
diagnostic tests that allow for the identification of the actionable mutations in clinical
practice and to have evidence in clinical trials on the effectiveness of the treatments.
Genomic sequencing can identify genetic variants that could lead to new treatments for
cancer. A panel of specialists who will decide if the treatment is relevant and eligible must
interpret the results. Patients with rare tumors or those who have already exhausted all
treatment possibilities may perform genomic sequencing to look for these actionable
mutations.

Patients would ideally be enrolled in one of the many precision medicine trials available, or
they may receive off-label targeted medication for a specific mutation if adequate proof
existed. A molecular tumor board can help the clinician by making therapy

recommendations based on the existing literature and interdisciplinary knowledge.

2



Because laboratory reporting, read depth, tissue sources, assay type, and many other
criteria may vary, the molecular tumor boards are increasingly useful to understand these
highly specialized molecular testing data (Johnson, 2017).

There are some challenges that must be handled. The fact that the unit of testing in
precision medicine is a complicated intervention ensemble that includes a therapeutic
agent, a marker, and a diagnostic assay for identifying that marker presents one challenge.
Each component of this complex intervention ensemble - therapy, marker, and assay - must
be tailored for a specific condition in order to pass rigorous testing (Hey et al., 2020). A
second challenge is that diagnostic assays require their own multistep development and
validation process, which includes assessing the assay's pre-analytical validity (proper
specimen handling and processing), analytical validity (test accuracy, reliability, and
reproducibility), and clinical validity (strong association between the test result and a
clinical outcome of interest). Failure to complete validation process can lead to low
diagnostic technology adoption, patient misclassification, poor patient outcomes, and

wasteful healthcare spending (Hey et al., 2020).



1.2 Liquid Biopsies

One of the main challenges of precision oncology is tumor sampling and to avoid sampling
bias. In fact, in some patients, it may be difficult to provide a tumor tissue sample suitable
for molecular analysis, either because of the patient's status or because of the tumor's
location (inaccessible or unknown). Furthermore, tumor biopsies do not represent the
overall disease (tumor heterogeneity or metastasis). For these reasons, and knowing that
tumor cells shed genetic material into the circulation, emerged the opportunity of using
the so-called “liquid biopsy” approach to access tumor genetics and its evolution (Bidard,
Weigelt and Reis-Filho, 2013; Siravegna and Bardelli, 2014; Rowlands et al., 2019; Siravegna
et al., 2019). Pantel and Alix-Panabiéres, in 2010, coined the term “liquid biopsy” (Pantel
and Alix-Panabieres, 2010).

Mandel and Métais were the pioneers in referring to the presence of cell-free nucleic acids
(cfNAs) circulating in human blood, in 1948. Unlike circulating tumor cells (CTCs), which are
tumor-derived by definition, the release of cell-free DNA into the blood by dying cells is not
limited to cancer patients; cell-free DNA (cfDNA) can be perceived in the plasma of healthy
subjects, and fetal DNA can be found in the plasma of pregnant women. The fraction of
circulating tumor DNA (ctDNA) detectable within the total of plasma cfDNA in cancer
patients is related to tumor burden or disease extension, and in 1977 it was shown that the
cancer patients had higher levels of cfDNA than healthy subjects did. These levels of cfDNA
were later related, in 1989, with tumor cells by the identification of biophysical
characteristics (Bidard, Weigelt and Reis-Filho, 2013; Siravegna and Bardelli, 2014;
Siravegna et al., 2019). However, it is possible that ctDNA yields are linked to factors that
cause cancer cells to die, such as hypoxia, proliferation, therapy response, and tumor
management (surgery or biopsy). These factors must be taken into consideration since they
may affect the prognostic and predictive usefulness of ctDNA-derived biomarkers (Bidard,
Weigelt and Reis-Filho, 2013).

Liquid biopsy is a minimally invasive test that has the ability to detect tumor material
(tumor cells, or circulating cfDNA) that is shed into body fluids (e.g.: blood, cerebrospinal

fluid (CSF), urine, and saliva) due to necrosis or apoptosis (Figure 1) (Siravegna and Bardelli,



2014; Izquierdo et al., 2021). Regarding blood samples for liquid biopsy, cfDNA is present
in both plasma and serum. However, plasma has been proved the best cfDNA source, even
though there is more quantity of cfDNA in serum. This is because of the clotting on serum
samples, which leads to the lysis of the white blood cells, leading to a dilution of the cfDNA
with genomic DNA (Siravegna and Bardelli, 2014; Rolfo et al., 2020; Cheng et al., 2021).
Plasma cfDNA has been seen as a promising tool to evaluate the dynamic of solid tumors
(Gambardella et al., 2020). By using liquid biopsy analysis, besides the ability to overcome
the challenge of intratumor heterogeneity when compared to a single-tumor biopsy, it is
possible to evaluate the presence of driver mutations, the genomic landscape, tumor
evolution in response to therapy, the level of genetic instability and seek potential
resistance mechanisms that may be informative regarding future therapeutic approaches.
All of this can be done at multiple time points (longitudinal studies), avoiding the jeopardies
of a biopsy (Bidard, Weigelt and Reis-Filho, 2013; Siravegna and Bardelli, 2014; Merker et
al., 2018; Rowlands et al., 2019; Izquierdo et al., 2021; O’'Rourke et al., 2021). Nevertheless,
the cfDNA level can be scant and the ctDNA fraction bearing a mutation even lower
(Rowlands et al., 2019). Therefore, mutation detection in ctDNA is a challenge and needs
highly sensitive assays (Rowlands et al., 2019).
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Figure 1 - Schematic presentation of liquid biopsy.



The size of the cfDNA fragments varies between 70 to 200 base pairs but longer fragments
have been detected (Siravegna and Bardelli, 2014). The amount of cfDNA is very variable
due to physiologic and pathological events, but also due to the tumor type. For this reason,
it is not informative to look only for cfDNA concentrations (Siravegna and Bardelli, 2014).

Because circulating tumor DNA is generally at a low concentration, short, fragmented, and
diluted by the presence of genomic DNA, detecting tumor-derived mutations in ctDNA is
difficult (Rowlands et al., 2019). Knowing that mutant allelic frequencies in plasma are
proportional to the ratio of ctDNA to normal DNA, which is linked to disease extension, it
is possible that somatic mutations can only be reliably detected in patients with a high
tumor burden (Bidard, Weigelt and Reis-Filho, 2013). As a result, very sensitive and specific
assays are required for analysis. To find and monitor mutations in ctDNA, a variety of
techniques can be used, each with its own set of benefits and drawbacks (Rowlands et al.,

2019).



1.3 Sequencing technologies — the era of Massively Parallel

Sequencing

Frederick Sanger and colleagues first described Sanger dideoxynucleotide sequencing
method, in 1977 (Figure 2) (Sanger, Nicklen and Coulson, 1977). This methodology is an
enzymatic reaction that simulates the DNA replication mechanism. It involves the DNA
polymerase with its template, primed with a synthetic oligonucleotide primer to provide a
free 3'OH for the polymerase-catalyzed addition of native nucleotides and
dideoxynucleotide analogs. Sanger sequencing produces a pool of molecules in each
reaction mix that includes some molecules that are terminated at each residue within the
growing chain. This creates a chain in which the dideoxynucleotide in that specific reaction
is incorporated. Each reaction mix contains one of four enzymatic primer extension
reactions. Then, an electrophoretic separation occurs in the sequencing machine, leading
to the sequencing detection stage where a fluorescence detection provides four-color plots
to reveal the DNA sequence (Metzker, 2010; McCombie, McPherson and Mardis, 2019).
Sanger sequencing scalability and broad use have seen considerable technological
breakthroughs, allowing large-scale projects to be completed. However, the use of Sanger
techniques was still time-consuming and expensive (Margulies et al., 2005; McCombie,
McPherson and Mardis, 2019). One of the main challenges associated with Sanger
sequencing technologies is the difficulty to scale for high throughput applications and the
fact that this methodology may not be sensitive enough to identify low-level somatic
alterations (Yan et al., 2021). With the release of the first massively parallel DNA

sequencing technology in 2005, this scenario began to shift (Margulies et al., 2005).



DNA discovery 1% automatic
(James Watson e sequencer

Francis Crick) (Applied Biosystems) Third-generation
sequencer (PacBio)
Correlation between d
chromosomes and 1953 FISH 1987 Massively parallel —— 20 Spatial
(Fluorescence in situ sequencing (MPS; 11
cancer (Theodor ybridiaation] Seauen s End of Human RNASEQ transcriptomics

Boveri) yrx Therapeutics Genome Project
1902 1982 2000 2003 2008 2020

1869 1985 2001 2009
1910 i 2005 20...
D""’:r’:l‘,’r'iec%“'e PCR (Polymerase 1 draft of human Single-cell RNA SEQ 2014
Genes are located Chain Reaction) genome NGS Era — 1% machine

Miescher) Nanopore

sequencing

ol B
MInION
o -

(Kerry Mulis) 1990
on chromosomes
(Thomas Hunt 1977 R

Morgan) — Human Genome
Sanger method _ Project

launched

(Frederick Sanger)

Figure 2 - Sequencing technology timeline

Next-generation sequencing (NGS) or massively parallel sequencing (MPS), known as high-
throughput molecular technologies, have considerably improved the possibilities of
genome analysis (Bidard, Weigelt and Reis-Filho, 2013; Sikkema-Raddatz et al., 2013). This
technology allows DNA or RNA sequencing for variant detection and allow studying a high
number of genes in parallel, or the whole exome/genome, at a low cost, and in a short
period of time (Qin, 2019; Mosele et al., 2020).

Nowadays, disease diagnosis, prognosis, therapeutic decision, and patients follow-up have
been facilitated by the use of MPS and new opportunities have arisen for personalized
precision oncology (Qin, 2019).

An MPS instrument manages and progressively performs both enzymology and data
capture, allowing sequence data to be created from tens of thousands to billions of

templates at the same time. As a result, the term "massively parallel" alludes to this



increased data-generation capability, which has resulted in substantial improvements in
DNA sequencing (McCombie, McPherson and Mardis, 2019).

The general procedure has several steps. Starts with the physical or enzymatic shearing of
the DNA/RNA sample, which is then ligated to adaptors (library preparation), sequenced in
several parallel reactions, bioinformatics analysis, and variant annotation and
interpretation (Figure 3). This sequencing step can occur either in a solid matter (flow cells
or sequencing chips) or in microreactors, depending on the platform used (Mardis, 2008;
Metzker, 2010; Bidard, Weigelt and Reis-Filho, 2013; McCombie, McPherson and Mardis,
2019; Qin, 2019). The sequencing depth and the errors rates will determine the sensitivity
of the procedure. After bioinformatics analysis, it is possible to extract qualitative and
quantitative information (Bidard, Weigelt and Reis-Filho, 2013). It is important to be said
that whole-genome sequencing (WGS) or whole-exome sequencing (WES) is less employed
for cancer somatic mutations since it has a restricted depth of coverage. Variant allelic
frequency (VAF) in a tumor might vary, as can the percentages of tumor cells. In such
situations, detecting distinct alterations with different VAF generally necessitates deep
sequencing, which is challenging using the WGS or WES method. For this reason, targeted
panels, which interrogate dozens or hundreds of genes, are the most often utilized test for
cancer patients. Typically, focused MPS assays are created for a certain cancer type or a
group of diseases. As a result, it enables much more in-depth sequencing, which is required

to cover a wide range of alterations with varying VAF (Qin, 2019).
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MPS has made its way into clinics, with the goal of sequencing multiple genes per tumor
sample, to find driver and/or actionable changes. This technology has been found to have
strong analytical validity in detecting clonally dominant changes in pioneering research
(Mosele et al., 2020). However, it is important to understand the recommendations
regarding the use of this technology across different types of cancer. At this time, some
cancers have an indication for multigene testing (e.g. NSCLC, cholangiocarcinoma), while

others either do not have an indication for multigene (e.g. breast cancer, pancreatic cancer,
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gastric cancer) or have indication only if represents lower costs (e.g. prostate cancer, colon
cancer) (Mosele et al., 2020).

In cancer patient treatment, for example, a single tumor may present a large repertoire of
mutations — tumor mutation heterogeneity. If standard molecular assays are employed
(e.g. Sanger sequencing, FISH, MLPA) in such clinical situations, numerous assays may be
required. For these many assays, a larger volume of tissue may be required. These targets
can be investigated using MPS technology in a single test contributing to cancer treatment
by merging clinicopathological characteristics with a tumor's genomic profile to define
diagnostic, prognostic, and therapeutic implications to a specific patient (Bidard, Weigelt
and Reis-Filho, 2013; Qin, 2019). For immunotherapy purpose, tumor mutation burden has
been an important parameter to examine. For this, many mutations in a tumor sample
must be investigated. Again, traditional molecular test procedures are ineffective in such
situations. As a result, MPS technology is required for such evaluation in patient care (Qin,

2019).
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1.4 PCR-based technologies — the advent of Droplet Digital PCR

Conventional Polymerase Chain Reaction (PCR) is a technique used to amplify DNA,
generating several copies of a particular fragment of DNA, by exponential amplification
after each PCR cycle (Quan, Sauzade and Brouzes, 2018).

In 1988 Saiki et al. first suggested the concept of digital PCR, showing a Poisson distribution
of individual PCR target sequences. Later, in 1999, Volgelstein et al., coined the term
"Digital PCR". dPCR has shown to have superior sensitivity, precision, and reproducibility
than the popular guantitative PCR (qPCR), which quantifies PCR templates by comparing
the rate of PCR amplification of an unknown sample to the rate of a set of known gPCR
standards (Dueck et al., 2019).

Droplet digital PCR (ddPCR™) is an emerging and attractive option in the clinic for precision
oncology and patient follow-up. This is a quantitative PCR method based on water-oil
emulsion droplet technology (Hindson et al., 2011; Taylor, Laperriere and Germain, 2017;
Rolfo et al., 2020; O’Rourke et al., 2021). ddPCR™ is a third generation PCR solution for a
wide variety of applications, for instance to search for cancer driver mutations, guide
treatment decisions, monitor residual disease, study tumor evolution and treatment
follow-up (Hindson et al., 2011, 2013; Rowlands et al., 2019).

Hindson et al., briefly describe the technology, as well as the possible applications (e.g.
detection of CNV, detection of rare alleles and the absolute quantitation of cfDNA in
plasma). The ddPCR workflow includes several steps as described below. The first step is
to prepare an 8-well droplet generator cartridge with samples and droplet generation oil.
This cartridge is then loaded into the droplet generator machine where samples and oil are
mixed and, using vacuum, droplets are generated at a rate of ~1000/second, being the
sample fractionated into 20,000 droplets (Hindson et al., 2011). Each droplet contain either
one, a few or no target sequences (Quan, Sauzade and Brouzes, 2018). Then, the
suspension containing the droplets is transferred to a 96-well plate and follows a PCR
amplification of both the mutated and wild type molecules within each droplet, in a
conventional thermal cycler machine. After the PCR, the plate is loaded into the droplet

reader machine and a two-color detector assigns the droplets as positive or negative,
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according to their fluorescence amplitude (Hindson et al., 2011). The amplified molecules
are quantified, according to the Poison distribution, without the need for standard curves
like those used in gPCR (Figure 4). Furthermore, it is not necessary to use external
calibrators or endogenous controls. These characteristics help to avoid the drawbacks
associated with variations in the efficiency of reactions (Hindson et al., 2011, 2013; Quan,

Sauzade and Brouzes, 2018; Dueck et al., 2019).
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Figure 4 - ddPCR technology.

Regarding the applications of this technology, some examples are explored below. For
example, for detection and quantification of somatic copy number alterations
(amplifications and deletions), without the high-throughput technology, fluorescent in-situ
hybridization (FISH) is used. However, FISH and related techniques are expensive, laborious
and subject to large performance losses due to other analytical factors. This ddPCR
technology provides the ability to scale the number of partitions by combining replicate
wells to resolve fine copy number differences in heterogeneous mixtures and can
predictably form the basis of more efficient diagnostic testing (Hindson et al., 2011).

Concerning the rare mutant detection, it is known that gPCR can detect down to 1% of

allele fraction. With ddPCR, due to the fact of the reaction efficacy is independent of the
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amount of the initial sample, provides the possibility of accurately quantify low-abundance
targets, being able to detect as low as 0,001% of allele fraction (Hindson et al., 2011;
O’Rourke et al., 2021).

A third possible application is the quantitation of plasma cfDNA. Hindson et al.,
demonstrate that ddPCR is able of absolute quantitation of cfDNA, even though being a
highly fragmented sample and is present at low levels, being diluted by genomic DNA
(Hindson et al., 2011).

When compared with gPCR, this technology brings several advantages, including an
absolute quantitative result, improved precision, reproducibility, accuracy, sensitivity and
greater tolerance to PCR inhibitors (Hindson et al., 2011, 2013; Taylor, Laperriere and
Germain, 2017; O’Rourke et al., 2021).

Albeit this technology represents a lower cost when compared to MPS, there is a main
disadvantage connected to the difficulty of evaluating multiple targets simultaneously,
being limited to single mutations or sets of related mutations at the same locus (Hindson

etal., 2011; Rowlands et al., 2019; Rolfo et al., 2020).
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2. Objectives

This project was initiated with the goal of implementing and validating cutting-edge

methodological approaches for profiling tumor DNA in the clinic.
The work plan had three specific objectives.

The first objective was to assess the limitations of targeted gPCR approaches, by

characterizing uncommon genetic alterations in the EGFR gene using Sanger sequencing.

Considering the obtained results and knowing that after the detection of an EGFR-TKI-
sensitive mutation, at initial diagnosis, and after treatment with 1%t or 2" generation
inhibitors, about half of tumors develop a resistance mutation, our second objective was
to implement and assess the performance of a droplet digital PCR (ddPCR) assay for

detecting the EGFR T790M mutation in liquid biopsies.

Recognizing that the major disadvantage of ddPCR is the difficulty in testing multiple
targets simultaneously, our third objective was to explore massively parallel sequencing

methodologies for mutation discovery in blood samples (cfDNA).
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3. Results

3.1 Detection of rare and novel EGFR mutations in NSCLC

patients: Implications for treatment-decision.

3.1.1 Highlights

— Approximately 3% of NSCLC patients have uncommon genetic alterations in the
EGFR gene.
— We report six new single mutations previously unidentified in NSCLC patients.

— We report seven novel combinations of doublet mutations.

3.1.2 Authors

Ana Carla Sousa’”, Catarina Silveira*, André Janeiro?!, Sara Malveiro?, Ana Rita Oliveira?,

Margarida Felizardo?, Fernando Nogueira®, Encarnacdo Teixeira®, Joana Martins*, Maria

Carmo-Fonseca®*

Authors Affiliations:
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de Pneumologia, Lisboa, Portugal, 3 Hospital Egas Moniz, Servico de Pneumologia, Lisboa, Portugal, *
Hospital Pulido Valente, Hospital de Dia de Pneumologia Oncoldgica, Centro Hospitalar Lisboa Norte,
Centro Académico de Medicina de Lisboa, Lisboa, Portugal, ° Instituto de Medicina Molecular Jodo Lobo
Antunes, Faculdade de Medicina, Universidade de Lisboa, Lisboa, Portugal. * These authors contributed

equally to this study. # Corresponding author.

3.1.3 Abstract

Objectives: Mutations in the gene that encodes epidermal growth factor receptor
(EGFR) are biomarkers that predict how non-small cell lung cancer (NSCLC) patients

respond to EGFR-targeted therapies collectively known as tyrosine kinase inhibitors
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(TKIs). Thus, EGFR genotyping provides crucial information for treatment decision. Both
Sanger sequencing and real-time PCR methodologies are used for EGFR genotyping.
However, methods based on real-time PCR have limitations, as they may not detect rare
or novel mutations. The aim of this study was to determine the prevalence of rare
mutations in the tyrosine kinase domain (exons 18 to 21) of the EGFR gene not targeted
by the most frequently used real-time PCR approaches, i.e., the cobas® EGFR Mutation
Test, and the Idylla™ EGFR Mutation Assay. Methods: A total of 1228 NSCLC patients
were screened for mutations in exons 18 to 21 of the EGFR gene using Sanger
sequencing. Results: We observed that 252 patients (~¥20%) had at least one mutation
in the EGFR gene, and 38 (~3%) carried uncommon genetic alterations that would not
be identified by the cobas® or the Idylla™ tests. We further found six new single
mutations and seven previously unreported compound mutations. Clinical information
and patient outcome are presented for these cases. Conclusions: This study highlights
the value of sequencing-based approaches to identify rare mutations. Our results add
to the inventory of known EGFR mutations, thus contributing to improved lung cancer

precision treatment.

Key words: EGFR, NSCLC, tyrosine-kinase domain mutations, molecular diagnosis.
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3.1.4 Introduction

Every year, almost 2 million people receive a diagnosis of lung cancer (Ferlay, Parkin and
Steliarova-Foucher, 2010). Of these, 85% have non—small cell lung cancer (NSCLC) (Dela
Cruz, Tanoue and Matthay, 2011). Tobacco smoking is associated with 80% of all NSCLC
cases but incidence in non-smokers has increased in the last years (Shaw et al., 2009).
Several genetic alterations define NSCLC subtypes (Pikor et al., 2013). In particular,
mutations in exons 18 to 21 of the EGFR gene are often detected in tumor samples of
NSCLC patients. Mutations in these exons, which encode the tyrosine kinase domain of
the Epidermal Growth Factor Receptor (EGFR), result in a gain in function, leaving the
intracellular signaling pathway of EGFR constitutively active. About 10 to 30% of NSCLC
samples harbor somatic mutations in exons 18, 19, 20 and / or 21 of the EGFR gene
kinase domain (Sharma et al., 2007).

In the last years, novel drugs known as EGFR-targeted therapies, or EGFR-tyrosine kinase
inhibitors (TKls), namely gefitinib, erlotinib, afatinib and osimertinib, have been
successful in delaying disease progression in a subgroup of NSCLC patients (AF Gazdar,
2009).

Mutations in the EGFR gene are considered the most robust predictive biomarkers for
response to EGFR-TKIs. Additionally, it has been suggested that EGFR mutations can also
be useful for diagnosis purposes and therefore should be tested along with standard
clinical examination, pathology and imaging studies (Park et al., 2018). The guidelines
set by the National Comprehensive Cancer Network (NCCN) and the European Society
for Medical Oncology (ESMO) for the diagnosis, treatment and follow-up of NSCLC
patients, state that EGFR genotyping is fundamental for decision making, as it may
indicate which treatment is most likely to be effective in each patient (Kerr et al., 2014;
Masters et al., 2015; Ettinger et al., 2018). Therefore, great efforts have been made to
standardize diagnostic tests. Panels of international experts from reference institutions
such as the College of American Pathologists (CAP), International Association for the
Study of Lung Cancer (IASLC), and the Association for Molecular Pathology (AMP)
(Lindeman et al., 2018) recommend the screening for mutations in the EGFR gene to be

performed by one of the two complementary methodologies: PCR followed by direct
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sequencing or real-time PCR. The most commonly used real-time PCR-based techniques
are cobas’ EGFR Mutation Test and Idylla™ EGFR Mutation Assay. These tests are highly
sensitive and can detect mutations in samples with tumor infiltration as low as 10-20%.
Both tests use a targeted approach designed to detect the most common EGFR
mutations (Ellison et al., 2013). Indeed, approximately 90% of all EGFR mutations consist
of either deletion in exon 19 or a single specific point mutation, namely c.2753C>T
(p.L858R) in exon 21 (Leary et al., 2012).

In this study, we analyzed the complete sequence of EGFR exons 18 to 21 in 1228 NSCLC
patients by Sanger sequencing. We identified novel mutations and we found that
approximately 3% of the patients carried genetic alterations that would not be identified

by the cobas® and the Idylla™ tests.
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3.1.5 Materials and Methods

Study design and patients

We analyzed data from patients who had received a diagnosis of NSCLC and were tested
at GenoMed, in Lisbon, Portugal, for the presence of mutations in the EGFR gene
between 2010 and 2017. Tumor samples from 1228 patients, including 539 females and
689 males, were studied. Patients’ ages at the time of testing ranged between 21 and
94 years old. This is a retrospective study for which patient consent and ethical

committee approval were not necessary.

Sample collection

For this study, we analyzed data obtained from either formalin-fixed paraffin-embedded
(FFPE) blocks or FFPE sections, from the following hospitals in Portugal: Hospital Pulido
Valente and Hospital Santa Maria (Centro Hospitalar Lisboa Norte); Hospital Professor
Doutor Fernando Fonseca; Hospital da Luz; Hospital Beatriz Angelo; Hospital Egas Moniz
and Hospital SGo Francisco Xavier (Centro Hospitalar Lisboa Ocidental); CUF; Hospital
das For¢as Armadas. Additional hospitals located elsewhere in Portugal are Hospital Vila

Franca Xira; Hospital de Santo André (Centro Hospitalar de Leiria); Hospital de Faro.

Sample preparation

Only samples with tumor content higher than 20% were analyzed because for samples
containing less than 20 to 30% of tumor infiltration and/or less than 200 neoplastic cells
the Sanger sequencing procedure may not be sensitive enough for mutation detection
(Ladanyi and Pao, 2008; Leary et al., 2012). DNA was extracted from tissue samples using
a QIAmp Blood mini kit (catalog #51106), according to manufacturer’s instructions. The
DNA solution was quantified using a full spectrum (220-750nm) spectrophotometer,

NanoDrop® ND-1000 (NanoDrop® Technologies).

Mutation screening

We screened the tyrosine kinase domain (exons 18 to 21) of the EGFR gene (7p11.2,

OMIM#131550, NM_005228.3, LRG_304(t1)). Exonic regions of interest were amplified
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by polymerase-chain-reaction (PCR) with flanking intronic primers. For exons 18 to 21,
the reaction mixtures contained 1uL of template DNA (150ng), 2.5uL of 10xBuffer
(Bioline), 2.5uL of 2mM dNTPs mixture (Bioline), a range from 0.6 to 0.75uL of 50mM
MgCl; (Bioline), a range from 0.6 to 0.75uL of each primer (10uM), 0.3uL of BioTag DNA
polymerase (5U/uL) (Bioline) and ddH20, in a final volume of 25uL. Thermal cycling
conditions were as follows: initial denaturation at 96°C for 5 minutes; followed by 40
cycles of 94°C for 30 seconds, annealing temperature between 63°C and 67°C for 30
seconds and extension at 72°C for 30 seconds. The final extension was for 10 minutes at
72°C. Supplementary Table 1.1 describes the primers used, fragment sizes (bp) and
annealing temperature of each exon. PCR products were purified using the vacuum
purification system Montage™ MultiScreen™ PCR96 Cleanup Kit (LSKM PCR50,
Millipore) or Exo/SAP Go - PCR Purification Kit (GRISP), according to the manufacturer’s
instructions, and sequenced using the Big Dye v3.1 Cycle Sequencing kit (Applied
Biosystems) on an automatic sequencer (ABI Prism 3100-Avant Capillary Array, 36cm,
Applied Biosystems). Data was analyzed using the DNA Sequencing Analysis Software
6™ Version 6.0 (Applied Biosystems). The Sequencher™ software was used to align
samples against a reference on Ensembl. The nomenclature used to describe the genetic

variants follows the guidelines of the Human Genome Variation Society.

21



3.1.6 Results

Sanger sequencing of tumor samples from 1228 individuals revealed at least one
mutation in the EGFR gene in 252 cases, representing ~20% of the total population. This
prevalence of mutations is higher than previously reported in unselected European
patients (Sharma et al., 2007), and the discrepancy is probably caused by the clinical
selection bias of patients referred for EGFR genotyping.

Among the 252 samples with mutated EGFR, we identified 38 cases with mutations not
explicitly listed in the specifications of the cobas® or the Idylla™ EGFR Mutation Tests
(Tables 1.1 and 1.2). Among these 38 patients, 24 carried single mutations (Table 1.1)
and 14 had compound mutations (Table 1.2). Clinical data for these patients is presented
in Supplementary Table 1.2. The genetic alterations identified include point mutations,
insertions and delins. Because many of these insertions and delins are located in the
same region where other more common mutations that are targeted by the kits occur,
it is possible that they can be detected by the PCR assays (these cases are indicated as
“Not clear” in Tables 1.1 and 1.2). However, even if a PCR assay detects a hit in these
regions, the precise genetic alteration would remain unknown.

As indicated in Tables 1.1 and 1.2, many of the 38 mutations identified by Sanger
sequencing were previously described as either oncogenic or likely oncogenic. However,
we found four single variants (L747_A755delinsNRQG, A763_Y764insLQEA,
N771delinsHH and G857Wfs*40) that have not been previously reported (patients 4, 15,
29, and 30; Table 1.1). Noteworthy, these new variants are similar to previously
described mutations (Table 1.3). We also detected a K823E mutation (patient 32; Table
1.1), that although not described in the COSMIC database or in the OncoKB is mentioned
in a protein modelling study (Gajiwala, 2013). According to the aforementioned study,
K823E greatly reduces the phosphorylation of EGFR. This is a surprising finding as most
mutations localized at the protein dimer interface have very little or no impact on the
phosphorylation pattern (Gajiwala, 2013). We were not able to find any study reporting
an NSCLC patient carrying this or a similar mutation. We additionally detected a W817X

(c.2450G>A) mutation (patient 6; Table 1.1), that was previously reported only in breast
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cancer (Weber et al., 2005); a closely related mutation (W817X, c.2450_2451insAT) was
however described in brain metastasis from a primary lung cancer (Table 1.3).

We further found tumor samples from seven patients with combinations of two
mutations that have not been previously reported co-occurring in the same patient
(patients 5, 8, 13, 14, 18, 27, and 34; Table 1.2). Doublet mutations were detected in 19
cases (~1.5%), of which 14 (~74%) include at least one variant not catalogued in the
cobas’ and the Idylla™ tests (Table 1.2). Amino acids E709, G719, L854 were frequently
altered, in agreement with a previous study (Chen et al., 2008).

Finally, data on treatment response of patients with novel and rare mutations reveals

very heterogeneous clinical outcomes (Table 1.4).
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3.1.7 Discussion

Targeted-methods for EGFR genotyping are widely used but can only identify the most
common genetic alterations. Our study highlights the value of sequencing-based
approaches to identify rare mutations. Our results show that approximately 3% of NSCLC
patients have rare mutations not catalogued in the cobas® and the Idylla™ tests.

To date, it remains unclear how tumors carrying uncommon mutations respond to first-line
TKlIs (Watanabe et al., 2014). Previous studies have shown that exon 19 deletions are
associated with EGFR-TKI sensitivity while exon 20 insertions are associated with
treatment resistance (Lynch et al., 2004; Paez, 2004; Pao et al., 2004). However, one exon
20 insertion (p.A763_Y764insFQEA) was found associated with good response to EGFR-TKI
therapy (Yasuda et al., 2013). We observed that patient 30, who carried the novel but
closely related mutation A763_Y764insLQEA and who was treated with Erlotinib, had
disease progression in two months and an overall survival of 9 months.

The clinical significance of compound mutations is also unknown. Previous studies have
reported mutations L858R and G719A co-occurring with other less common mutations (Kim
et al., 2016). The compound mutation L858R+A871G detected in patient 3 was previously
reported being associated with resistance to erlotinib (Kobayashi et al., 2013). The doublet
L833V+H835L detected in patients 2 and 33 was previously described in patients that
responded well to EGFR-TKI (Yang et al., 2011; Frega et al., 2016).

In this study, patients with novel or rare mutations that were treated with EGFR-TKIs had
an overall survival ranging between 3 and 32 months. Further investigation of larger patient
cohorts with sequencing-based approaches is needed in order to understand how
uncommon genetic signatures influence treatment response. By expanding the inventory
of EGFR mutations associated with NSCLC this study may contribute to improved lung

cancer precision treatment.
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Tables

Table 1.1. Single mutations identified by Sanger sequencing that are not catalogued in the cobas® and the Idylla™ kit specifications. The mutations

are listed according to the amino acid position.

Detectable
Patient
Protein level Nucleotide Level Exon| COSMICID by Ref
ID
cobas/Idylla
1
E709_T710delinsD (Wu et al., 2011; Kobayashi
11 €.2127_2129delAAC 18 COSM51525 No
p.(Glu709_Thr710delinsAsp) et al., 2013)
22
K745_E746insIPVAIK €.2234 2235ins18 (He et al., 2012; Arcila et
28 19 COSM51504 Not clear
p.(Lys745_Glu746inslleProValAlalleLys) |(or c.2217_2234dup) al., 2013)
K745_E746insVPVAIK €.2236_2237ins18 (He et al., 2012; Arcila et
21 19 COSM26444 Not clear
p.(Lys745_Glu746insValProValAlalleLys) | (or c.2219 2236dup) al., 2013)
E746_A750delinsQP
24 €.2236_2248delinsCAAC 19 COSM13557 Not clear (Leduc et al., 2017)
p.(Glu746_Ala750delinsGInPro)
L747_A755delinsNRQG
4 c.2239 2265delinsAACCGACAAGGA | 19 - Not clear Not reported before
p.(Leu747_Ala755delinsAsnArgGInGly)
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A750_1759delinsPT

(Shahi et al., 2015; De

37 €.2248 2276delinsCCAAC 19 | COSM5023004 | Not clear
p.(Ala750_lle759delinsProThr) Greve et al., 2016)
T751_1759delinsN

25 €.2252_2276delinsA 19 COSM96856 Not clear (Penzel et al., 2011)
p.(Thr751_lle759delinsAsn)

A763_Y764insLQEA

30 €.2289 2290insCTCCAGGAAGCC 20 - No Not reported before
p.(Ala763_Tyr764insLeuGInGluAla)
$768_V769delinsIL
(or S768I + V769L) c.2303_2305GCG>TTT (Asahina et al., 2006;

26 20 |COSM1651576°| Not clear
p.(Ser768_Val769delinslleLeu) (or c.2303_2305delinsTTT) Kobayashi et al., 2013)
(or p.(Ser768lle) + p.(Val769Leu))

(Shigematsu et al., 2005;
V769_D770insCV

23 €.2307_2308insTGCGTG 20 COSM12379 Not clear Yasuda, Kobayashi and
p.(Val769_Asp770insCysVal)

Costa, 2012)
D770_N771insGF

31 €.2310_2311insGGGTTT 20 | COSM655155 Not clear (Arcila et al., 2013)
(p.Asp770_Asn771insGlyPhe)

D770_N771insGV

10 €.2310_2311insGGGCTT 20 - Not clear (Naidoo et al., 2015)
p.(Asp770_Asn771insGlyVal)

N771delinsHH
29 c.2311delinsCACC 20 - Not clear Not reported before

p.(Asn771delinsHisHis)
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(Yasuda, Kobayashi and
H773_V774insPH
12 €.2319_2320insCCACAC 20 COSM289445 Not clear Costa, 2012; Arcila et al.,
p.(His773_Val774insProHis)
2013)
(Shigematsu et al., 2005;
16 |H773_V774insNPH
€.2319 2320insAACCCCCAC 20 COSM12381 Not clear Yasuda, Kobayashi and
36 |p.(His773_Val774insAsnProHis)
Costa, 2012)
V774L
20 €.2320G>T 20 COSM25090 Not clear (Pugh et al., 2007)
p.(Val774Leu)
V774_C775insHV
(Yasuda, Kobayashi and
(or H773_V774dup) €.2321_2322insCCACGT
7 20 COSM18432 Not clear Costa, 2012; Arcila et al.,
p.(Val774_Cys775insHisVal) (or c.2316_2321dup)
2013)
(or p.(His773_Val774dup))
G779F €.2335_2336GG>TT
17 20 COSM13007 No (Yang et al., 2005)
p.(Gly779Phe) (or c.2335_2336delinsTT)
WS817X (or W817%)
6 c.2450G>A 20 - No (Weber et al., 2005)
p.(Trp817X) (or p.(Trp817%*))
K823E
32 c.2467A>G 20 - No (Gajiwala, 2013)
p.(Lys823Glu)
G857Wfs*40 €.2568_2569insT
15 21 - No Not reported before
p.(Gly857Trpfs*40) (or c.2568dup)

$ COSMIC ID information for protein only.
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Table 1.2. Compound mutations in which at least one is not catalogued in the cobas® and the Idylla™ kit specifications.

Detectable by

p.(Leu858Arg)

Patient ID Protein level Nucleotide Level Exon COSMICID Ref
cobas/Idylla
E709A
€.2126A>C COSM13427 No (Chen et al., 2008;
p.(Glu709Ala)
35 18 Kobayashi et al.,
G719S
€.2155G>A COSM6252 Yes 2013)
p.(Gly719Ser)
E709V
C.2126A>T COSM12371 No
p.(Glu709Val) Doublet not
14 18
G719A reported before
€.2156G>C COSM6239 Yes
p.(Gly719Ala)
G719A
€.2156G>C 18 COSM6239 Yes
p.(Gly719Ala) Doublet not
8
D761Y reported before
€.2281G>T 19 COSM21984 No
p.(Asp761Tyr)
E709K
€.2125G>A 18 COSM12988 No
p.(Glu709Lys) (Chen et al., 2008;
9
L858R Wu et al., 2011)
€.2573T>G 21 COSM6224 Yes
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E709G

c.2126A>G 18 COSM13009 No
p.(Glu709Gly) (Chen et al., 2008;
19
L858R Wu et al., 2011)
c.2573T>G 21 COSM6224 Yes
p.(Leu858Arg)
G719A
€.2156G>C 18 COSM6239 Yes
p.(Gly719Ala) Doublet not
13
L833V reported before
€.2497T>G 21 COSM13424 No
p.(Leu833Val)
L747_T751delLREAT
€.2240_2254del15 COSM12369 Yes
p.(Leu747_Thr751del) Doublet not
18 19
K754E reported before
€.2260A>G COSM85993 No
p.(Lys754Glu)
V769M
€.2305G>A COSM13425 No
p.(Val769Met)
N771_P772dup or Doublet not
27 20
P772_H773insNP c.2311_2316dup reported before
COSM1738101° No
p.(Asn771_Pro772dup) or (orc.2316_2317insAACCCC)
p.(Pro772_His773insAsnPro)
H773R Doublet not
34 c.2318A>G 20 COSM13433 No

p.(His773Arg)

reported before
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V774M

p.(His870Tyr)

€.2320G>A COSM13006 No
p.(Val774Met)
L833V
€.2497T>G COSM13424 No
2 p.(Leu833Val)
21 (Chen et al., 2008)
33 H835L
C.2504A>T COSM6227 No
p.(His835Leu)
L833V
€.2497T>G COSM13424 No
p.(Leu833Val) (Chen et al., 2008;
38 21
L858R Wu et al., 2011)
€.2573T>G COSM6224 Yes
p.(Leu858Arg)
L858R
c.2573T>G COSM6224 Yes
p.(Leu858Arg)
3 21 (Chen et al., 2008)
A871G
€.2612C>G COSM13008 No
p.(Ala871Gly)
A864T
€.2590G>A COSM13197 No
p.(Ala864Thr) Doublet not
5 21
H870Y reported before
€.2608C>T COSM53292 No

$ COSMIC ID information for protein only.
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Table 1.3. Similarities with previously described mutations

New mutations found
Patient ID Previously described mutations
in this study

L747_A755delinsSMS $
4 L747_A755delinsNRQG | L747_A755delinsSKS *
L747_A755delinsAT §

6 W817X (G>A) W817X (insAT) (Preusser et al., 2015)%
G857E/V/R S,
15 G857Wfs*40 G857R (Hsieh et al., 2006)

G857E (Liu et al., 2013)

N771delinsSTH ¢

N771delinsGY (Harada et al., 2011)

29 N771delinsHH N771delinsTH (Sequist et al., 2007)

N771delinsFH (Robichaux et al., 2018)
N771delinsGP (Yasuda, Kobayashi and Costa, 2012)

30 A763_Y764insLQEA A763_Y764insFQEA (Yasuda et al., 2013)*

§ Mutations described in the following databases: cBioPortal, COSMIC and/or OncoKB.

Table 1.4. Treatment and outcome of patients with mutations that are not catalogued in

the cobas® and the Idylla™ kit specifications.

Patient Initial
Mutation Available information oS
ID treatment

PS at diagnosis: PS1

Best response: PD

PFS: 3 months

Stage at progression: VB
1 E709_T710delinsD Gefitinib PS at progression: PS1 2
2" Treatment: CTX months
Best response: SD
PFS: 14 months

Stage at progression: VB
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Surgery + RT for

2" Treatment: CTX + Erlotinib

a4
2 L833V + H835L bone Best response: SD
months
metastases. | PFS: 9 months
PS at diagnosis: PS1
Best response: CR
PFS: 11 months
Stage at progression: IVA
Surgery + 46
5 PS at progression: PS1
A864T + H870Y adjuvant CTX months
2" Treatment: Gefitinib
Best response: PD
PFS: 3,5 months
Stage at progression: IVA
Best response: PD 19
6 W817X (or W817*) | CTX + Erlotinib
PFS: 4 months months
PS at diagnosis: PS1
Best response: PD
V774_C775insHV PFS: 4 months 9
7 Erlotinib
(or H773_V774dup) Stage at progression: IVB months
PS at progression: PS2
2" Treatment: Palliative
PS at diagnosis: PS2
9
8 G719A + D761Y Erlotinib Best response: SD
months
Stage at progression: VB
Surgery +
Best response: CR 103
10 D770 _N771insGV adjuvant CTX
PFS: 79 months months
and RT
PS at diagnosis: PS1
Best response: PD
PFS: 2,5 months
Surgery + 26
11 E709_T710delinsD Stage at progression: IVA
adjuvant CTX months

PS at progression: PS2
2" Treatment: Erlotinib

Best response: PD
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PFS: 4 months

PS at progression: PS2

13

G719A +L833V

Gefitinib

PS at diagnosis: PS2

Best response: PD

PFS: 2 months

Stage at progression: VB
PS at progression: PS2
2" Treatment: CTX

Best response: SD

PFS: 5 months

Stage at progression: VB

17

months

14

E709V + G719A

Gefitinib

PS at diagnosis: PS1

Best response: PD

PFS: 3 months

Stage at progression: VB
PS at progression: PS3

2" Treatment: Palliative

7

months

15

G857Wfs*40

Gefitinib + RT
(lung and CNS)

Best response: SD

PFS: 7 months

months

16

H773_V774insNPH

CTX

PS at diagnosis: PS1

Best response: PR

PFS: 8 months

Stage at progression: IVA
PS at progression: PS1
2" Treatment: CTX

Best response: PR

PFS: 8 months

Stage at progression: IVA

PS at progression: PS2

3™ Treatment: Immunotherapy

Best response: SD

PFS: 3 months

22

months
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17

G779F

Gefitinib

PS at diagnosis: PS2
Best response: PD

Stage at progression: VB

3

months

18

L747_T751delLREAT +
K754E

Surgery +

adjuvant CTX

PS at diagnosis: PSO
Best response: CR

PFS: 4 years and 9 months

Alive

19

E709G + L858R

CTX

PS at diagnosis: PS1

Best response: SD

PFS: 5 months

Stage at progression: IVA
PS at progression: PS1
2" Treatment: Erlotinib
Best response: PR

PFS: 18 months

Stage at progression: IVA

Alive

20

V774L

None

PS at diagnosis: PS3

months

21

K745_E746insVPVAIK

Gefitinib

PS at diagnosis: PS1

Best response: PR

PFS: 6 months

Stage at progression: VB
PS at progression: PS2
2" Treatment: Erlotinib
Best response: SD

PFS: 10 months

PS at progression: PS3

17

months

22

E709_T710delinsD

CTX

PS at diagnosis: PS1

Best response: SD

PFS: 7 months

Stage at progression: VB
PS at progression: PS2
2" Treatment: Erlotinib

Best response: PD

18

months
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PFS: 3 months

PS at progression: PS3

23

V769_D770insCV

CNS RT

PS at diagnosis: PS2
Best response: PD
PFS: 2 months

Stage at progression: VB

2

months

24

E746_A750delinsQP

Erlotinib

PS at diagnosis: PS1

Best response: PD

PFS: 3 months

Stage at progression: IVA
PS at progression: PS1
2" Treatment: CTX

Best response: PR

PFS: 24 months

Stage at progression: VB

32

months

25

T751_1759delinsN

Erlotinib

PS at diagnosis: PS3
Best response: PD
PFS: 2 months

PS at progression: PS4

2" Treatment: Palliative

3,5

months

26

S768 _V769delinsIL
(or S7681+V769L)

Erlotinib

PS at diagnosis: PS2

Best response: PD

PFS: 3 months

Stage at progression: VB

PS at progression: PS3

2" Treatment: Palliative + RT for

bone metastases

7

months

27

V769M +
P772_H773insNP

CTX

PS at diagnosis: PS1

Best response: SD

PFS: 14 months

Stage at progression: VB
PS at progression: PS2
2" Treatment: CTX

31

months
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Best response: SD
PFS: 5 months

Stage at progression: VB

28

K745_E746insIPVAIK

Surgery

2" Treatment: Gefitinib
Best response: SD

PFS: 7 months

69

months

29

N771delinsHH

Surgery

PS at diagnosis: PS1

Best response: CR

NA

30

A763_Y764insLQEA

CTX + Erlotinib

Best response: PD

PFS: 2 months

months

32

K823E

Surgery

PS at diagnosis: PS1

Best response: CR

PFS: 9 months

Stage at progression: I1IB
PS at progression: PS1
2" Treatment: CTX

Best response: PD

PFS: 3 months

Stage at progression: |11B

31

months

33

L833V + H835L

Erlotinib +

Bevacizumab

Best response: PD

NA

35

E709A + G719S

Surgery +

adjuvant CTX

PS at diagnosis: PS1

Best response: CR

PFS: 11 months

Stage at progression: IVA
2" Treatment: Erlotinib
Best response: SD

PFS: Free of progession for 7

months

Alive

36

H773_V774insNPH

CTX

PS at diagnosis: PSO
Best response: CR
PFS: 8 months

Stage at progression: VB

19

months
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PS at progression: PS3
2" Treatment: CNR RT
Best response: SD

PFS: 5 months

37

A750_1759delinsPT

Surgery +

adjuvant CTX

PS at diagnosis: PS1

Best response: CR

PFS: 4 months

Stage at progression: IVA
PS at progression: PS1
2" Treatment: Erlotinib
Best response: PR

PFS: 15 months

Stage at progression: VB

Alive
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Supplementary Table 1.1. Primers used, fragment sizes (bp) and annealing temperature per exon.

Fragment Annealing
Exon Forward Primer Reverse Primer
size (bp) | temperature (Ta)
18 | CTGGCACCCAAGCCCATG CCCACCAGACCATGAGAGG 302 67°C
19 | CCAGTGTCCCTCACCTTC AGCAGGGTCTAGAGCAGAGCAGCTGCC 308 63°C
20 | GATCGCATTCATGCGTCTTCACC | TATCCCAGGAGCGCAGACC 358 65°C
21 | GGCATGAACATGACCCTGAAT | AGCTGCTGCGAGCTCACC 371 66°C

Primers 19R e 20F were designed by Shigematsu and collaborators(Shigematsu et al., 2005).

Supplementary Table 1.2. Patient information

Age at Age at Stage at
PatientID | Sex Ethnicity NSCLC Histology Smoking status
molecular test diagnosis diagnosis
1 F 66 66 Caucasian Adenocarcinoma Current heavy (>15 pack year) IVB
2 F 74 71 Asian Adenocarcinoma Never IB
3 M 84 NA NA NA NA NA
4 M 67 NA NA Adenocarcinoma NA NA
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5 M 49 48 Caucasian Adenocarcinoma Never 1B
6 M 81 80 Caucasian Adenocarcinoma Former heavy (>15 pack year) v
7 M 46 46 Caucasian Adenocarcinoma Never IVB
8 M 68 68 Caucasian Adenocarcinoma Former heavy (>15 pack year) IVB
9 F 65 NA NA NA NA NA
10 M 59 51 Caucasian Adenocarcinoma Former light (<15 pack year) A
11 F 46 46 Caucasian Adenocarcinoma Former heavy (>15 pack year) A
12 F 59 59 Caucasian Adenocarcinoma Current heavy (>15 pack year) v
13 F 59 59 Caucasian Adenocarcinoma Never IVB
14 M 76 76 Caucasian Adenocarcinoma Never IVB
15 M 75 75 Caucasian Adenocarcinoma Current heavy (>15 pack year) v
16 F 72 72 Caucasian Adenocarcinoma Never IVA
17 M 72 72 Caucasian Adenocarcinoma Former heavy (>15 pack year) IVB
18 F 60 60 Caucasian Adenocarcinoma Never IB
19 F 55 55 African Adenocarcinoma Former heavy (>15 pack year) IVA
20 M 75 75 Caucasian Adenocarcinoma Former heavy (>15 pack year) IVB
21 F 67 66 Caucasian Adenocarcinoma Never IVB
22 F 57 57 Caucasian Adenocarcinoma Never IVB
23 F 52 52 African Adenocarcinoma Never IVB
24 M 63 62 Caucasian Adenocarcinoma Former light (<15 pack year) IVA
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25 F 81 81 Caucasian Adenocarcinoma Never IVA
26 M 72 72 Caucasian Adenocarcinoma Never IVB
27 F 69 69 African Adenocarcinoma Never IVB
28 F 79 74 Caucasian Adenocarcinoma Never IA
29 M 70 70 Caucasian Adenocarcinoma Current IB
30 M 73 72 Caucasian Adenocarcinoma Former light (<15 pack year) v
31 M 53 NA Caucasian Adenocarcinoma NA A
32 F 72 71 Caucasian Adenocarcinoma Former heavy (>15 pack year) IA
33 M 64 NA NA Adenocarcinoma NA IB
34 F 83 83 Caucasian Adenocarcinoma NA NA
35 M 64 64 Caucasian Adenocarcinoma Never A
36 F 74 73 Caucasian Adenocarcinoma Never A
37 F 57 57 Caucasian Adenocarcinoma Never A
38 F 52 52 Caucasian Adenocarcinoma Current A
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3.2 Detection and quantification of EGFR T790M mutation in liquid

biopsies by droplet digital PCR

3.2.1 Highlights

— We optimized a ddPCR strategy that detected the EGFR T790M mutation in plasma
samples from 77 patients with NSCLC in progression with a positivity rate of 52%.

— The mutation was detected at cfDNA allele frequency as low as 0.5%.

— Ourresults suggest that repeated ddPCR tests in cfDNA may obviate tissue re-biopsy in

patients unable to provide a tumor tissue sample.

3.2.2 Authors
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3.2.3 Abstract

Introduction: Liquid biopsy allows the identification of targetable cancer mutations in a
minimally invasive manner. In patients with advanced non-small cell lung cancer (NSCLC),
droplet digital PCR (ddPCR) is increasingly used to genotype the epidermal growth factor
receptor (EGFR) gene in circulating cell-free DNA (cfDNA). However, the sensitivity of this
method is still under debate. The aim of this study was to implement and assess the
performance of a ddPCR assay for detecting the EGFR T790M mutation in liquid biopsies.
Methods: A ddPCR assay was optimized to detect the EGFR T790M mutation in plasma
samples from 77 patients with NSCLC in progression. Results: Our ddPCR assay enabled the
detection and quantification of the EGFR T790M mutation at cfDNA allele frequency as low
as 0.5%. The mutation was detected in 40 plasma samples, corresponding to a positivity
rate of 52%. The number of mutant molecules per mL of plasma ranged from 1 to 6,000. A
re-biopsy was analyzed for 12 patients that had a negative plasma test and the mutation
was detected in 2 cases. A second liquid biopsy was performed for 6 patients and the
mutation was detected in 3 cases. Conclusions: This study highlights the value of ddPCR to
detect and quantify the EGFR T790M mutation in liquid biopsies in a real-world clinical
setting. Our results suggest that repeated ddPCR tests in cfDNA may obviate tissue re-

biopsy in patients unable to provide a tumor tissue sample suitable for molecular analysis.

Keywords: lung cancer; EGFR T790M mutation; liquid biopsy; ddPCR
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3.2.4 Introduction

Lung cancer is the most commonly diagnosed cancer and remains the leading cause of
cancer death (Bray et al., 2018). A significant improvement of progression-free survival has
been achieved with receptor-tyrosine kinase inhibitors (TKls) that target the epidermal
growth factor receptor (EGFR) in patients with non-small cell lung cancer (NSCLC) harboring
activating EGFR mutations (Mok et al., 2009; Rosell et al., 2012; Yang et al., 2015; Wu et al.,
2017; Soria et al., 2018).

Binding of the EGFR extracellular domain to its ligands triggers autophosphorylation at key
tyrosine residues and activates several downstream signaling pathways. Certain mutations
and/or amplification of the EGFR gene lead to constitutive activation of EGFR signaling and
play an important role as oncogenic drivers in NSCLC. The prevalence of EGFR-activating
mutations in a Caucasian population with lung adenocarcinoma is approximately 10-20%,
and the most common (>90%) are small in-frame deletions in exon 19 and an amino acid
substitution in exon 21 (L858R) (Paez et al., 2004; Stewart et al., 2015; Planchard et al.,
2018). These alterations confer sensitivity to EGFR-TKI therapy, resulting in response rates
up to 70% and median survival up to 24-30 months (Morgillo et al., 2016).

Despite initial responses, most patients with EGFR-mutant NSCLC and treated with EGFR-
TKls (such as gefitinib, erlonitib, and afatinib) will have disease progression within 9-14
months after starting the treatment (Stewart et al., 2015; Thress et al., 2015). The major
mechanism of acquired resistance to EGFR-TKIs is the occurrence of a secondary EGFR
kinase domain mutation in exon 20, the T790M substitution, which accounts for about half
of the cases (AF Gazdar, 2009; Sequist et al., 2011; Stewart et al., 2015). This mutation leads
to an enhanced affinity for ATP, thus reducing the ability of ATP-competitive reversible
EGFR tyrosine kinase inhibitors, including gefitinib and erlotinib, to bind to the tyrosine
kinase domain of EGFR (Yun et al., 2008).

Recently, a third generation of EGFR-TKIs was developed that irreversibly block T790M
mutant EGFR with maintained activity against the original exon 19del and L858R mutations
(Murtuza et al., 2019). Thus, testing for the EGFR T790M mutation has become routine
clinical practice in patients with NSCLC that become resistant to first- and second-

generation EGFR-TKIs. Ideally, detection of this new mutation should be done in tumor
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tissue obtained by re-biopsy (Lindeman et al., 2018; Planchard et al., 2018). However, many
patients on progression develop lesions in inaccessible locations. Moreover, the poor
performance status of the patients also makes re-biopsy difficult. It is estimated that up to
40% of relapsed NSCLC patients may be unable to provide a tumor tissue sample suitable
for molecular analysis (Jenkins et al., 2017). For these patients it is acceptable to perform
a liquid biopsy, which allows genotyping cell-free tumor DNA (cfDNA) present in the plasma
and other body fluids (Rolfo et al., 2020).

Early comparisons between tumor tissue samples and liquid biopsy for determining EGFR
mutation status concluded that analysis of cfDNA detected fewer EGFR mutation positive
patients (Goto et al., 2012; Mok et al., 2015). However, subsequent studies using more
sensitive assays such as the Inivata InVision™ (eTAm-Seq™) assay or the cobas EGFR
Mutation Test, reported detection of the T790M mutation in plasma samples from 50% and
61% of the patients with NSCLC at disease progression after previous EGFR-TKI therapy
(Jenkins et al., 2017; Remon et al., 2017).

Droplet digital PCR (ddPCR) is emerging as a very attractive option in the clinic to genotype
cfDNA in liquid biopsies (Rolfo et al., 2020). This is a PCR method based on water-oil
emulsion droplet technology. A cfDNA sample is fractionated into 20,000 droplets, PCR
amplification of both the mutated and wild-type DNA molecules occurs in each individual
droplet, and fluorescent specific probes are used to quantify the amplified molecules.
Whether this approach has the required rigor to be used in the clinical setting remains
debatable. A prospective validation study showed that plasma ddPCR detected EGFR
T790M mutation with a sensitivity of 77%, supporting the use of this assay to direct clinical
care (Sacher et al., 2016). However, in a real-world setting, the practical sensitivity of the
ddPCR assay may vary. Indeed, recent studies that analyzed plasma cfDNA by ddPCR
reported values for the prevalence of the T790M mutation in patients with acquired
resistance to EGFR-TKIs ranging between 30.4% (Li et al., 2018) and 42.7% (Guo et al.,
2019).

Here we present an optimized ddPCR strategy that was used to test for the presence of
the resistance EGFR T790M mutation in plasma samples from 77 patients with NSCLC in

progression, resulting in a positivity rate of 52%.
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3.2.5 Materials and Methods

Study population

This is a retrospective study including a total of 111 patients with NSCLC in progression
after treatment with EGFR-tyrosine kinase inhibitors (EGFR-TKIs), who were tested for the
presence of the resistance mutation T790M in exon 20 of the EGFR gene. Most patients
were diagnosed with lung adenocarcinoma in TNM stage IV. The average age of the
patients at progression was 67, ranging from 31 to 91 (Table 2.1). The EGFR-TKIs used as
first- or second-line treatment are indicated in Table 2.1. All tests were performed at
GenoMed, in Lisbon, Portugal, during the period from July 2015 to December 2019. The
samples were obtained from the following hospitals in Portugal: Hospital Pulido Valente;
Hospital de Santa Maria; Hospital Egas Moniz;, Hospital dos Capuchos; Hospital Beatriz
Angelo; Hospital de Santo Espirito da Ilha Terceira; Hospital Professor Doutor Fernando
Fonseca; Hospital da Luz; Hospital Garcia de Orta; CUF Descobertas; Unidade Local Saude
Norte Alentejano and Hospital de Cascais. The Lisbon Academic Medical Center Ethics
Committee approved the study (311/20). Because the study involves the secondary
analysis of existing data collected during standard of care procedures, a waiver of informed
consent was requested and approved. All the data were analyzed anonymously, thus
protecting the privacy and personal identity information of participating individuals.
Samples were collected for standard clinical care and were not used for any other purpose.
The sample collection procedures used have minimal risks and no adverse events were
reported. The performers of the DNA tests were informed that patients had a diagnosis of
advanced NSCLC in progression after treatment with EGFR-TKIs. Additional patient-related

information was provided by clinicians after DNA data analysis was completed.

DNA analysis from FFPE samples

A trained pathologist made estimations of tumor cell content in formalin-fixed paraffin-
embedded (FFPE) tissue samples resected from NSCLC patients. For macrodissection, the
pathologist marked tumor areas on hematoxylin and eosin (H&E) stained tissue slides. Two
to five serial FFPE sections of 10um thickness were then sliced from the selected areas.

DNA was extracted using cobas® DNA Sample Preparation Kit, quantified using the
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NanoDrop® ND-1000 spectrophotometer (NanoDrop® Technologies), and analyzed by real-
time PCR using cobas® EGFR Mutation Test. For Idylla™ EGFR Mutation Assay, sample

preparation was done according to the manufacturer’s instructions.

Isolation of cfDNA from plasma

To extract cfDNA from plasma, ~10mL blood samples were collected in EDTA or Cell-Free
DNA BCT® (Streck) tubes. After centrifugation (900g for EDTA tubes and 1,600g for Streck
tubes) for 10 minutes at room temperature, the supernatant was transferred into 2mL
microtubes, wasting about 5mm of plasma in order to avoid buffy-coat disturbance. The
samples were then centrifuged at 16,000g for 10 additional minutes at room temperature
to remove cell debris, thus reducing contamination with cellular DNA. The supernatants
were collected into microtubes (2 or 5mL), frozen, and stored at -80°C. The cfDNA was
isolated from 2mL thawed plasma samples using QlAamp® MinElute® ccfDNA (Qiagen),
according to the manufacturer’s instructions. The cfDNA was eluted in 50uL of ultra-clean
water and quantified using the Qubit® 3.0 Fluorometer (Invitrogen, Life Technologies) with
Qubit® dsDNA HS Assay kit (Invitrogen, Life Technologies). The purified cfDNA was stored

at 4°C for up to 16 hours or at -80°C for longer periods.

T790M screening by Droplet Digital PCR (ddPCR)

To screen for the T790M mutation in plasma cfDNA, we used the QX200™ Droplet Digital
PCR System (Bio-Rad, Hercules, CA, USA), and Bio-Rad assay primer/probe mixtures
(dHsaCP2000019 and dHsaCP2000020). As reference for wild type and mutant EGFR, we
used Horizon DNA standards HD709 and HD258 (Horizon Discovery Ltd., Cambridge, UK).
The optimal annealing temperature was established at 59°C. Altogether, the thermocycling
conditions included an initial incubation at 95°C for 10 minutes, 47 cycles of 94°C for 30
seconds and 59°C for 1 minute, followed by an inactivation step at 98°C for 10 minutes. At
least two replicates were analyzed per sample, and the total amount of DNA loaded
(considering the two replicates), was approximately 15ng. No template control (NTC) was
used to exclude PCR contamination. Amplification results were analyzed using QX200™
Droplet Reader and QuantaSoft™ software. Samples with three or more positive mutant

droplets were considered positive, as recommended by the best practice guidelines for rare
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mutation detection (Biorad, 2018). If one or two droplets were observed, the result was

considered inconclusive and whenever possible a second sample was collected and tested.

Statistical analysis

The concentrations of target alleles were calculated using QuantaSoft™ software (Bio-Rad)
based on Poisson distribution. Mutant cfDNA molecules were reported as number of copies
per millilitre (mL) of plasma. The mutant allelic frequency was determined as the ratio of

mutant droplets relative to the sum of mutant and wild type droplets.
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3.2.6 Results

Quality Assessment

DNA reference standards for wild type and mutant EGFR confirmed the specificity of the
ddPCR primers and probes (Figure 2.1). The wild type DNA exhibited high fluorescence
signal in the hexachloro-6-carboxy-fluorescine (HEX) channel (channel 2, green) and no
fluorescence signal in the fluorescein amidite (FAM) channel (channel 1, blue) (Figure
2.1A). In contrast, when the wild type and the mutant DNA were mixed at 1% allele
frequency, fluorescence signal in the FAM channel (channel 1, blue) was detected (Figure
2.1B).

Next, we tested a series of 13 non-clinical liquid biopsy reference samples spanning
different mutations and allele frequencies. These samples were provided by AstraZeneca
and none of the laboratory technicians were informed about the genotype or mutant allelic
frequencies at the time of execution of the tests. The results show that our ddPCR assay
accurately detected the T790M allele in frequencies ranging from 5 to 0.5% (Table 2.2).
Finally, we applied the ddPCR assay to analyze DNA extracted from FFPE tissue biopsies
from NSCLC patients. These DNA samples were previously genotyped in our laboratory by
real-time PCR using cobas® EGFR Mutation Test. The ddPCR assay detected the mutation

in all samples that previously tested positive for the T790M allele.

EGFR mutation testing in clinical plasma samples

The ddPCR assay was used to screen plasma samples from 77 patients for the T790M
mutation in EGFR. A total of 40 plasma samples were identified as positive for the T790M
mutation, corresponding to 52%. The number of mutant molecules per mL of plasma
ranged from 1 to 6,000 as depicted in Figure 2.2. A second sample was collected for 18
patients that initially tested negative (Table 2.3). As recommended by current guidelines
(Lindeman et al., 2018; Planchard et al., 2018), when the liquid biopsy was negative, re-
biopsy was performed for analysis of tumor tissue. However, this was only possible in 12
cases, either because the patient status did not allow re-biopsy or the tumor was not
accessible. We detected the T790M mutation in 2 of the 12 re-biopsies (17%) (Table 2.3).

In the remaining cases, we analyzed either a second plasma sample (5 patients) or a sample
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of bronchoalveolar fluid (1 patient), and detected the T790M mutation in 3 of these 6 liquid
biopsies (50%) (Table 2.3).

Finally, we analyzed the association of T790M detected in progression with EGFR activating
mutations detected at diagnosis (Table 2.4). The majority (61%) of tumors positive for
T790M had an EGFR del19 mutation at diagnosis, whereas the majority (65%) of tumors
negative for T790M had either L858R or other EGFR mutations (Table 2.4).
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3.2.7 Discussion

We implemented a liquid biopsy ddPCR assay that enabled the detection and quantification
of the EGFR T790M mutation at cfDNA allele frequency as low as 0.5%. With a turnaround
time of 3-5 business days, the assay was routinely used in clinical practice since it played
an important role in deciding the next line of treatment in NSCLC patients that acquired
resistance to first- or second-generation EGFR-TKIs.

We analyzed plasma samples from 77 patients and detected the EGFR T790M mutation in
52%. Although this was a retrospective study potentially influenced by bias associated with
patient selection, our result is in good agreement with previous evidence indicating that
about half of lung cancers that become resistant to EGFR TKIs acquire the EGFR T790M
mutation (Sequist et al., 2011). Most important, our results revealed that performing the
ddPCR assay in a second liquid biopsy collected 1-8 months after a first negative plasma
test increased by 50% the number of positive cases. Thus, the use of repeated ddPCR-based
cfDNA genotyping may obviate tissue re-biopsy in cases that the tumor is not accessible, or
the patient has a poor functional status.

In our study, among tumors harboring the T790M mutation detected in either liquid biopsy
or tumor tissue at disease progression, the majority (61%) had an EGFR del19 mutation at
diagnosis. This is consistent with previous reports indicating that the T790M mutation is
more frequent in patients with an EGFR exon 19 deletion mutation. In a cohort of 314
Japanese patients studied by re-biopsy, the T790M mutation was detected in 55.6% of
cases with del19 mutation and in 43.0% of cases with the L858R mutation (Nosaki et al.,
2016). In another study, the T790M mutation was present in 63% (26/41) of patients with
EGFR exon 19 deletion and in 38% (12/32) of patients with L858R mutation (Matsuo et al.,
2016). A more recent literature review confirmed that detection of the T790M mutation
was more frequent in del19 mutated patients (53%) than in L858R mutated patients (36%)
with acquired resistance to EGFR-TKIs (Liang et al., 2018). One possibility is that patients
with the del19 mutation are more sensitive to TKls, and therefore cells with the T790M
mutation are more likely to be selected and enriched (Liang et al., 2018).

An important advantage of ddPCR-based assays is the ability to provide absolute

guantification of DNA molecules. In our study cohort, the number of T790M mutant
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molecules per mL of plasma ranged from 1 to 6,000. Quantification of mutant molecules in
plasma may be useful to monitor response to treatment. Indeed, a recent study reported
that after 6 weeks of treatment with osimertinib, the T790M mutation load assessed by
ddPCR decreased to very low level (Li et al., 2018). However, whether the number of
mutant molecules affects disease progression and response to therapy remains unknown.
Clearly, future studies using quantitative diagnostic assays such as ddPCR are needed to

maximize the benefits of precision therapy for advanced NSCLC.

52



3.2.8 Acknowledgements, Funding and Author Contributions

We thank AstraZeneca for providing non-clinical control samples.

This work was supported by Fundacdo para a Ciéncia e Tecnologia (FCT) / Ministério da
Ciéncia, Tecnologia e Ensino Superior - Fundos do Orcamento de Estado
(UID/BIM/50005/2019), and FCT/FEDER/POR Lisboa 2020, Programa Operacional Regional
de Lisboa, PORTUGAL 2020 (LISBOA-01-0145-FEDER-016394). C.S. was a recipient of a FCT
fellowship (SFRH/BDE/110544/2015).

Catarina Silveira, Ana Carla Sousa, André Janeiro, and Maria Carmo-Fonseca conceived the
study. Encarnacdo Teixeira, Eva Brysch, Marcos Pantarotto, Margarida Felizardo, Rosa
Madureira, Fernando Nogueira, Catia Guimaraes, Cristina Matos, Dolores Canario, and
Jadcome Bruges-Armas provided most of the analyzed samples, together with the clinical
information. Catarina Silveira, Ana Carla Sousa, André Janeiro, and Sara Malveiro
performed laboratory tasks. Catarina Silveira, Ana Carla Sousa, and André Janeiro compiled
and interpreted the results and wrote the first draft. Maria Carmo-Fonseca wrote the final

manuscript. All authors read, edited and approved the final manuscript.

53



Tables

Table 2.1. Clinical data of NSCLC patients enrolled in the study

Age! N (%)

<65 51 (46%)
>65 60 (54%)
Gender N (%)

Female 77 (69%)
Male 34 (31%)
EGFR —TKI 2 N (%)

Erlotinib 50 (56%)
Gefitinib 27 (30%)
Afatinib 13 (14%)

1Age at progression

2 EGFR-tyrosine kinase inhibitors used in first or second-line treatment. No information was available for 21 of the 111 patients.

Table 2.2. Assessing the ddPCR assay with liquid biopsy reference samples

Amount of

cfDNA Mutant AF

Sample Pre-defined Pre-defined Result of
obtained per estimated by
ID EGFR genotype mutant AF ddPCR assay

sample ddPCR

(ng/uL)
QA-01 T790M 0.05% 7,82 Not detected -
QA-02 T790M 0.5% 6,59 Detected 0,6%
QA-03 T790M 5% 6,08 Detected 4,6%
QA-04 L858R 0.05% 7,42 Not detected -
QA-05 L858R 0.5% 6,75 Not detected -
QA-06 L858R 5% 6,60 Not detected -
QA-07 AE746-A750 0.05% 6,86 Not detected -
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QA-08 AE746-A750 0.5% 6,74 Not detected -

QA-09 AE746-A750 5% 5,82 Not detected -
QA-10 Wild type 0% 4,81 Not detected -
QA-11 T790M/L858R 5% 6,44 Detected 5,7%
QA-12 T790M/L858R 0.5% 6,35 Detected 0,3%
QA-13 T790M/L858R 0.05% 7,42 Not detected -

AF —allelic frequency

Table 2.3. Genotyping results for samples collected after an initial negative plasma test.



1% test (plasma samples)

2" test

Patient # Date Date Sample type Result
P#1 29/11/2016 03/01/2017 FFPE Not detected
P#2 05/12/2016 27/12/2016 FFPE Not detected
P#3 09/03/2017 06/04/2017 FFPE Not detected
P#4 18/07/2017 07/08/2017 FFPE Detected
P#5 18/08/2017 07/11/2017 FFPE Not detected
P#6 15/09/2017 13/10/2017 Bronchoalveolar fluid Detected
P#7 25/09/2017 02/11/2017 FFPE Not detected
P#8 14/12/2017 22/01/2018 FFPE Not detected
P#9 07/02/2018 15/03/2018 FFPE Detected

P#10 07/03/2018 19/04/2018 FFPE Not detected
P#11 15/03/2018 20/11/2018 Plasma Detected

P#12 22/05/2018 22/08/2018 FFPE Not detected
P#13 28/06/2018 20/11/2018 Plasma Detected

P#14 26/11/2018 05/12/2018 FFPE Not detected
P#15 23/01/2019 13/03/2019 FFPE Not detected
P#16 24/04/2019 21/05/2019 Plasma Not detected
P#17 18/07/2019 12/09/2019 Plasma Not detected
P#18 12/09/2019 16/10/2019 Plasma Not detected

Table 2.4. Association of T790M detected in progression with EGFR activating mutations

detected at diagnosis.

EGFR mutation at diagnosis

T790M detected

T790M not detected

del19 N =17 (61%) N = 8 (35%)
L858R N =9 (32%) N = 10 (43%)
Other N =2 (7%) N =5 (22%)

del19 - any deletion or delins in exon 19

L858R - substitution of amino acid leucine to arginine at codon 858 in exon 21
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Figure 2.1 - Visualization of two-channel ddPCR data. Either wild type (WT) reference DNA only (left) or a mix of WT and mutant reference DNA (right) were analyzed. Scatter plots (A) and

histograms (B) are shown. Channel 2 (green) depicts the signal corresponding to WT EGFR. Channel 1 (blue) depicts the signal corresponding to mutant EGFR. In scatter plots, positive droplets

are depicted in blue and green, negative droplets are depicted in grey, and the threshold line is depicted in pink.
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3.3 Comprehensive Genomic Profiling of Cell-Free Circulating
Tumor DNA Detects Response to Ribociclib Plus Letrozole in a

Patient with Metastatic Breast Cancer

3.3.1 Highlights

Using massively parallel sequencing, we found a PIK3CA mutation and amplification

of the CCND1 gene in the plasma of a patient with metastatic breast cancer.

— The presence of both molecular alterations was confirmed in the primary tumor.

— After enrolment of the patient in a clinical trial, the two molecular alterations were
no longer detected, reflecting the clinical response.

— This study demonstrates the clinical utility of combining liquid biopsy and

comprehensive genomic profiling to monitor treatment response.
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3.3.3 Abstract

Analysis of cell-free circulating tumor DNA obtained by liquid biopsy is a non-invasive
approach that may provide clinically actionable information when conventional tissue
biopsy is inaccessible or infeasible. Here, we followed a patient with hormone receptor-
positive and human epidermal growth factor receptor (HER) 2-negative breast cancer who
developed bone metastases seven years after mastectomy. We analyzed circulating cell-
free DNA (cfDNA) extracted from plasma using high-depth massively parallel sequencing
targeting 468 cancer-associated genes, and we identified a clonal hotspot missense
mutation in the PIK3CA gene (3:178952085, A>G, H1047R) and amplification of the CCND1
gene. Whole-exome sequencing revealed that both alterations were present in the primary
tumor. After treatment with ribociclib plus letrozole, the genetic abnormalities were no
longer detected in cfDNA. These results underscore the clinical utility of combining liquid
biopsy and comprehensive genomic profiling to monitor treatment response in patients

with metastasized breast cancer.

Keywords: liquid biopsy; circulating cell-free DNA; metastatic breast cancer; ribociclib plus

letrozole
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3.3.4 Introduction

The development of metastases is a major cause of death in cancer patients (Chaffer and
Weinberg, 2011). While many tumors can be cured when detected early, once metastasis
forms, most cancers be-come incurable (Seyfried and Huysentruyt, 2013). In the case of
breast cancer, metastasis can be found in the lungs, liver and brain, in addition to lymph
nodes, but the bone is the most-affected site (Jin and Mu, 2015). Survival outcomes of
breast cancer patients differ depending on metastatic sites, with bone metastasis
associated with the best prognosis, and brain metastasis associated with the worst survival
(Wang et al., 2019).

Although metastatic disease can be present at diagnosis, most often, metastases are
detected months or years following initial diagnosis and treatment. In breast cancer,
metastatic recurrence has been reported ranging from months to decades after surgery
(Karrison, Ferguson and Meier, 1999). Such long-term relapse of disease in a patient who
was clinically asymptomatic can be attributed to cancer dormancy (Uhr and Pantel, 2011).
This phenomenon is likely caused by cancer cells that escaped from the primary tumor and
disseminated throughout the body (Sosa, Bragado and Aguirre-Ghiso, 2014). For unknown
reasons, these micrometastases remain ‘dormant’ in secondary sites and evade anti-cancer
therapies (Riggio, Varley and Welm, 2021). How the body controls the proliferation of
microclusters of disseminated tumor cells and why they occasionally transform into
growing metastases is unclear (Riggio, Varley and Welm, 2021).

The emergence of targeted therapies to treat metastatic breast cancer is extending life
expectancy (Caswell-Jin et al., 2018; Rinnerthaler, Gampenrieder and Greil, 2018). In
parallel, the development of non-invasive biomarker assays based on liquid biopsy
promises to enable the early detection of breast cancer relapse. Recent studies showed
that genomic alterations identified in the primary tumor of breast cancer patients could be
detected in circulating cell-free DNA (cfDNA) analyzed from plasma samples collected
approximately 10 months prior to clinical or radiological relapse (Coombes et al., 2019;
Garcia-Muirillas et al., 2019). Thus, liquid biopsy may contribute to initiating treatment of

metastatic disease at an earlier stage. In this regard, a meta-analysis study concluded that
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the earlier detection of all breast cancer recurrences would result in an absolute reduction
in mortality of 17-28% (Lu et al., 2009).

Liquid biopsy tests might not only identify recurrence early, but also inform the selection
of optimal treatment strategies (Riggio, Varley and Welm, 2021). Indeed, the clonal
heterogeneity of tumor cells limits efficacy and duration of response to targeted
treatments in metastatic cancer (Aparicio and Caldas, 2013). The analysis of cfDNA in
plasma may be sufficient to identify somatic alterations contributed by distinct metastases,
potentially circumventing the problem of lacking access to multiple metastatic tumor tissue
samples due to associated risks and costs (Murtaza et al., 2013).

The detection of circulating cell-free tumor DNA (ctDNA) requires very sensitive molecular
assays. Although PCR-based technologies, including droplet digital PCR, are powerful
methods for the accurate quantification of a scarce amount of circulating nucleic acids in
plasma, they can only test a few mutations per assay (Dang and Park, 2022). In contrast,
recent developments in massively parallel sequencing (also known as next generation
sequencing) technologies allow for the comprehensive genomic profiling of entire exonic
regions of hundreds of cancer-relevant genes, identifying base substitutions, insertions or
deletions, copy number alterations, and gene rearrangements (Woodhouse et al., 2020;
Caputo et al., 2022; Poh et al., 2022).

Here, we used an established tumor-normal massively parallel sequencing assay (Cheng et
al., 2015; Zehir et al., 2017) to characterize the genetic alterations present in the cfDNA
extracted from the plasma of a breast cancer patient who developed bone metastases. We
identified two DNA abnormalities that were already present in the primary tumor genomic
DNA. After treatment with ribociclib plus letrozole, the patient showed a significant clinical

improvement, and the two genetic alterations were no longer detected in the plasma.
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3.3.5 Methods

cfDNA Extraction from Blood Samples

Within 1 to 2h after blood collection in EDTA tubes, whole blood was centrifuged at 1600g
for 10min at room temperature. Then, the supernatant was transferred into falcon tubes,
wasting about 5mm of plasma to avoid buffy-coat disturbance. Next, the plasma samples
were centrifuged at 3000g for 10min at room temperature. This high g-force centrifugation
step removes cellular debris and thereby reduces the amount of cellular or genomic DNA
and RNA in the sample. After this step, the supernatants were collected into microtubes (2
or 5mL), without disturbing the pellet containing cell debris. Plasma samples were frozen
and stored at -80°C.

For cfDNA extraction, 4mL of plasma were thawed. The cfDNA was purified using QiAamp®
MinElute® ccfDNA kit from Qiagen, according to the manufacturer’s instructions. The
cfDNA was eluted in 50uL of ultra-clean water and quantified using the Qubit® 3.0
Fluorometer (Invitrogen, Life Technologies) with Qubit® dsDNA HS Assay kit (Invitrogen,
Life Technologies), according to the manufacturer’s protocol. Sample quality was assessed
using High Sensitivity D1000 ScreenTape (TapeStation, Agilent Technologies), according to
the manufacturer’s instructions. The purified cfDNA was stored at -80°C.

To assess quality of extracted cfDNA, samples were analyzed using a fragment analyzer
(TapeStation 4200, Agilent Technologies). This assay uses a fluorescently stained double-
stranded DNA and separates nucleic acids by means of electrophoresis. The TapeStation
Analysis software automatically determines size, quantity, and purity of each sample. The
size determination is based on a known ladder with specific sizing standards. The known

concentration of the upper marker is used to determine concentration values.

Genomic DNA Extraction from Blood Samples

Genomic DNA (gDNA) was extracted from the buffy-coat of the blood sample collected
before enrollment in the clinical trial. After removal of plasma, a red blood cell lysis buffer
(in-house solution) was added and incubated for 10min at 4°C. Then, the sample was
centrifuged at 250g for 10min. The supernatant was discarded and the pellet containing

white blood cells was washed with PBS 1x (Sigma). After centrifugation at 250g for 10min,
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the supernatant was discarded, and the pellet was resuspended in 1mL of PBS 1x (Sigma)
and again centrifuged at 250g for 10min. The supernatant was discarded, and the dry pellet
was stored at -80°C.

DNA was extracted using a QIAmp® Blood mini kit from Qiagen, according to the
manufacturer’s instructions. The DNA was quantified using Qubit® 3.0 Fluorometer
(Invitrogen, Life Technologies) with the Qubit® dsDNA HS Assay kit (Invitrogen, Life

Technologies), according to the manufacturer’s protocol.

Sequencing and Analysis of cfDNA and gDNA Extracted from Blood Samples

Both the cfDNA and matched normal gDNA were subjected to massively parallel
sequencing using an established tumor-normal assay (Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets; MSK-IMPACT) that targets 468 cancer-
related genes (Cheng et al., 2015; Zehir et al., 2017). Sequencing data were processed and
analyzed as previously reported (De Mattos-Arruda et al., 2014; Weigelt et al., 2018; Da
Cruz Paula et al., 2020). Briefly, reads were aligned to the reference human genome
GRCh37 using the Burrows—Wheeler Aligner (v0.7.15) (Li and Durbin, 2009). Local
realignment, duplicate removal, and base quality recalibration were performed using the
Genome Analysis Toolkit (v3.7) (DePristo et al., 2011). Somatic single-nucleotide variants
(SNVs) were detected by MuTect (v1.0) (Cibulskis et al., 2013), and small insertions and
deletions (indels) were detected using a combination of Strelka (v2.0.15) (Saunders et al.,
2012), VarScan2 (v2.3.7) (Koboldt et al., 2012), Lancet (v1.0.0) (Narzisi et al., 2018), Scalpel
(v0.5.3) (Narzisi et al., 2014), and Platypus (Rimmer et al., 2014). Pathogenic mutations
were defined as variants that were deleterious and/or mutational hotspots. Allele-specific
copy number alterations (CNAs) and loss of heterozygosity (LOH) were defined using
FACETS (Shen and Seshan, 2016), as previously described (Pareja et al., 2019; Da Cruz Paula
et al., 2020). The fraction of the genome altered was computed from the CNAs obtained
from FACETS. The cancer cell fraction of each mutation was determined using ABSOLUTE
(v1.0.6) (Carter et al., 2012), as previously described (Weigelt et al., 2018; Pareja et al.,
2019; Da Cruz Paula et al., 2020).
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Sequencing and Analysis of Primary Tumor Genomic DNA

DNA was extracted from the FFPE primary tumor sample, and lllumina DNA Prep with
Enrichment was used for generating whole-exome sequencing libraries, with 40ng input
DNA, as previously described (Golkaram et al., 2021). In brief, following quantification with
Qubit® dsDNA High Sensitivity assay, four libraries were pooled for enrichment (4-plex)
such that 500ng of each library was used. Target enrichment was performed using IDT xGen
Exome Research Panel. A single hybridization was done overnight at 58°C, with 12 cycles
of post-enrichment PCR. Libraries were quantified by Qubit® dsDNA High Sensitivity assay,
normalized, and pooled. Samples were sequenced with 151bp paired-end reads on the
NovaSeq 6000 S4 flow cell using the XP workflow for individual lane loading.

Whole-exome sequencing data were processed as previously described (Golkaram et al.,
2021). An un-paired normal sample was used to perform variant calling. All germline
variants observed in a database curated in-house, which includes the most common
germline variants present in dbSNP (Sherry et al., 2001), were removed. Copy number
changes were estimated as previously described (Golkaram et al., 2021). Tumor purity and
ploidy were estimated using Sequenza 2.1, and sciClone 1.1 was used for clonality

estimation (Golkaram et al., 2021).
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3.3.6 Results

Clinical Case

The patient is a woman who was first admitted to hospital in June 2009, at the age of 34
years. She presented with a palpable mass (4 x 4 cm) in the upper outer quadrant of the
right breast, with no skin alterations, and an axillary lymphadenopathy on the right side
(0.5 x 1.0 cm). A diagnostic mammogram and breast ultrasound showed a hypoechoic area
in the upper outer quadrant, with irregular borders and 18 mm of diameter. A microbiopsy
was performed that revealed an invasive ductal carcinoma of not otherwise specified (NOS)
that was estrogen receptor-positive (ER+), progesterone receptor-positive (PR+), human
epidermal growth factor receptor 2-negative (HER2-). p53 was normal as detected by
immunohistochemistry.

The patient started neoadjuvant chemotherapy (CTX) with doxorubicin together with
cyclophosphamide. After the 5t cycle of treatment, a computed tomography (CT) scan of
the abdomen and pelvis revealed a tumor in the right ovary (5 cm). In December 2009, the
patient was subjected to a breast conservative surgery with axillary lymph node dissection,
and a right salpingo-oophorectomy. The histological exam revealed a residual invasive
ductal carcinoma NOS in multiple areas with positive margins, an axillary lymph node
metastasis of the same type, and a mature cystic teratoma of the ovary (6 cm).

In January 2010, the patient underwent a mastectomy. Post-surgical treatment was
adjuvant CTX with docetaxel and, subsequently, hormonal therapy with goserelin and
tamoxifen. The patient also underwent adjuvant radiotherapy. Analysis of genomic DNA
extracted from a blood sample revealed no pathogenic germline mutations in the BRCA1
and BRCA2 genes.

In September 2017, the patient presented with knee pain. A chest-abdomen-pelvis CT scan
showed multiple lytic bone lesions, with soft-tissue involvement in the right iliac (Table
3.1). Lytic bone lesions were also detected in lumbar vertebral bodies (Table 3.1). The
patient enrolled in an open-label clinical phase 3b trial with ribociclib combined with
letrozole (CompLEEment-1, NCT02941926). A considerable clinical improvement was
observed after treatment, including a decrease in pain score and partial remission of the

target bone lesion in the pelvis at the CT scan (Table 3.1). In November 2018, the patient
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was treated with denosumab (120 mg at 4-week intervals). A partial response of the target

and non-target lesions was observed until the 24t cycle (Table 3.1).

Genomic Profiling of Plasma cfDNA

Blood samples were collected before (Pre-cfDNA) and after (Post-cfDNA) the patient
enrolled in the clinical trial, and cfDNA was extracted as indicated in Table 3.2.

A gDNA sample was additionally extracted from the buffy-coat obtained from the blood
collected in September 2017. In both cfDNA samples, we detected cfDNA fragments with
sizes ranging between 70 to 200 base pairs (bp), with a peak at approximately 150bp
(Figure 3.1).

Pre-cfDNA was subjected to massively parallel sequencing using the MSK-IMPACT assay
that targets 468 cancer-related genes, detecting all protein-coding mutations, copy
number alterations, and selected promoter mutations and structural rearrangements
(Cheng et al., 2015; Zehir et al., 2017). The sequencing panel includes oncogenes, tumor
suppressor genes, and members of pathways deemed actionable by targeted therapies,
and are recurrently altered in cancer. This sequencing assay has been employed for the
study of >25,000 tumors (Nguyen et al., 2022) as well as cfDNA (De Mattos-Arruda et al.,
2014). Two genomic alterations were detected: a missense mutation in the PIK3CA gene
(3926.32, Figure 3.2) and an amplification of the CCND1 gene (11q13.3, Figure 3.3). The
PIK3CA hotspot mutation (3:178952085, A>G, H1047R) was present at a variant allele
frequency (VAF) of 0.14 (28 out of 200 reads). This variant was present in an estimated
cancer cell fraction (CCF) of 0.97, indicating that the variant is likely clonal. The matched
normal gDNA sample had a coverage of 199 reads at this position (3:178952085), and no
altered reads were detected.

The presence of both molecular alterations was confirmed in gDNA from the primary
tumor. In the primary tumor tissue, the hotspot mutation in PIK3CA (H1047R) was present
with an estimated CCF of 1. This mutation was detected with an estimated purity of 0.34
and a ploidy of 1.8, with a normal allelic depth of 392 and a tumor allelic depth of 93 (VAF
=0.2). Additionally, amplification of the CCND1 gene was observed, with an estimated fold

change of 1.25. No other molecular changes were identified.

68



The analysis of cfDNA after treatment (Post-cfDNA) did not detect either of the two
alterations. In the PIK3CA gene, we identified 266 reads covering the position of interest
(3:178952085), and none presented this variant (Figure 3.2). Moreover, amplification of

the CCND1 gene was no longer observed (Figure 3.3). Thus, the results in cfDNA mirror the

clinical response.
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3.3.7 Discussion

This study highlights the utility of cfDNA analysis for therapy monitoring in metastatic
breast cancer patients. Our results are consistent with previous reports indicating that
circulating tumor DNA can be used as surrogate marker of treatment outcome (Dawson et
al., 2013; Murtaza et al., 2013). Recently, genotyping cfDNA in plasma samples from
patients in the randomized phase IIl PALOMA-3 study of CDK4/6 inhibitor palbociclib and
fulvestrant for women with advanced ER+ breast cancer showed that a reduction in the
levels of mutant PIK3CA DNA detected in circulation correlated with improved progression-
free survival (PFS) after treatment (O’Leary et al., 2018). Similarly, patients with ER+
advanced metastatic breast cancer enrolled in the phase I/Il randomized BEECH trial
(paclitaxel plus placebo versus paclitaxel plus AKT inhibitor capivasertib) with decreased
levels of mutant cfDNA detected in plasma after 4 weeks of treatment had substantially
improved PFS (Hrebien et al., 2019).

Using massively parallel sequencing to analyze cfDNA in the patient plasma before
treatment, we detected the PIK3CA hotspot mutation H1047R. PIK3CA is one of the two
most frequently mutated genes in breast cancers, occurring in 30-40% of cases, and
H1047R is the most common mutation in this gene (Pereira et al., 2016; Martinez-Saez et
al., 2020). The PIK3CA gene encodes the catalytic subunit of phosphatidylinositol 3-kinase
(P13K), and the H1047R mutation induces gain of enzymatic function, allowing PI3K to signal
without regulation and triggering oncogenic properties (Isakoff et al., 2005; Bader, Kang
and Vogt, 2006). When present, PIK3CA mutations are typically found in both the primary
tumor and in the relapsed/metastatic tissue (Yates et al., 2017). Consistent with the finding
that PIK3CA mutations are predominantly truncal events in breast cancer, we identified the
H1047R mutation to be clonal and likely early occurrence in tumor evolution. Notably, a
previous study showed that truncal mutations in PIK3CA detected by liquid biopsy
predicted sensitivity to palbociclib, whereas sub clonal mutations were weak predictors of
outcome (O’Leary et al., 2018). More recently, the sequencing of circulating tumor DNA in
patients enrolled in the phase Il MONALEESA-7 trial revealed a treatment response to
endocrine therapy plus ribociclib independent of the PIK3CA mutational status (Bardia et

al., 2021).
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In addition to the PIK3CA hotspot mutation, our cfDNA analysis identified the amplification
of CCND1, an oncogene that encodes the protein cyclin D1. The cyclin dependent kinases 4
and 6 (CDK4/6) form complexes with D-type cyclins that act on the retinoblastoma protein
Rb and drive cell cycle progression (Topacio et al., 2019). CCND1 amplification leads to
increased cyclin D1 expression and inappropriate cyclin D-CDK4/6 activity (Elsheikh et al.,
2008; Jeffreys et al., 2022), thus promoting sustained cell proliferation, which is one of the
hallmarks of cancer (Hanahan and Weinberg, 2011). CCND1 amplification occurs in 10-35%
of breast cancers and is typically associated with positive ER status (Elsheikh et al., 2008;
Jeffreys et al., 2022). Breast cancer patients with CCND1 amplification tend to show a poor
response to endocrine therapy (Jeffreys et al., 2022), which may be related to the ability of
cyclin D1 to stimulate the growth of estrogen responsive tissues through a CDK-
independent mechanism by activating the transcription of ER-regulated genes in the
absence of estrogen (Zwijsen et al., 1997). However, the clinical benefit after ribociclib and
endocrine therapy was observed in advanced ER+/HER2- breast cancer patients with
altered CCND1 (Bardia et al., 2021).

The patient reported in this study was treated with the CDK4/6 inhibitor ribociclib
combined with the aromatase inhibitor letrozole. After treatment, the patient had a
significant clinical improvement, and no molecular abnormalities were detected by
massively parallel sequencing of cfDNA. A drawback of sequencing cfDNA is the problem of
false negatives. Indeed, not all cancer cells release their DNA into circulating blood, and the
concentration of cell-free tumor DNA in the plasma may be below the sensitivity of
available technologies. However, in this case, the cfDNA results mirrored the clinical
response. A limitation of our study is that we did not monitor the patient cfDNA
prospectively to determine whether detectable genetic alterations could be detected prior
to clinical relapse.

Based on the results of recent trials, ribociclib plus letrozole is currently considered the
frontline treatment option in postmenopausal patients with advanced ER+/PR+/HER2-
breast cancer (De Laurentiis et al., 2022; Hortobagyi et al., 2022). Although these trials
showed a consistent overall survival benefit, future studies are needed to stratify drug
response according to sub-groups defined by patient and disease characteristics. In this

regard, comprehensive profiling of cfDNA isolated from plasma samples may contribute a
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real-time assessment of driver and actionable mutations and their clonal evolution in

response to treatment.
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Tables

Table 3.1. Lesions follow-up according to the RECIST 1.1 criteria

Target lesion

Lytic bone lesions, right iliac with soft-tissue involvement

Follow-up date 19-Dec-2017  13-Mar-2018  5-Jun-2018 27-Sep-2018 4-Dec-2018 11-Mar-2019 4-Jun-2019 29-Aug-2019
Size 81 mm 58 mm 57 mm 54 mm 48 mm 47 mm 46 mm 42 mm
Non-target lesion Lytic bone lesions, lumbar vertebral bodies

Follow-up date 19-Dec-2017 13-Mar-2018  5-Jun-2018 27-Sep-2018 4-Dec-2018 11-Mar-2019 4-Jun-2019 29-Aug-2019
Number Multiple Multiple Stable Stable Stable Stable Stable Stable

Table 3.2. Blood and plasma sample details.

Sample Concentration Sample Volume

Sample ID Collection date Sample type
(ng/uL) (uL)
Pre gDNA 18/Sep/2017 Buffy-coat 70,5 40,0
Pre cfDNA 18/Sep/2017 Plasma (4mL) 0,7 45,0
Post cfDNA 25/Jun/2018 Plasma (4mL) 0,3 45,0
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Figures
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Figure 3.1 - TapeStation analysis of DNA extracted from plasma collected before (left) and after (right) treatment with
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ribociclib plus letrozole. Arrows indicate cfDNA fragments (with a peak at ~150 bp).
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Figure 3.2 - Integrative Genomics Viewer (IGV) screenshot of the PIK3CA variant detected in cell-free DNA using targeted
massively parallel sequencing. The top panel depicts the sequencing reads of the genomic DNA from buffy-coat collected
before treatment (Pre-gDNA). The middle and bottom panels depict the sequencing reads of the cell-free (cf)DNA collected
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before (Pre-cfDNA) and after (Post-cfDNA) treatment with ribociclib plus letrozole. PIK3CA hotspot mutation
(3:178952085, A>G, H1047R) was detected only in cfDNA before treatment (middle, alternate alleles are shown in orange).
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Figure 3.3 - Copy number analysis of cell-free DNA (cfDNA) extracted from plasma collected before (A) and after (B)
treatment with ribociclib plus letrozole. Amplification of the CCND1 gene in chromosome 11 (arrow) was detected at

baseline before treatment, but not after therapy.
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3.3b Explore liquid biopsies in urine

3.3b.1 Motivation

Liquid biopsies in urine have the advantage of being less invasive than blood analysis. To
determine whether cancer-associated mutations can be identified in urine, we
implemented a targeted ddPCR assay for the most common PIK3CA mutations, and we

screened urine samples from the patient with a PIK3CA mutation detected in the plasma.

3.3b.2 Methods

Isolation of cfDNA from urine

Urine samples were collected into two 50mL tubes containing Urine Preservative Single
Dose Solution (Norgen Biotek), previously supplied to each patient. According to the
manufacturer’s instructions, this solution prevents microbial growth and preserves nucleic
acids for up to two years, at room temperature. The first urine in the morning was
collected. Extraction was performed from the first urine flow (U1), which is expected to be
more enriched in cell-free DNA. Midstream urine (U2) was additionally used in order to
understand if there were differences between samples.

Urine samples were centrifuged at 200g for 10 minutes and the supernatant was
transferred into falcon tubes. Then, samples were centrifuged at 16000g for 10minutes in
a high-speed centrifuge at 4°C. After this, the supernatant was transfer to a new tube. At
this point, the samples were ready for cfDNA extraction or could be kept at 4°C until further
use (Figure 3.4).

For cfDNA isolation, two commercial kits were used. MagMAX™ Cell-Free DNA Isolation kit
(Applied Biosystems™) and QlAamp® Circulating Nucleic Acid (Qiagen). Using the
MagMAX™ Cell-Free DNA lIsolation kit (Applied Biosystems™) 10mL of urine sample were
used, while using QlAamp® Circulating Nucleic Acid kit (Qiagen), 4mL of urine sample were
used. The extractions were conducted according to the manufacturer’s instructions. The
cfDNA was eluted in 20uL (MagMAX™ Cell-Free DNA Isolation kit) or 30-50uL (QlAamp®
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Circulating Nucleic Acid kit) of ultra-clean water. cfDNA was quantified using the Qubit® 3.0
Fluorometer (Invitrogen, Life Technologies) with Qubit® dsDNA HS Assay kit (Invitrogen,
Life Technologies). Sample quality was accessed using High Sensitivity D1000 ScreenTape
(TapeStation 4200, Agilent Technologies), according to the manufacturer’s instructions
(Figures 3.5 to 3.9). The purified cfDNA was stored at 4°C for up to 16 hours or at -80°C for

longer periods.

Detection of PIK3CA E545K and H1047R mutations by Droplet Digital PCR (ddPCR)

We used the QX200™ Droplet Digital PCR System (Bio-Rad, Hercules, CA, USA), and Bio-Rad
unique assays (dHsaMDV2010075 and dHsaMDV2010077). For the PIK3CA E545K mutation
the reference standard used was the Horizon DNA HD689 (Horizon Discovery Ltd.,
Cambridge, UK). For the H1047R we used MFM-223 cell line as reference standard. Each of
the standards worked as negative control for the other mutation.

After several tests regarding the annealing temperature and the number of cycles, the
optimal annealing temperature was established at 54°C. Altogether, the thermocycling
conditions included an initial incubation at 95°C for 10 minutes, 45 cycles of 94°C for 30
seconds and 54°C for 1 minute, followed by an inactivation step at 98°C for 10 minutes.
Two replicates were analyzed per sample, and the total amount of DNA loaded (considering
the two replicates), range from 1 to 30ng (Table 3.3). No template control (NTC) was used
to exclude PCR contamination.

Amplification results were analyzed using QX200™ Droplet Reader and QuantaSoft™
software. Samples with three or more positive mutant droplets were considered positive,
as recommended by the best practice guidelines for rare mutation detection (Biorad,

2018).

Statistical analysis

The concentrations of target alleles were calculated using QuantaSoft™ software (Bio-Rad)
based on Poisson distribution. Mutant cfDNA molecules were reported as number of copies
per millilitre (mL) of urine. The mutant allelic frequency was determined as the ratio of

mutant droplets relative to the sum of mutant and wild-type droplets.
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3.3b.2 Results

Urine samples analysis using ddPCR

As demonstrated in Figures 3.10 to 3.13 the ddPCR assay was successfully implemented.
The 2D plots presented are divided in four quadrants: positive droplets for the mutations
(blue, up left), empty droplets (grey, bottom left), double positive droplets (orange, up
right), and wild-type droplets (green, down right).

In Figures 3.10 and 3.12 we are able to see the 2D plot of the positive controls (VAF=1%),
with the representation of the positive droplets (blue, up left quadrant) for each mutation
(Figures 3.10. E545K and Figure 3.12. H1047R). In Figures 3.11 and 3.13 we are able to see
the 2D plot of the negative controls with the representation of the wild-type droplets
(green, bottom right quadrant) together with the absence of positive droplets, which
demonstrate the specificity of the assay.

The results for the hotspot mutation of interest (H1047R) obtained in urine samples
collected before the patient enrolled in the clinical trial are represented in Figures 3.14 to
3.18. Overall, 2 samples were tested (urine first flow and midstream urine) and 5 attempts
were made. Three independent extractions were done for first flow urine (one with
MagMax kit and two with QlAamp kit), and two independent extractions for midstream
urine (both with QlAamp kit). All samples were validated since all presented >10.000
droplets per well (Table 3.3) (Biorad, 2018), however, the scant concentration present in
all urine first flow attempts in patent in the figures since the vast majority of droplets found
were empty droplets (without DNA template). The midstream urine, showed better results,

with a good quantity of wild-type droplets, but no positive droplet was detected.
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3.3b.3 Discussion

This study sought to monitor response to therapy by liquid biopsy, in a case with metastatic
breast cancer, using cfDNA extracted from plasma and urine. These would be two less
invasive approaches to monitor disease evolution and both have been exploited in previous
studies. Recently, Guan et al. and Zhang et al. showed the feasibility of the use of plasma
and midstream urine cfDNA in real-time monitoring of BC patients. They studied a group of
patients with BC and PIK3CA mutation and/or a TP53 mutation that they seek to follow.
Concordance between tissue and cfDNA was access. Moreover, they have demonstrated
the specificity of their studies by comparing the amount of urinary cfDNA with healthy
volunteers and reported an increased amount of urinary cfDNA in the BC patients.
Additionally, cfDNA measurements in the healthy donors are stable when compared with
cancer patients (Guan et al., 2020; Zhang, Zhang and Shen, 2020; Zuo et al., 2020). Guan et
al. also reported that BC patients with either PIK3CA or TP53 mutation showed higher levels
of urinary cfDNA when compared with wild-type BC patients. Another observation of
interest was that after surgery, there was a significant drop in the amount of cfDNA in the
BC patients, while healthy donors maintained the baseline levels of cfDNA. For this reason,
there was several patients in which they could not detect mutations by ddPCR in the post-
surgery sample (Guan et al., 2020).

The first limitation present in this work is poor sampling. A single patient to test, with a
known MPS result (PIK3CA H1047R), allowing us to seek the same variant in urine by a
different methodology. The second limitation was the absence of enough plasma sample
to try to reproduce the MPS result with the ddPCR technology. The third limitation was the
uncertainty regarding the stability of cfDNA in urine. The use of preservative solution and
storage at room temperature for more than a year until de cfDNA extraction might have
influenced the performance of our assays. Additionally, there was an unexpected result
regarding the cfDNA extraction from urine samples. It was expected to obtain a higher
guantity of cfDNA in the first flow urine, compared with midstream urine. It was also
expected that the first flow urine might present a considerable amount of genomic DNA
and that was not noticed in the TapeStation results in any of the three extractions. This

might reflect the poor stability of the nucleic acids in this sample type, even using the
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preservative solution. Nevertheless, it is now well established that the use of the
midstream urine must prevail and that the samples should be processed almost
immediately (Guan et al., 2020; Zhang, Zhang and Shen, 2020; Zuo et al., 2020).

Albeit the lack of success using ddPCR and urine samples to follow-up the treatment
response, these results demonstrate that profiling of cancer-associated genes by MPS in
plasma samples is an effective strategy for monitoring treatment response in a BC patient

with metastatic disease.
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Tables

Table 3.3. Detailed information about extraction kit used in urine samples, ddPCR DNA input and

obtained results

E545K H1047R
Accepted Positive | Accepted Positive
Sample ID Input (ng)
Droplets droplets | Droplets droplets
ddPCR #1 assay
NTC 0,0 32636 0 38432 0
CTRL NEG 15,0 28556 0 35533 0
CTRL POS 1% 15,0 30675 14 35981 19
Pre cfDNA #1.U1 1,0 35435 0 38603 0
ddPCR #2 assay
NTC 0,0 34702 0 32317 0
CTRL NEG 15,0 33088 0 31373 0
CTRL POS 1% 15,0 33676 14 36581 15
Pre cfDNA #2.U1 5,0 33399 0 33539 0
Pre cfDNA #3.U2 30,2 33111 0 30056 0
Pre cfDNA #4.U1 15,5 30793 0 27475 0
Pre cfDNA #5.U2 30,1 34693 0 29331 0

U1 — urine first flow

U2 — midstream urine
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Figure 3.4 - Schematic representation of the urine sample testing with ddPCR.
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Figure 3.5 - Pre cfDNA #1.U1. cfDNA sample extracted from first flow urine, using MagMAX™ Cell-Free DNA Isolation kit.
This image shows a too low concentrated sample. A region was selected, between 40 and 300bp to calculate the possible

¢fDNA present and a 18,4pg/ulL concentration was obtained (0,0184ng/ul) This sample presented a 0,13ng/ul
concentration when quantified with Qubit® 3.0.
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Figure 3.6 - Pre cfDNA #2.U1. cfDNA sample extracted from first flow urine, using QlAamp® Circulating Nucleic Acid kit.

This image shows a too low concentrated sample. A region was selected, between 100 and 200bp to calculate the possible

¢fDNA present and a 0.597pg/ulL concentration was obtained (0,000597ng/uL) This sample presented a 0,315ng/uL

concentration when quantified with Qubit® 3.0.
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Figure 3.7 - Pre cfDNA #3.U2. cfDNA sample extracted from midstream urine, using QlAamp® Circulating Nucleic Acid kit.
A region was selected, between 100 and 200bp to calculate the possible cfDNA present and a 242pg/uL concentration was

obtained (0,242ng/uL) This sample presented a 3,97ng/ul concentration when quantified with Qubit® 3.0.
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Figure 3.8 - Pre cfDNA #4.U1. cfDNA sample extracted from first flow urine, using QlAamp® Circulating Nucleic Acid kit.
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This image shows a too low concentrated sample. A region was selected, between 100 and 200bp to calculate the possible

¢fDNA present and a 0.528pg/ulL concentration was obtained (0,000528ng/uL) This sample presented a 0,980ng/uL

concentration when quantified with Qubit® 3.0.
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Figure 3.9 - Pre cfDNA #5.U2. cfDNA sample extracted from midstream urine, using QlAamp® Circulating Nucleic Acid kit.
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A region was selected, between 100 and 200bp to calculate the possible cfDNA present and a 245pg/uL concentration was
obtained (0,245ng/ul) This sample presented a 8,13ng/uL concentration when quantified with Qubit® 3.0.
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Figure 3.10 - 2D plot results for PIK3CA E545K positive control (VAF=1%). In the up left quadrant, we are able to see the

positive droplets (blue) for E545K mutation.
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Figure 3.11 - 2D plot results for PIK3CA E545K WT, represented by the green droplets present in the bottom right quadrant.
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Figure 3.12 - 2D plot results for PIK3CA H1047R positive control (VAF=1%). In the up left quadrant, we are able to see the

positive droplets (blue) for H1047R mutation.
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Figure 3.13 - 2D plot results for PIK3CA H1047R WT represented by the green droplets present in the bottom right

quadrant.
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Figure 3.14 - 2D plot results for urine sample Pre cfDNA #1.U1 — PIK3CA H1047R. The absence of WT or positive droplets

indicates the unsuccess of this experiment, due to the fact of having scarce cfDNA input.
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Figure 3.15 - 2D plot results for urine sample Pre cfDNA #2.U1 — PIK3CA H1047R. In the bottom right, the presence of

scarce WT droplets demonstrates the presence of a low concentrated sample.
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Figure 3.16 - 2D plot results for urine sample Pre cfDNA #3.U2 — PIK3CA H1047R. WT droplets present in a good number,

but no positive droplets to show.
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Figure 3.17 - 2D plot results for urine sample Pre cfDNA #4.U1 — PIK3CA H1047R. In the bottom right, the presence of

scarce WT droplets demonstrates the presence of a low concentrated sample.
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Figure 3.18 - 2D plot results for urine sample Pre cfDNA #5.U2 — PIK3CA H1047R. WT droplets present in a good number,

but no positive droplets to show.
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4. Discussion

Cancers have a diverse repertoire of somatic mutations and intratumor genetic
heterogeneity has been shown, as well as discrepancies in the mutational status of original
tumors and metastasis. This intratumor genetic heterogeneity, in both space and time,
might represent a challenge for precision medicine and remains the doubt whether the
best way to assess cancer’s genetic repertoire is to look at primary tumor tissue, metastatic
sites, circulating biomarkers, or all three (Bidard, Weigelt and Reis-Filho, 2013).

Improvements in molecular profiling have resulted in a rapid increase in the number of
predicted molecular biomarkers and related targeted therapies, requiring large-scale,
prospective tumor profiling studies for all cancer types. Tumor tissue is the primary
specimen of choice for biomarker detection in the majority of comprehensive MPS-based
profiling approaches. Despite their widespread use, acquiring a sufficient tissue sample
remains one of the main challenges in some situations due to the requirement for invasive
biopsies (Rose Brannon et al., 2021). Moreover, there are several potential limitations
regarding tissue sampling, which lead to assay failures, such as low tumor cellularity, low
DNA yield, or quality (due to DNA fragmentation in FFPE samples, for instance) (Rolfo et al.,
2020; Rose Brannon et al., 2021). Besides, a single tumor biopsy may not be representative
of genetic heterogeneity present in the tumor, and, for this reason, the genetic repertoire
will not be fully accessed. Taken together, this leads us towards the advantage of use cfDNA
sample to perform tumor profiling (Thorat, 2019; Rakha and Pareja, 2021; Rose Brannon et
al., 2021). However, there are still some limitations regarding the use of ctDNA as a
biomarker of interest. The limit of detection for detecting ctDNA is still not low enough,
implying that the assay's sensitivity is insufficient to detect mutations when there is a small
tumor burden, when there is low tumor shed into the blood, or when low mutant allele
frequencies are present. Even in metastatic disease with relatively higher ctDNA quantities,
the current limit of detection leads to poor repeatability between assays, leading to
discordance between ctDNA results (Qin, 2019; Thorat, 2019; Li et al., 2020; Turner et al.,

2020; Rose Brannon et al., 2021).
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More sensitive assays, like ddPCR could be applied to overcome this challenge. However,
they are quite limited by the fact of interrogating a single locus at a time, given an
insufficient response to the necessities (Rose Brannon et al., 2021). Another alternative is
the use of more sensitive assays using MPS technology. The used of unique molecular
identifiers (barcodes), together with deep sequencing (~20.000x raw coverage), helps to
reduce the error rates and gives a more sensitive and precise result (Qin, 2019; Rose
Brannon et al., 2021). However, considering the coverage needed to obtain these
trustworthy results a high-throughput sequencing machine is needed, and the costs are
substantial. Moreover, to improve analysis, and to accurate report only somatic mutations,
there is a need of sequencing gDNA together with the cfDNA sample, duplicating the cost
with the test (Rose Brannon et al., 2021). The use of a normal sample is crucial namely to
filter germline variants as well as somatic variants related to clonal hematopoiesis, thus
avoiding false-positive results (Rolfo et al., 2020; Cheng et al., 2021; Rose Brannon et al.,
2021).

cfDNA analysis for therapy selection, treatment response monitoring, and resistance
mechanisms detection has been widely used, namely in NSCLC. PCR-based approaches
have been validated and approved for this purpose, however, it is known that MPS panels
would be able to give more complete information (Rolfo et al., 2020; Cheng et al., 2021).
In BC, the clinical value of ctDNA analysis is also undeniable and has emerged as a diagnostic
tool for patient selection and disease monitoring (Rolfo et al., 2020). According to NCCN
guidelines, luminal BC patients should be tested for PIK3CA mutations in cfDNA, but in the
presence of a negative result, tumor testing is recommend (Cheng et al., 2021).

Even though there are no doubts about the utility of the use of ctDNA MPS profiling in
cancer, the use of liquid biopsies in clinical practice is not well established but it will be in
a near future (Rolfo et al., 2020; Cheng et al., 2021).

Regarding the four main objectives of the present work, we were able to study three main
methodologies (MPS, Sanger sequencing, and PCR-based solutions), and we managed to
work with three types of samples (tumor-tissue, plasma cfDNA, and urinary cfDNA).

In the first study, a cohort of patients was screened to seek uncommon genetic alterations
in the EGFR gene, which were not detectable by commercial PCR-based methods targeted-

methods. We conclude that PCR-based targeted-methods for EGFR genotyping can only
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identify the most common genetic alterations, missing about 3% of rare mutations that are
only detected by sequencing methods and that might give therapeutic options to the
patients.

Regarding the second objective of this work, a ddPCR strategy was optimized to offer EGFR
T790M mutation detection in plasma samples NSCLC patients in progression and with
acquired resistance to first- or second-generation EGFR-TKIs. It was possible to detect EGFR
T790M mutation in cfDNA with an allele frequency as low as 0.5%. Moreover, it was
showed that repeated ddPCR tests in cfDNA may obviate tissue re-biopsy in patients unable
to provide a tumor tissue sample.

Moving into the third challenge, MPS technology was tested to look for mutations in cfDNA
that would allow a close follow-up of a patient with metastatic breast cancer. We were
managed to find two alterations in two common cancer genes (PIK3CA and CCND1), and in
the follow-up sample, these two alterations were no longer detected in the cfDNA,
highlighting the utility of liquid biopsy to monitor drug response. In the continuation of this
study, a ddPCR assay was implemented to screen the PIK3CA mutation in the urinary cfDNA
of the same patient. Although the implementation was well succeeded, we failed to detect

the mutation in the urine.
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4.1 Conclusions and future steps

In this work, we analyzed the most frequently used methods in Precision Oncology and
sought to address the main advantages and disadvantages of each technology. Moreover,
the importance of the sample chosen for each scenario was also addressed and has been
demonstrated that this is a crucial step for the success of the decision.

Although the use of cfDNA it is not well established in the clinical routine, there are no
doubts that liquid biopsy is a very promising tool in cancer detection and diagnosis, and big
research efforts are underway to tackle the limitations so that it can reach its full potential.
At GenoMed we are committed to providing the most cutting-edge solutions for our
doctors and patients, and we will continue to work towards a more achievable and cost-
effective Precision Medicine.

With the increasing number of variants detected in the MPS panels used in the clinical
practice, we strongly recommend that the results are evaluated in a context of a
multidisciplinary molecular tumor board (MTB), and we are available to participate in these

meetings and provide our expertise so that the patients can benefit from their results.
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Abstract: Analysis of cell-free circulating tumor DNA obtained by liquid biopsy is a non-invasive
approach that may provide clinically actionable information when conventional tissue biopsy is
inaccessible or infeasible. Here, we followed a patient with hormone receptor-positive and human
epidermal growth factor receptor (HER) 2-negative breast cancer who developed bone metastases
seven years after mastectomy. We analyzed circulating cell-free DNA (cfDNA) extracted from
plasma using high-depth massively parallel sequencing targeting 468 cancer-associated genes, and
we identified a clonal hotspot missense mutation in the PIK3CA gene (3:178952085, A > G, H1047R)
and amplification of the CCND1 gene. Whole-exome sequencing revealed that both alterations
were present in the primary tumor. After treatment with ribociclib plus letrozole, the genetic
abnormalities were no longer detected in cfDNA. These results underscore the clinical utility of
combining liquid biopsy and comprehensive genomic profiling to monitor treatment response in
patients with metastasized breast cancer.

Keywords: liquid biopsy; circulating cell-free DNA; metastatic breast cancer; ribociclib plus letrozole

1. Introduction

The development of metastases is a major cause of death in cancer patients [1]. While
many tumors can be cured when detected early, once metastasis forms, most cancers
become incurable [2]. In the case of breast cancer, metastasis can be found in the lungs,
liver and brain, in addition to lymph nodes, but the bone is the most-affected site [3].
Survival outcomes of breast cancer patients differ depending on metastatic sites, with bone
metastasis associated with the best prognosis, and brain metastasis associated with the
worst survival [4].

Although metastatic disease can be present at diagnosis, most often, metastases are
detected months or years following initial diagnosis and treatment. In breast cancer,
metastatic recurrence has been reported ranging from months to decades after surgery [5].
Such long-term relapse of disease in a patient who was clinically asymptomatic can be
attributed to cancer dormancy [6]. This phenomenon is likely caused by cancer cells that
escaped from the primary tumor and disseminated throughout the body [7]. For unknown
reasons, these micrometastases remain ‘dormant’ in secondary sites and evade anti-cancer
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therapies [8]. How the body controls the proliferation of microclusters of disseminated
tumor cells and why they occasionally transform into growing metastases is unclear [8].

The emergence of targeted therapies to treat metastatic breast cancer is extending life
expectancy [9,10]. In parallel, the development of non-invasive biomarker assays based on
liquid biopsy promises to enable the early detection of breast cancer relapse. Recent studies
showed that genomic alterations identified in the primary tumor of breast cancer patients
could be detected in circulating cell-free DNA (cfDNA) analyzed from plasma samples
collected approximately 10 months prior to clinical or radiological relapse [11,12]. Thus,
liquid biopsy may contribute to initiating treatment of metastatic disease at an earlier stage.
In this regard, a meta-analysis study concluded that the earlier detection of all breast cancer
recurrences would result in an absolute reduction in mortality of 17-28% [13].

Liquid biopsy tests might not only identify recurrence early, but also inform the
selection of optimal treatment strategies [8]. Indeed, the clonal heterogeneity of tumor cells
limits efficacy and duration of response to targeted treatments in metastatic cancer [14]. The
analysis of cfDNA in plasma may be sufficient to identify somatic alterations contributed
by distinct metastases, potentially circumventing the problem of lacking access to multiple
metastatic tumor tissue samples due to associated risks and costs [15].

The detection of circulating cell-free tumor DNA (ctDNA) requires very sensitive
molecular assays. Although PCR-based technologies, including droplet digital PCR, are
powerful methods for the accurate quantification of a scarce amount of circulating nucleic
acids in plasma, they can only test a few mutations per assay [16]. In contrast, recent
developments in massively parallel sequencing (also known as next generation sequencing)
technologies allow for the comprehensive genomic profiling of entire exonic regions of
hundreds of cancer-relevant genes, identifying base substitutions, insertions or deletions,
copy number alterations, and gene rearrangements [17-19].

Here, we used an established tumor-normal massively parallel sequencing assay [20,21]
to characterize the genetic alterations present in the cfDNA extracted from the plasma of a
breast cancer patient who developed bone metastases. We identified two DNA abnormalities
that were already present in the primary tumor genomic DNA. After treatment with ribociclib
plus letrozole, the patient showed a significant clinical improvement, and the two genetic
alterations were no longer detected in the plasma.

2. Materials and Methods
2.1. ¢fDNA Extraction from Blood Samples

Within 1 to 2 h after blood collection in EDTA tubes, whole blood was centrifuged at
1600g for 10 min at room temperature. Then, the supernatant was transferred into falcon
tubes, wasting about 5 mm of plasma to avoid buffy-coat disturbance. Next, the plasma
samples were centrifuged at 3000g for 10 min at room temperature. This high g-force
centrifugation step removes cellular debris and thereby reduces the amount of cellular or
genomic DNA and RNA in the sample. After this step, the supernatants were collected
into microtubes (2 or 5 mL), without disturbing the pellet containing cell debris. Plasma
samples were frozen and stored at —80 °C.

For cfDNA extraction, 4 mL of plasma were thawed. The cfDNA was purified using
QiAamp® MinElute® ccfDNA kit from Qiagen, according to the manufacturer’s instruc-
tions. The cfDNA was eluted in 50 pL of ultra-clean water and quantified using the Qubit®
3.0 Fluorometer (Invitrogen, Life Technologies, Carlsbad, CA, USA) with Qubit® dsDNA
HS Assay kit (Invitrogen, Life Technologies), according to the manufacturer’s protocol.
Sample quality was assessed using High Sensitivity D1000 ScreenTape (TapeStation, Ag-
ilent Technologies, Santa Clara, CA, USA), according to the manufacturer’s instructions.
The purified ¢fDNA was stored at —80 °C.

To assess quality of extracted cfDNA, samples were analyzed using a fragment an-
alyzer (TapeStation 4200, Agilent Technologies). This assay uses a fluorescently stained
double-stranded DNA and separates nucleic acids by means of electrophoresis. The TapeS-
tation Analysis software automatically determines size, quantity, and purity of each sample.
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The size determination is based on a known ladder with specific sizing standards. The
known concentration of the upper marker is used to determine concentration values.

2.2. Genomic DNA Extraction from Blood Samples

Genomic DNA (gDNA) was extracted from the buffy-coat of the blood sample col-
lected before enrollment in the clinical trial. After removal of plasma, a red blood cell
lysis buffer (in-house solution) was added and incubated for 10 min at 4 °C. Then, the
sample was centrifuged at 250¢ for 10 min. The supernatant was discarded and the pellet
containing white blood cells was washed with PBS 1x (Sigma, St. Louis, MI, USA). Af-
ter centrifugation at 250¢ for 10 min, the supernatant was discarded, and the pellet was
resuspended in 1 mL of PBS 1x (Sigma) and again centrifuged at 250g for 10 min. The
supernatant was discarded, and the dry pellet was stored at —80 °C.

DNA was extracted using a QIAmp® Blood mini kit from Qiagen, according to the
manufacturer’s instructions. The DNA was quantified using Qubit® 3.0 Fluorometer
(Invitrogen, Life Technologies) with the Qubit® dsDNA HS Assay kit (Invitrogen, Life
Technologies), according to the manufacturer’s protocol.

2.3. Sequencing and Analysis of fDNA and gDNA Extracted from Blood Samples

Both the cfDNA and matched normal gDNA were subjected to massively parallel
sequencing using an established tumor-normal assay (Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets; MSK-IMPACT) that targets 468 cancer-
related genes [20,21]. Sequencing data were processed and analyzed as previously re-
ported [22-24]. Briefly, reads were aligned to the reference human genome GRCh37 using
the Burrows-Wheeler Aligner (v0.7.15) [25]. Local realignment, duplicate removal, and base
quality recalibration were performed using the Genome Analysis Toolkit (v3.7) [26]. Somatic
single-nucleotide variants (SNVs) were detected by MuTect (v1.0) [27], and small insertions
and deletions (indels) were detected using a combination of Strelka (v2.0.15) [28], VarScan2
(v2.3.7) [29], Lancet (v1.0.0) [30], Scalpel (v0.5.3) [31], and Platypus [32]. Pathogenic muta-
tions were defined as variants that were deleterious and/or mutational hotspots. Allele-
specific copy number alterations (CNAs) and loss of heterozygosity (LOH) were defined
using FACETS [33], as previously described [23,34]. The fraction of the genome altered was
computed from the CNAs obtained from FACETS. The cancer cell fraction of each mutation
was determined using ABSOLUTE (v1.0.6) [35], as previously described [22,23,34].

2.4. Sequencing and Analysis of Primary Tumor Genomic DNA

DNA was extracted from the FFPE primary tumor sample, and Illumina DNA Prep
with Enrichment was used for generating whole-exome sequencing libraries, with 40 ng
input DNA, as previously described [36]. In brief, following quantification with Qubit®
dsDNA High Sensitivity assay, four libraries were pooled for enrichment (4-plex) such that
500 ng of each library was used. Target enrichment was performed using IDT xGen Exome
Research Panel. A single hybridization was done overnight at 58 °C, with 12 cycles of
post-enrichment PCR. Libraries were quantified by Qubit® dsDNA High Sensitivity assay,
normalized, and pooled. Samples were sequenced with 151 bp paired-end reads on the
NovaSeq 6000 S4 flow cell using the XP workflow for individual lane loading.

Whole-exome sequencing data were processed as previously described [36]. An
unpaired normal sample was used to perform variant calling. All germline variants
observed in a database curated in-house, which includes the most common germline
variants present in dbSNP [37], were removed. Copy number changes were estimated as
previously described [36]. Tumor purity and ploidy were estimated using Sequenza 2.1,
and sciClone 1.1 was used for clonality estimation [36].
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3. Results
3.1. Clinical Case

The patient is a woman who was first admitted to hospital in June 2009, at the age of
34 years. She presented with a palpable mass (4 x 4 cm) in the upper outer quadrant of the
right breast, with no skin alterations, and an axillary lymphadenopathy on the right side
(0.5 x 1.0 cm). A diagnostic mammogram and breast ultrasound showed a hypoechoic area
in the upper outer quadrant, with irregular borders and 18 mm of diameter. A microbiopsy
was performed that revealed an invasive ductal carcinoma of not otherwise specified (NOS)
that was estrogen receptor-positive (ER+), progesterone receptor-positive (PR+), human
epidermal growth factor receptor 2-negative (HER2-). p53 was normal as detected by
immunohistochemistry.

The patient started neoadjuvant chemotherapy (CTX) with doxorubicin together with
cyclophosphamide. After the 5th cycle of treatment, a computed tomography (CT) scan of
the abdomen and pelvis revealed a tumor in the right ovary (5 cm). In December 2009, the
patient was subjected to a breast conservative surgery with axillary lymph node dissection,
and a right salpingo-oophorectomy. The histological exam revealed a residual invasive
ductal carcinoma NOS in multiple areas with positive margins, an axillary lymph node
metastasis of the same type, and a mature cystic teratoma of the ovary (6 cm).

In January 2010, the patient underwent a mastectomy. Post-surgical treatment was
adjuvant CTX with docetaxel and, subsequently, hormonal therapy with goserelin and
tamoxifen. The patient also underwent adjuvant radiotherapy. Analysis of genomic DNA
extracted from a blood sample revealed no pathogenic germline mutations in the BRCA1
and BRCA2 genes.

In September 2017, the patient presented with knee pain. A chest-abdomen-pelvis
CT scan showed multiple lytic bone lesions, with soft-tissue involvement in the right iliac
(Table 1). Lytic bone lesions were also detected in lumbar vertebral bodies (Table 1). The
patient enrolled in an open-label clinical phase 3b trial with ribociclib combined with
letrozole (CompLEEment-1, NCT02941926). A considerable clinical improvement was
observed after treatment, including a decrease in pain score and partial remission of the
target bone lesion in the pelvis at the CT scan (Table 1). In November 2018, the patient was
treated with denosumab (120 mg at 4-week intervals). A partial response of the target and
non-target lesions was observed until the 24th cycle (Table 1).

Table 1. Lesions follow-up according to the RECIST 1.1 criteria.

Target Lesion

Lytic Bone Lesions, Right Iliac with Soft-Tissue Involvement

Follow-up 19 December 13 March 5 June 2018 27 September 4 December 11 March 4 June 29 August
date 2017 2018 2018 2018 2019 2019 2019
Size 81 mm 58 mm 57 mm 54 mm 48 mm 47 mm 46 mm 42 mm

Non-target q q .

lesi Lytic bone lesions, lumbar vertebral bodies
esion

Follow-up 19 December 13 March 5 June 2018 27 September 4 December 11 March 4 June 29 August
date 2017 2018 2018 2018 2019 2019 2019

Number Multiple Multiple Stable Stable Stable Stable Stable Stable

3.2. Genomic Profiling of Plasma cfDNA

Blood samples were collected before (Pre-cfDNA) and after (Post-cfDNA) the patient
enrolled in the clinical trial, and cfDNA was extracted as indicated in Table 2.
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Table 2. Blood and plasma sample details.
Sample ID Collection Date Sample Type Concenst:;iltlilc))l:(ng /ul) Sample Volume(uL)
Pre gDNA 18 September 2017 Buffy-coat 70.5 40.0
Pre cfDNA 18 September 2017 Plasma (4 mL) 0.7 45.0
Post cfDNA 25 June 2018 Plasma (4 mL) 0.3 45.0

Sample Intensity [Normalized FU|
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A gDNA sample was additionally extracted from the buffy-coat obtained from the
blood collected in September 2017. In both cfDNA samples, we detected cfDNA fragments
with sizes ranging between 70 to 200 base pairs (bp), with a peak at approximately 150 bp
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Figure 1. TapeStation analysis of DNA extracted from plasma collected before (left) and after (right)
treatment with ribociclib plus letrozole. Arrows indicate cfDNA fragments (with a peak at ~150 bp).

Pre-cfDNA was subjected to massively parallel sequencing using the MSK-IMPACT
assay that targets 468 cancer-related genes, detecting all protein-coding mutations, copy
number alterations, and selected promoter mutations and structural rearrangements [20,21].
The sequencing panel includes oncogenes, tumor suppressor genes, and members of
pathways deemed actionable by targeted therapies, and are recurrently altered in cancer.
This sequencing assay has been employed for the study of >25,000 tumors [38] as well as
cfDNA [24]. Two genomic alterations were detected: a missense mutation in the PIK3CA
gene (3926.32, Figure 2) and an amplification of the CCND1 gene (11q13.3, Figure 3). The
PIK3CA hotspot mutation (3:178952085, A > G, H1047R) was present at a variant allele
frequency (VAF) of 0.14 (28 out of 200 reads). This variant was present in an estimated
cancer cell fraction (CCF) of 0.97, indicating that the variant is likely clonal. The matched
normal gDNA sample had a coverage of 199 reads at this position (3:178952085), and no
altered reads were detected.

The presence of both molecular alterations was confirmed in gDNA from the primary
tumor. In the primary tumor tissue, the hotspot mutation in PIK3CA (H1047R) was present
with an estimated CCF of 1. This mutation was detected with an estimated purity of
0.34 and a ploidy of 1.8, with a normal allelic depth of 392 and a tumor allelic depth of
93 (VAF =0.2). Additionally, amplification of the CCND1 gene was observed, with an
estimated fold change of 1.25. No other molecular changes were identified.
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Figure 2. Integrative Genomics Viewer (IGV) screenshot of the PIK3CA variant detected in cell-free
DNA using targeted massively parallel sequencing. The top panel depicts the sequencing reads of
the genomic DNA from buffy-coat collected before treatment (Pre-gDNA). The middle and bottom
panels depict the sequencing reads of the cell-free (cf)DNA collected before (Pre-cfDNA) and after
(Post-cfDNA) treatment with ribociclib plus letrozole. PIK3CA hotspot mutation (3:178952085, A > G,
H1047R) was detected only in cfDNA before treatment (middle, alternate alleles are shown in orange).
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Figure 3. Copy number analysis of cell-free DNA (cfDNA) extracted from plasma collected before
(A) and after (B) treatment with ribociclib plus letrozole. Amplification of the CCND1 gene in
chromosome 11 (arrow) was detected at baseline before treatment, but not after therapy.

The analysis of cfDNA after treatment (Post-cfDNA) did not detect either of the two
alterations. In the PIK3CA gene, we identified 266 reads covering the position of interest
(3:178952085), and none presented this variant (Figure 2). Moreover, amplification of the
CCND1 gene was no longer observed (Figure 3). Thus, the results in ¢fDNA mirror the
clinical response.

4. Discussion

This study highlights the utility of fDNA analysis for therapy monitoring in metastatic
breast cancer patients. Our results are consistent with previous reports indicating that
circulating tumor DNA can be used as surrogate marker of treatment outcome [15,39].
Recently, genotyping cfDNA in plasma samples from patients in the randomized phase
III PALOMA-3 study of CDK4/6 inhibitor palbociclib and fulvestrant for women with
advanced ER+ breast cancer showed that a reduction in the levels of mutant PIK3CA
DNA detected in circulation correlated with improved progression-free survival (PFS) after
treatment [40]. Similarly, patients with ER+ advanced metastatic breast cancer enrolled in
the phase I/1I randomized BEECH trial (paclitaxel plus placebo versus paclitaxel plus AKT
inhibitor capivasertib) with decreased levels of mutant cfDNA detected in plasma after
4 weeks of treatment had substantially improved PFS [41].

Using massively parallel sequencing to analyze cfDNA in the patient plasma before
treatment, we detected the PIK3CA hotspot mutation H1047R. PIK3CA is one of the two
most frequently mutated genes in breast cancers, occurring in 30-40% of cases, and H1047R
is the most common mutation in this gene [42,43]. The PIK3CA gene encodes the catalytic
subunit of phosphatidylinositol 3-kinase (PI3K), and the H1047R mutation induces gain of
enzymatic function, allowing PI3K to signal without regulation and triggering oncogenic
properties [44,45]. When present, PIK3CA mutations are typically found in both the primary
tumor and in the relapsed /metastatic tissue [46]. Consistent with the finding that PIK3CA
mutations are predominantly truncal events in breast cancer, we identified the H1047R
mutation to be clonal and likely early occurrence in tumor evolution. Notably, a previous
study showed that truncal mutations in PIK3CA detected by liquid biopsy predicted sensi-
tivity to palbociclib, whereas sub clonal mutations were weak predictors of outcome [40].
More recently, the sequencing of circulating tumor DNA in patients enrolled in the phase
III MONALEESA-7 trial revealed a treatment response to endocrine therapy plus ribociclib
independent of the PIK3CA mutational status [47].

In addition to the PIK3CA hotspot mutation, our cfDNA analysis identified the ampli-
fication of CCND1, an oncogene that encodes the protein cyclin D1. The cyclin dependent
kinases 4 and 6 (CDK4/6) form complexes with D-type cyclins that act on the retinoblas-
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toma protein Rb and drive cell cycle progression [48]. CCNDI1 amplification leads to
increased cyclin D1 expression and inappropriate cyclin D-CDK4/6 activity [49,50], thus
promoting sustained cell proliferation, which is one of the hallmarks of cancer [51]. CCND1
amplification occurs in 10-35% of breast cancers and is typically associated with positive
ER status [49,50]. Breast cancer patients with CCND1 amplification tend to show a poor
response to endocrine therapy [50], which may be related to the ability of cyclin D1 to stim-
ulate the growth of estrogen responsive tissues through a CDK-independent mechanism
by activating the transcription of ER-regulated genes in the absence of estrogen [52]. How-
ever, the clinical benefit after ribociclib and endocrine therapy was observed in advanced
ER+/HER?2- breast cancer patients with altered CCND1 [47].

The patient reported in this study was treated with the CDK4/6 inhibitor ribociclib
combined with the aromatase inhibitor letrozole. After treatment, the patient had a signifi-
cant clinical improvement, and no molecular abnormalities were detected by massively
parallel sequencing of cfDNA. A drawback of sequencing cfDNA is the problem of false
negatives. Indeed, not all cancer cells release their DNA into circulating blood, and the
concentration of cell-free tumor DNA in the plasma may be below the sensitivity of avail-
able technologies. However, in this case, the cfDNA results mirrored the clinical response.
A limitation of our study is that we did not monitor the patient cfDNA prospectively to
determine whether detectable genetic alterations could be detected prior to clinical relapse.

Based on the results of recent trials, ribociclib plus letrozole is currently considered the
frontline treatment option in postmenopausal patients with advanced ER+/PR+/HER2-
breast cancer [53,54]. Although these trials showed a consistent overall survival benefit, fu-
ture studies are needed to stratify drug response according to subgroups defined by patient
and disease characteristics. In this regard, comprehensive profiling of cfDNA isolated from
plasma samples may contribute a real-time assessment of driver and actionable mutations
and their clonal evolution in response to treatment.
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Detection and quantification of EGFR T790M mutation in liquid
biopsies by droplet digital PCR
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Background: Liquid biopsy allows the identification of targetable cancer mutations in a minimally invasive
manner. In patients with advanced non-small cell lung cancer (NSCLC), droplet digital PCR (ddPCR) is
increasingly used to genotype the epidermal growth factor receptor (EGFR) gene in circulating cell-free
DNA (cfDNA). However, the sensitivity of this method is still under debate. The aim of this study was to
implement and assess the performance of a ddPCR assay for detecting the EGFR T790M mutation in liquid
biopsies.

Methods: A ddPCR assay was optimized to detect the EGFR T790M mutation in plasma samples from
77 patients with NSCLC in progression.

Results: Our ddPCR assay enabled the detection and quantification of the EGFR T790M mutation at
cfDNA allele frequency as low as 0.5%. The mutation was detected in 40 plasma samples, corresponding to
a positivity rate of 52%. The number of mutant molecules per mL of plasma ranged from 1 to 6,000. A re-
biopsy was analyzed for 12 patients that had a negative plasma test and the mutation was detected in 2 cases.
A second liquid biopsy was performed for 6 patients and the mutation was detected in 3 cases.
Conclusions: This study highlights the value of ddPCR to detect and quantify the EGFR T790M mutation
in liquid biopsies in a real-world clinical setting. Our results suggest that repeated ddPCR tests in cfDNA
may obviate tissue re-biopsy in patients unable to provide a tumor tissue sample suitable for molecular

analysis.
Keywords: Lung cancer; EGFR T790M mutation; liquid biopsy; droplet digital PCR (ddPCR)
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Introduction

Lung cancer is the most commonly diagnosed cancer and
remains the leading cause of cancer death (1). A significant
improvement of progression-free survival has been achieved
with receptor-tyrosine kinase inhibitors (TKIs) that target
the epidermal growth factor receptor (EGFR) in patients
with non-small cell lung cancer (NSCLC) harboring
activating EGFR mutations (2-6).

Binding of the EGFR extracellular domain to its ligands
triggers autophosphorylation at key tyrosine residues and
activates several downstream signaling pathways. Certain
mutations and/or amplification of the EGFR gene lead
to constitutive activation of EGFR signaling and play
an important role as oncogenic drivers in NSCLC. The
prevalence of EGFR-activating mutations in a Caucasian
population with lung adenocarcinoma is approximately
10-20%, and the most common (>90%) are small in-frame
deletions in exon 19 and an amino acid substitution in exon
21 (L858R) (7-9). These alterations confer sensitivity to
EGFR-TKI therapy, resulting in response rates up to 70%
and median survival up to 24-30 months (10).

Despite initial responses, most patients with EGFR-
mutant NSCLC and treated with EGFR-TKIs (such
as gefitinib, erlotinib, and afatinib) will have disease
progression within 9-14 months after starting the treatment
(8,11). The major mechanism of acquired resistance to
EGFR-TKIs is the occurrence of a secondary EGFR kinase
domain mutation in exon 20, the T790M substitution,
which accounts for about half of the cases (8,12,13). This
mutation leads to an enhanced affinity for ATP, thus
reducing the ability of ATP-competitive reversible EGFR
tyrosine kinase inhibitors, including gefitinib and erlotinib,
to bind to the tyrosine kinase domain of EGFR (14).

Recently, a third generation of EGFR-TKIs was
developed that irreversibly block T790M mutant EGFR with
maintained activity against the original exon 19del and L858R
mutations (15). Thus, testing for the EGFR T790M mutation
has become routine clinical practice in patients with NSCLC
that become resistant to first- and second-generation EGFR-
TKIs. Ideally, detection of this new mutation should be
done in tumor tissue obtained by re-biopsy (9,16). However,
many patients on progression develop lesions in inaccessible
locations. Moreover, the poor performance status of the
patients also makes re-biopsy difficult. It is estimated that
up to 40% of relapsed NSCLC patients may be unable
to provide a tumor tissue sample suitable for molecular
analysis (17). For these patients it is acceptable to perform a
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liquid biopsy, which allows genotyping cell-free tumor DNA
(cfDNA) present in the plasma and other body fluids (18).

Early comparisons between tumor tissue samples and liquid
biopsy for determining EGFR mutation status concluded that
analysis of ¢fDNA detected fewer EGFR mutation positive
patients (19,20). However, subsequent studies using more
sensitive assays such as the Inivata InVision™ (e TAm-Seq™)
assay or the cobas EGFR Mutation Test, reported detection of
the T790M mutation in plasma samples from 50% and 61% of
the patients with NSCLC at disease progression after previous
EGFR-TKI therapy (17,21).

Droplet digital PCR (ddPCR) is emerging as a very
attractive option in the clinic to genotype cfDNA in liquid
biopsies (18). This is a PCR method based on water-
oil emulsion droplet technology. A ¢fDNA sample is
fractionated into 20,000 droplets, PCR amplification of
both the mutated and wild-type DNA molecules occurs
in each individual droplet, and fluorescent specific probes
are used to quantify the amplified molecules. Whether
this approach has the required rigor to be used in the
clinical setting remains debatable. A prospective validation
study showed that plasma ddPCR detected EGFR T790M
mutation with a sensitivity of 77%, supporting the use of
this assay to direct clinical care (22). However, in a real-
world setting, the practical sensitivity of the ddPCR assay
may vary. Indeed, recent studies that analyzed plasma
cfDNA by ddPCR reported values for the prevalence of the
T790M mutation in patients with acquired resistance to
EGFR-TKIs ranging between 30.4% (23) and 42.7% (24).

Here we present an optimized ddPCR strategy that was
used to test for the presence of the resistance EGFR T790M
mutation in plasma samples from 77 patients with NSCLC
in progression, resulting in a positivity rate of 52%.

We present the following article in accordance with
the STARD reporting checklist (available at http://dx.doi.
org/10.21037/tler-20-1010).

Methods
Study population

This is a retrospective study including a total of 111 patients
with NSCLC in progression after treatment with EGFR-
tyrosine kinase inhibitors (EGFR-TKIs), who were tested for
the presence of the resistance mutation T790M in exon 20
of the EGFR gene. Most patients were diagnosed with lung
adenocarcinoma in TNM stage IV. The average age of the
patients at progression was 67, ranging from 31 to 91 (Table I).
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Table 1 Clinical data of NSCLC patients enrolled in the study

Clinical data N (%)
Age'
<65 51 [46]
>65 60 [54]
Gender
Female 77 [69]
Male 34 [31]
EGFR-TKI?
Erlotinib 50 [56]
Gefitinib 27 [30]
Afatinib 13 [14]

NSCLC, non-small cell lung cancer; EGFR-TKI, EGFR-tyrosine
kinase inhibitor. ', Age at progression; °, EGFR-TKI used in first
or second-line treatment. No information was available for 21 of
the 111 patients.

The EGFR-TKIs used as first- or second-line treatment are
indicated in 7able 1. All tests were performed at GenoMed,
in Lisbon, Portugal, during the period from July 2015 to
December 2019. The samples were obtained from the following
hospitals in Portugal: Hospital Pulido Valente; Hospital de Santa
Maria; Hospital Egas Moniz; Hospital dos Capuchos; Hospital
Beatriz Angelo; Hospital de Santo Espirito da Ilha Terceira;
Hospital Professor Doutor Fernando Fonseca; Hospital da Luz;
Hospital Garcia de Orta; CUF Descobertas; Unidade Local
Sadde Norte Alentejano and Hospital de Cascais. The study
was conducted in accordance with the Declaration of Helsinki
(as revised in 2013). The Lisbon Academic Medical Center
Ethics Committee approved the study (311/20). Because the
study involves the secondary analysis of existing data collected
during standard of care procedures, a waiver of informed
consent was requested and approved. All the data were analyzed
anonymously, thus protecting the privacy and personal identity
information of participating individuals. Samples were collected
for standard clinical care and were not used for any other
purpose. The sample collection procedures used have minimal
risks and no adverse events were reported. The performers of
the DNA tests were informed that patients had a diagnosis of
advanced NSCLC in progression after treatment with EGFR-
TKIs. Additional patient-related information was provided by
clinicians after DNA data analysis was completed.

DNA analysis from FFPE samples

A trained pathologist made estimations of tumor cell content

© Translational Lung Cancer Research. All rights reserved.
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in formalin-fixed paraffin-embedded (FFPE) tissue samples
resected from NSCLC patients. For macrodissection, the
pathologist marked tumor areas on hematoxylin and eosin
(H&E) stained tissue slides. Two to five serial FFPE sections
of 10 um thickness were then sliced from the selected
areas. DNA was extracted using cobas® DNA Sample
Preparation Kit, quantified using the NanoDrop® ND-1000
spectrophotometer (NanoDrop® Technologies), and analyzed
by real-time PCR using cobas® EGFR Mutation Test. For
Idylla™ EGFR Mutation Assay, sample preparation was done
according to the manufacturer’s instructions.

Isolation of cfDNA from plasma

To extract cfDNA from plasma, ~10 mL blood samples
were collected in EDTA or Cell-Free DNA BCT® (Streck)
tubes. After centrifugation (900 g for EDTA tubes and 1,600
g for Streck tubes) for 10 minutes at room temperature,
the supernatant was transferred into 2 mL microtubes,
wasting about 5 mm of plasma in order to avoid buffy-coat
disturbance. The samples were then centrifuged at 16,000
g for 10 additional minutes at room temperature to remove
cell debris, thus reducing contamination with cellular
DNA. The supernatants were collected into microtubes
(2 or 5 mL), frozen, and stored at -80 °C. The ¢fDNA
was isolated from 2 mL thawed plasma samples using
QIAamp® MinElute® ccfDNA (QIAGEN), according to
the manufacturer’s instructions. The cfDNA was eluted in
50 pL of ultra-clean water and quantified using the
Qubit® 3.0 Fluorometer (Invitrogen, Life Technologies)
with Qubit® dsDNA HS Assay kit (Invitrogen, Life
Technologies). The purified cfDNA was stored at 4 °C for
up to 16 hours or at -80 °C for longer periods.

T790M screening by droplet digital PCR (ddPCR)

To screen for the T790M mutation in plasma cfDNA, we
used the QX200™ Droplet Digital PCR System (Bio-
Rad, Hercules, CA, USA), and Bio-Rad assay primer/
probe mixtures (dHsaCP2000019 and dHsaCP2000020).
As reference for wild type and mutant EGFR, we used
Horizon DNA standards HD709 and HD258 (Horizon
Discovery Ltd., Cambridge, UK). The optimal annealing
temperature was established at 59 °C. Altogether, the
thermocycling conditions included an initial incubation at
95°C for 10 minutes, 47 cycles of 94 °C for 30 seconds and
59 °C for 1 minute, followed by an inactivation step at 98 °C
for 10 minutes. At least two replicates were analyzed per
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Figure 1 Visualization of two-channel ddPCR data. Either wild type (WT) reference DNA only (left) or a mix of WT and mutant reference
DNA (right) were analyzed. Scatter plots (A) and histograms (B) are shown. Channel 2 (green) depicts the signal corresponding to WT EGFR.
Channel 1 (blue) depicts the signal corresponding to mutant EGFR. In scatter plots, positive droplets are depicted in blue and green, negative

droplets are depicted in grey, and the threshold line is depicted in pink.

sample, and the total amount of DNA loaded (considering
the two replicates), was approximately 15 ng. No template
control (NTC) was used to exclude PCR contamination.
Amplification results were analyzed using QX200™
Droplet Reader and QuantaSoft™ software. Samples with
three or more positive mutant droplets were considered
positive, as recommended by the best practice guidelines
for rare mutation detection (25). If one or two droplets
were observed, the result was considered inconclusive and
whenever possible a second sample was collected and tested.

Statistical analysis

The concentrations of target alleles were calculated

© Translational Lung Cancer Research. All rights reserved.

using QuantaSoft™ software (Bio-Rad) based on Poisson
distribution. Mutant ¢fDNA molecules were reported as
number of copies per milliliter (mL) of plasma. The mutant
allelic frequency was determined as the ratio of mutant

droplets relative to the sum of mutant and wild type droplets.

Results
Quality assessment

DNA reference standards for wild type and mutant EGFR
confirmed the specificity of the ddPCR primers and probes
(Figure ). The wild type DNA  exhibited high fluorescence
signal in the hexachloro-6-carboxy-fluorescine (HEX) channel
(channel 2, green) and no fluorescence signal in the fluorescein
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Table 2 Assessing the ddPCR assay with liquid biopsy reference samples

Silveira et al. EGFR T790M mutation in liquid biopsies by ddPCR

Pre-defined EGFR Pre-defined mutant

Amount of cfDNA obtained

Mutant allelic frequency

Sample ID genotype allelic frequency per sample (ng/pL) Result of ddPCR assay estimated by ddPCR
QA-01 T790M 0.05% 7.82 Not detected -
QA-02 T790M 0.5% 6.59 Detected 0.6%
QA-03 T790M 5% 6.08 Detected 4.6%
QA-04 L858R 0.05% 7.42 Not detected -
QA-05 L858R 0.5% 6.75 Not detected -
QA-06 L858R 5% 6.60 Not detected -
QA-07 AE746-A750 0.05% 6.86 Not detected -
QA-08 AE746-A750 0.5% 6.74 Not detected -
QA-09 AE746-A750 5% 5.82 Not detected -
QA-10 Wild type 0% 4.81 Not detected -
QA-11 T790M/L858R 5% 6.44 Detected 5.7%
QA-12 T790M/L858R 0.5% 6.35 Detected 0.3%
QA-13 T790M/L858R 0.05% 7.42 Not detected -

cfDNA, circulating cell-free DNA; ddPCR, droplet digital PCR; QA, quality assessment.

Number of cases

0
8
6
4
: i
0

51-100 101-500 501-1000  >1000
number of copies/mL of plasma

Figure 2 Distribution of the number of T790M mutant molecules
in 1 mL of plasma from 77 patients tested by ddPCR.

amidite (FAM) channel (channel 1, blue) (Figure 1A4). In
contrast, when the wild type and the mutant DNA were mixed
at 1% allele frequency, fluorescence signal in the FAM channel
(channel 1, blue) was detected (Figure 1B).

Next, we tested a series of 13 non-clinical liquid biopsy
reference samples spanning different mutations and allele
frequencies. These samples were provided by AstraZeneca
and none of the laboratory technicians were informed about
the genotype or mutant allelic frequencies at the time of
execution of the tests. The results show that our ddPCR
assay accurately detected the T790M allele in frequencies
ranging from 5 to 0.5% (Table 2).

© Translational Lung Cancer Research. All rights reserved.

Finally, we applied the ddPCR assay to analyze DNA
extracted from FFPE tissue biopsies from NSCLC patients.
These DNA samples were previously genotyped in our
laboratory by real-time PCR using cobas® EGFR Mutation
Test. The ddPCR assay detected the mutation in all samples
that previously tested positive for the T790M allele.

EGFR mutation testing in clinical plasma samples

The ddPCR assay was used to screen plasma samples from
77 patients for the T790M mutation in EGFR. A total of
40 plasma samples were identified as positive for the T790M
mutation, corresponding to 52%. The number of mutant
molecules per mL of plasma ranged from 1 to 6,000 as depicted
in Figure 2. A second sample was collected for 18 patients
that initially tested negative (7able 3). As recommended
by current guidelines (9,16), when the liquid biopsy was
negative, re-biopsy was performed for analysis of tumor tissue.
However, this was only possible in 12 cases, either because
the patient status did not allow re-biopsy or the tumor was
not accessible. We detected the T790M mutation in 2 of
the 12 re-biopsies (17%) (Table 3). In the remaining cases,
we analyzed either a second plasma sample (5 patients) or a
sample of bronchoalveolar fluid (1 patdent), and detected the
T790M mutation in 3 of these 6 liquid biopsies (50%) (Table 3).
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Table 3 Genotyping results for samples collected after an initial negative plasma test

1* test (plasma samples) 2" test

Patient # Date Date Sample type Result
P#1 29/11/2016 03/01/2017 FFPE Not detected
P#2 05/12/2016 27/12/2016 FFPE Not detected
P#3 09/03/2017 06/04/2017 FFPE Not detected
P#4 18/07/2017 07/08/2017 FFPE Detected
P#5 18/08/2017 07/11/2017 FFPE Not detected
P#6 15/09/2017 13/10/2017 Bronchoalveolar fluid Detected
P#7 25/09/2017 02/11/2017 FFPE Not detected
P#8 14/12/2017 22/01/2018 FFPE Not detected
P#9 07/02/2018 15/03/2018 FFPE Detected
P#10 07/03/2018 19/04/2018 FFPE Not detected
P#11 15/03/2018 20/11/2018 Plasma Detected
P#12 22/05/2018 22/08/2018 FFPE Not detected
P#13 28/06/2018 20/11/2018 Plasma Detected
P#14 26/11/2018 05/12/2018 FFPE Not detected
P#15 23/01/2019 13/03/2019 FFPE Not detected
P#16 24/04/2019 21/05/2019 Plasma Not detected
P#17 18/07/2019 12/09/2019 Plasma Not detected
P#18 12/09/2019 16/10/2019 Plasma Not detected

FFPE, formalin-fixed paraffin-embedded.

Table 4 Association of T790M detected in progression with EGFR activating mutations detected at diagnosis

EGFR mutation at diagnosis

T790M detected

T790M not detected

del19 N=17 (61%)
L858R N=9 (32%)
Other N=2 (7%)

N=8 (35%)
N=10 (43%)
N=5 (22%)

del19: any deletion or delins in exon 19; L858R: substitution of amino acid leucine to arginine at codon 858 in exon 21.

Finally, we analyzed the association of T790M detected
in progression with EGFR activating mutations detected at
diagnosis (1able 4). The majority (61%) of tumors positive
for T790M had an EGFR dell9 mutation at diagnosis,
whereas the majority (65%) of tumors negative for T790M
had either L858R or other EGFR mutations (Tible 4).

Discussion

We implemented a liquid biopsy ddPCR assay that

© Translational Lung Cancer Research. All rights reserved.

enabled the detection and quantification of the EGFR
T790M mutation at cfDNA allele frequency as low as
0.5%. With a turnaround time of 3-5 business days, the
assay was routinely used in clinical practice since it played
an important role in deciding the next line of treatment
in NSCLC patients that acquired resistance to first- or
second-generation EGFR-TKIs.

We analyzed plasma samples from 77 patients and
detected the EGFR T790M mutation in 52%. Although

this was a retrospective study potentially influenced by
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bias associated with patient selection, our result is in good
agreement with previous evidence indicating that about
half of lung cancers that become resistant to EGFR TKIs
acquire the EGFR T790M mutation (13). Most important,
our results revealed that performing the ddPCR assay in
a second liquid biopsy collected 1-8 months after a first
negative plasma test increased by 50% the number of
positive cases. Thus, the use of repeated ddPCR-based
cfDNA genotyping may obviate tissue re-biopsy in cases
that the tumor is not accessible or the patient has a poor
functional status.

In our study, among tumors harboring the T790M
mutation detected in either liquid biopsy or tumor tissue
at disease progression, the majority (61%) had an EGFR
dell9 mutation at diagnosis. This is consistent with
previous reports indicating that the T790M mutation is
more frequent in patients with an EGFR exon 19 deletion
mutation. In a cohort of 314 Japanese patients studied by
re-biopsy, the T790M mutation was detected in 55.6%
of cases with dell9 mutation and in 43.0% of cases with
the L858R mutation (26). In another study, the T790M
mutation was present in 63 % (26/41) of patients with EGFR
exon 19 deletion and in 38% (12/32) of patients with L858R
mutation (27). A more recent literature review confirmed
that detection of the T790M mutation was more frequent
in del19 mutated patients (53%) than in L858R mutated
patients (36%) with acquired resistance to EGFR-TKIs (28).
One possibility is that patients with the del19 mutation are
more sensitive to TKIs, and therefore cells with the T790M
mutation are more likely to be selected and enriched (28).

An important advantage of ddPCR-based assays is
the ability to provide absolute quantification of DNA
molecules. In our study cohort, the number of T790M
mutant molecules per mL of plasma ranged from 1 to 6,000.
Quantification of mutant molecules in plasma may be useful
to monitor response to treatment. Indeed, a recent study
reported that after 6 weeks of treatment with osimertinib,
the T790M mutation load assessed by ddPCR decreased
to very low level (23). However, whether the number of
mutant molecules affects disease progression and response
to therapy remains unknown. Clearly, future studies using
quantitative diagnostic assays such as ddPCR are needed
to maximize the benefits of precision therapy for advanced
NSCLC.
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ABSTRACT

Objectives: Mutations in the gene that encodes epidermal growth factor receptor (EGFR) are biomarkers that
predict how non-small cell lung cancer (NSCLC) patients respond to EGFR-targeted therapies collectively known
as tyrosine kinase inhibitors (TKIs). Thus, EGFR genotyping provides crucial information for treatment decision.
Both Sanger sequencing and real-time PCR methodologies are used for EGFR genotyping. However, methods
based on real-time PCR have limitations, as they may not detect rare or novel mutations. The aim of this study
was to determine the prevalence of rare mutations in the tyrosine kinase domain (exons 18-21) of the EGFR gene
not targeted by the most frequently used real-time PCR approaches, i.e., the cobas® EGFR Mutation Test, and the
Idylla™ EGFR Mutation Assay.

Methods: A total of 1228 NSCLC patients were screened for mutations in exons 18-21 of the EGFR gene using
Sanger sequencing.

Results: We observed that 252 patients (~20%) had at least one mutation in the EGFR gene, and 38 (~3%)
carried uncommon genetic alterations that would not be identified by the cobas® or the Idylla™ tests. We further
found six new single mutations and seven previously unreported compound mutations. Clinical information and
patient outcome are presented for these cases.

Conclusions: This study highlights the value of sequencing-based approaches to identify rare mutations. Our
results add to the inventory of known EGFR mutations, thus contributing to improved lung cancer precision
treatment.

1. Introduction

kinase domain [5].
In the last years, novel drugs known as EGFR-targeted therapies, or

Every year, almost 2 million people receive a diagnosis of lung
cancer [1]. Of these, 85% have non-small cell lung cancer (NSCLC) [2].
Tobacco smoking is associated with 80% of all NSCLC cases but in-
cidence in non-smokers has increased in the last years [3]. Several
genetic alterations define NSCLC subtypes [4]. In particular, mutations
in exons 18-21 of the EGFR gene are often detected in tumor samples of
NSCLC patients. Mutations in these exons, which encode the tyrosine
kinase domain of the Epidermal Growth Factor Receptor (EGFR), result
in a gain in function, leaving the intracellular signaling pathway of
EGFR constitutively active. About 10-30% of NSCLC samples harbor
somatic mutations in exons 18, 19, 20 and / or 21 of the EGFR gene

EGFR-tyrosine kinase inhibitors (TKIs), namely gefitinib, erlotinib,
afatinib and osimertinib, have been successful in delaying disease
progression in a subgroup of NSCLC patients [6].

Mutations in the EGFR gene are considered the most robust pre-
dictive biomarkers for response to EGFR-TKIs. Additionally, it has been
suggested that EGFR mutations can also be useful for diagnosis purposes
and therefore should be tested along with standard clinical examina-
tion, pathology and imaging studies [7]. The guidelines set by the
National Comprehensive Cancer Network (NCCN) and the European
Society for Medical Oncology (ESMO) for the diagnosis, treatment and
follow-up of NSCLC patients, state that EGFR genotyping is
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Table 1

Single mutations identified by Sanger sequencing that are not catalogued in the cobas® and the Idylla™ kit specifications. The mutations are listed according to the

amino acid position.
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Patient ID  Protein level Nucleotide Level Exon COSMIC ID Detectable by Ref
cobas/Idylla
1 E709_T710delinsD p.(Glu709_Thr710delinsAsp) €.2127_2129delAAC 18 COSM51525 No [24,27]
11
22
28 K745_E746insIPVAIK p. c.2234_2235ins18 (or 19 COSM51504 Not clear [28,29]
(Lys745_Glu746inslleProValAlalleLys) €.2217_2234dup)
21 K745_E746insVPVAIK p. €.2236_2237ins18 (or 19 COSM26444 Not clear [28,29]
(Lys745_Glu746insValProValAlalleLys) €.2219_2236dup)
24 E746_A750delinsQP p.(Glu746_Ala750delinsGInPro) €.2236_2248delinsCAAC 19 COSM13557 Not clear [30]
4 L747_A755delinsNRQG p. ¢.2239_2265delinsAACCGACAAGGA 19 - Not clear Not reported
(Leu747_Ala755delinsAsnArgGlnGly) before
37 A750_1759delinsPT p.(Ala750_1le759delinsProThr) ¢.2248_2276delinsCCAAC 19 COSM5023004  Not clear [31,32]
25 T751_1759delinsN p.(Thr751 _Ile759delinsAsn) ¢.2252_2276delinsA 19 COSM96856 Not clear [33]
30 A763_Y764insLQEA p.(Ala763_Tyr764insLeuGIlnGluAla) ¢.2289_2290insCTCCAGGAAGCC 20 - No Not reported
before
26 $768_V769delinsIL (or S768I + V769 L) €.2303_2305GCG > TTT (or 20 COSM1651576°  Not clear [24,34]
p-(Ser768_Val769delinslleLeu) (or p.(Ser768Ile) + p. ¢.2303_2305delinsTTT)
(Val769Leu))
23 V769_D770insCV p.(Val769_Asp770insCysVal) ¢.2307_2308insTGCGTG 20 COSM12379 Not clear [35,36]
31 D770_N771insGF (p.Asp770_Asn771insGlyPhe) ¢.2310_2311insGGGTTT 20 COSM655155 Not clear [28]
10 D770_N771insGV p.(Asp770_Asn771insGlyVal) ¢.2310_2311insGGGCTT 20 - Not clear [371
29 N771delinsHH c.2311delinsCACC 20 - Not clear Not reported
p-(Asn771delinsHisHis) before
12 H773_V77 4insPH p.(His773_Val774insProHis) ¢.2319_2320insCCACAC 20 COSM28944° Not clear [28,36]
16 H773_V774insNPH p.(His773_Val774insAsnProHis) ¢.2319_2320insAACCCCCAC 20 COSM12381 Not clear [35,36]
36
20 V774L ¢.2320G > T 20 COSM25090 Not clear [38]
p.(Val774Leu)
7 V774_C775insHV (or H773_V774dup) p. €.2321_2322insCCACGT (or 20 COSM18432 Not clear [28,36]
(Val774_Cys775insHisVal) (or p.(His773_Val774dup)) €.2316_2321dup)
17 G779F ¢.2335_2336GG > TT (or 20 COSM13007 No [39]
p.(Gly779Phe) ¢.2335_2336delinsTT)
6 W817X (or W817%) c.2450G > A 20 - No [40]
p-(Trp817X) (or p.(Trp817%))
32 K823E c.2467A > G 20 - No [15]
p.(Lys823Glu)
15 G857 Wfs*40 ¢.2568_2569insT (or ¢.2568dup) 21 - No Not reported

p.(Gly857Trpfs*40)

before

§ COSMIC ID information for protein only.

fundamental for decision making, as it may indicate which treatment is
most likely to be effective in each patient [8-10]. Therefore, great ef-
forts have been made to standardize diagnostic tests. Panels of inter-
national experts from reference institutions such as the College of
American Pathologist, International Association for the Study of Lung
Cancer and the Association for Molecular Pathology [11] recommend
the screening for mutations in the EGFR gene to be performed by one of
the two complementary methodologies: PCR followed by direct se-
quencing or real-time PCR. The most commonly used real-time PCR-
based techniques are cobas® EGFR Mutation Test and Idylla™ EGFR
Mutation Assay. These tests are highly sensitive and can detect muta-
tions in samples with tumor infiltration as low as 10-20%. Both tests
use a targeted approach designed to detect the most common EGFR
mutations [12]. Indeed, approximately 90% of all EGFR mutations
consist of either deletion in exon 19 or a single specific point mutation,
namely ¢.2753C > T (p.L858R) in exon 21 [13].

In this study, we analyzed the complete sequence of EGFR exons
18-21 in 1228 NSCLC patients by Sanger sequencing. We identified
novel mutations and we found that approximately 3% of the patients
carried genetic alterations that would not be identified by the cobas®
and the Idylla™ tests.

2. Materials and methods
2.1. Study design and patients

We analyzed data from patients who had received a diagnosis of

36

NSCLC and were tested at GenoMed, in Lisbon, Portugal, for the pre-
sence of mutations in the EGFR gene between 2010 and 2017. Tumor
samples from 1228 patients, including 539 females and 689 males,
were studied. Patients’ ages at the time of testing ranged between 21
and 94 years old. This is a retrospective study for which patient consent
and ethical committee approval were not necessary.

2.2. Sample collection

For this study, we analyzed data obtained from either formalin-fixed
paraffin-embedded (FFPE) blocks or FFPE sections, from the following
hospitals in Portugal: Hospital Pulido Valente and Hospital Santa Maria
(Centro Hospitalar Lisboa Norte); Hospital Professor Doutor Fernando
Fonseca; Hospital da Luz; Hospital Beatriz Angelo; Hospital Egas Moniz and
Hospital Sdo Francisco Xavier (Centro Hospitalar Lisboa Ocidental); CUF;
Hospital das For¢as Armadas. Additional hospitals located elsewhere in
Portugal are Hospital Vila Franca Xira; Hospital de Santo André (Centro
Hospitalar de Leiria); Hospital de Faro.

2.3. Sample preparation

Only samples with tumor content higher than 20% were analyzed
because for samples containing less than 20 to 30% of tumor infiltration
and/or less than 200 neoplastic cells the Sanger sequencing procedure
may not be sensitive enough for mutation detection [13,14]. DNA was
extracted from tissue samples using a QIAmp Blood mini kit (catalog
#51106), according to manufacturer’s instructions. The DNA solution
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Table 2
Compound mutations in which at least one is not catalogued in the cobas® and the Idylla™ kit specifications.
Patient ID  Protein level Nucleotide Level Exon COSMIC ID Detectable by Ref
cobas/Idylla

35 E709A p.(Glu709Ala) c.2126A > C 18 COSM13427 No [17,24]
G719S p.(Gly719Ser) c.2155G > A COSM6252 Yes

14 E709V p.(Glu709Val) c.2126A > T 18 COSM12371 No Doublet not
G719A p.(Gly719Ala) ¢c.2156G > C COSM6239 Yes reported before

] G719A p.(Gly719Ala) c.2156G > C 18 COSM6239 Yes Doublet not
D761Y p.(Asp761Tyr) c2281G > T 19 COSM21984 No reported before

9 E709K p.(Glu709Lys) c.2125G > A 18 COSM12988 No [17,27]
L858R p.(Leu858Arg) c.2573T > G 21 COSM6224 Yes

19 E709G p.(Glu709Gly) c.2126A > G 18 COSM13009 No [17,27]
L858R p.(Leu858Arg) c.2573T > G 21 COSM6224 Yes

13 G719A p.(Gly719Ala) c.2156G > C 18 COSM6239 Yes Doublet not
L833V p.(Leu833Val) c.2497T > G 21 COSM13424 No reported before

18 L747_T751delLREAT p.(Leu747_Thr751del) €.2240_2254del15 19 COSM12369 Yes Doublet not
K754E p.(Lys754Glu) c.2260A > G COSM85993 No reported before

27 V769M p.(Val769Met) c.2305G > A 20 COSM13425 No Doublet not
N771_P772dup or P772_H773insNP p. ¢.2311_2316dup (or COSM1738101° No reported before
(Asn771_Pro772dup) or p.(Pro772_His773insAsnPro) ¢.2316_2317insAACCCC)

34 H773R p.(His773Arg) c.2318A > G 20 COSM13433 No Doublet not
V774 M p.(Val774Met) c.2320G > A COSM13006 No reported before

233 L833V p.(Leu833Val) c.2497T > G 21 COSM13424 No [17]
H835L p.(His835Leu) c.2504A > T COSM6227 No

38 L833V p.(Leu833Val) c.2497T > G 21 COSM13424 No [17,27]
L858R p.(Leu858Arg) c.2573T > G COSM6224 Yes

3 L858R p.(Leu858Arg) c.2573T > G 21 COSM6224 Yes [17]
A871G p.(Ala871Gly) c.2612C > G COSM13008 No

5 A864T p.(Ala864Thr) ¢.2590G > A 21 COSM13197 No Doublet not
H870Y p.(His870Tyr) c.2608C > T COSM53292 No reported before

§ COSMIC ID information for protein only.

Table 3
Similarities with previously described mutations.

Patient ID New mutations found in this study Previously described mutations
4 L747_A755delinsNRQG L747_A755delinsSMS ° L747_A755delinsSKS * L747_A755delinsAT °
6 W817X (G > A) W817X (insAT)[[41]], ®
15 G857Wfs*40 G857E/V/R §, G857R [42]
G857E [43]
29 N771delinsHH N771delinsSTH®
N771delinsGY [44] N771delinsTH [45] N771delinsFH [46] N771delinsGP [36]
30 A763_Y764insLQEA A763_Y764insFQEA>>*

§ Mutations described in the following databases: cBioPortal, COSMIC and/or OncoKB.

was quantified using a full spectrum (220-750 nm) spectrophotometer,
NanoDrop® ND-1000 (NanoDrop® Technologies).

2.4. Mutation screening

We screened the tyrosine kinase domain (exons 18 to 21) of the
EGFR gene (7pll.2, OMIM#131550, NM_005228.3, LRG_304(t1)).
Exonic regions of interest were amplified by polymerase-chain-reaction
(PCR) with flanking intronic primers. For exons 18 to 21, the reaction
mixtures contained 1 pl of template DNA (150 ng), 2.5 ul of 10 X Buffer
(Bioline), 2.5 pl of 2mM dNTPs mixture (Bioline), a range from 0.6 to
0.75 ul of 50 mM MgCl, (Bioline), a range from 0.6 to 0.75 ul of each
primer (10pM), 0.3 pl of BioTaq DNA polymerase (5U/pL) (Bioline) and
ddH,O0, in a final volume of 25 pL. Thermal cycling conditions were as
follows: initial denaturation at 96 °C for 5 min; followed by 40 cycles of
94 °C for 30 seg, annealing temperature between 63 °C and 67 °C for 30
seg and extension at 72 °C for 30 seg. The final extension was for 10 min
at 72 °C. Supplementary Table 1 describes the primers used, fragment
sizes (bp) and annealing temperature of each exon. PCR products were
purified using the vacuum purification system Montage™ MultiScreen™
PCR96 Cleanup Kit (LSKM PCR50, Millipore) or Exo/SAP Go - PCR
Purification Kit (GRISP), according to the manufacturer’s instructions,
and sequenced using the Big Dye v3.1 Cycle Sequencing kit (Applied
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Biosystems) on an automatic sequencer (ABI Prism 3100-Avant
Capillary Array, 36 cm, Applied Biosystems). Data was analyzed using
the DNA Sequencing Analysis Software 6™ Version 6.0 (Applied
Biosystems). The Sequencher™ software was used to align samples
against a reference on Ensembl. The nomenclature used to describe the
genetic variants follows the guidelines of the Human Genome Variation
Society.

3. Results

Sanger sequencing of tumor samples from 1228 individuals revealed
at least one mutation in the EGFR gene in 252 cases, representing
~20% of the total population. This prevalence of mutations is higher
than previously reported in unselected European patients [5], and the
discrepancy is probably caused by the clinical selection bias of patients
referred for EGFR genotyping.

Among the 252 samples with mutated EGFR, we identified 38 cases
with mutations not explicitly listed in the specifications of the cobas® or
the Idylla™ EGFR Mutation Tests (Tables 1 and 2). Among these 38
patients, 24 carried single mutations (Table 1) and 14 had compound
mutations (Table 2). Clinical data for these patients is presented in
Supplementary Table 2. The genetic alterations identified include point
mutations, insertions and delins. Because many of these insertions and
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delins are located in the same region where other more common mu-
tations that are targeted by the kits occur, it is possible that they can be
detected by the PCR assays (these cases are indicated as “Not clear” in
Tables 1 and 2). However, even if a PCR assay detects a hit in these
regions, the precise genetic alteration would remain unknown.

As indicated in Tables 1 and 2, many of the 38 mutations identified
by Sanger sequencing were previously described as either oncogenic or
likely oncogenic. However, we found four single variants
(L747_A755delinsNRQG, A763_Y764insLQEA, N771delinsHH and
G857Wfs*40) that have not been previously reported (patients 4, 15,
29, and 30; Table 1). Noteworthy, these new variants are similar to
previously described mutations (Table 3). We also detected a K823E
mutation (patient 32; Table 1), that although not described in the
COSMIC database or in the OncoKB is mentioned in a protein modelling
study [15]. According to the aforementioned study, K823E greatly re-
duces the phosphorylation of EGFR. This is a surprising finding as most
mutations localized at the protein dimer interface have very little or no
impact on the phosphorylation pattern [15]. We were not able to find
any study reporting an NSCLC patient carrying this or a similar muta-
tion. We additionally detected a W817X (c.2450 G > A) mutation
(patient 6; Table 1), that was previously reported only in breast cancer
[16]; a closely related mutation (W817X, c.2450_2451insAT) was
however described in brain metastasis from a primary lung cancer
(Table 3).

We further found tumor samples from seven patients with combi-
nations of two mutations that have not been previously reported co-
occurring in the same patient (patients 5, 8, 13, 14, 18, 27, and 34;
Table 2). Doublet mutations were detected in 19 cases (~1.5%), of
which 14 (~74%) include at least one variant not catalogued in the
cobas® and the Idylla™ tests (Table 2). Amino acids E709, G719, L854
were frequently altered, in agreement with a previous study. [17]

Finally, data on treatment response of patients with novel and rare
mutations reveals very heterogeneous clinical outcomes (Table 4).

4. Discussion

Targeted-methods for EGFR genotyping are widely used but can
only identify the most common genetic alterations. Our study highlights
the value of sequencing-based approaches to identify rare mutations.
Our results show that approximately 3% of NSCLC patients have rare
mutations not catalogued in the cobas® and the Idylla™ tests.

To date, it remains unclear how tumors carrying uncommon mu-
tations respond to first-line TKIs [18]. Previous studies have shown that
exon 19 deletions are associated with EGFR-TKI sensitivity while exon
20 insertions are associated with treatment resistance [19-21]. How-
ever, one exon 20 insertion (p.A763_Y764insFQEA) was found asso-
ciated with good response to EGFR-TKI therapy [22]. We observed that
patient 30, who carried the novel but closely related mutation
A763_Y764insLQEA and who was treated with Erlotinib, had disease
progression in two months and an overall survival of 9 months.

The clinical significance of compound mutations is also unknown.
Previous studies have reported mutations L858R and G719A co-occur-
ring with other less common mutations [23]. The compound mutation
L858R + A871 G detected in patient 3 was previously reported being
associated with resistance to erlotinib [24]. The doublet L833V
+H835L detected in patients 2 and 33 was previously described in
patients that responded well to EGFR-TKI [25,26].

In this study, patients with novel or rare mutations that were treated
with EGFR-TKIs had an overall survival ranging between 3 and 32
months. Further investigation of larger patient cohorts with sequen-
cing-based approaches is needed in order to understand how un-
common genetic signatures influence treatment response. By expanding
the inventory of EGFR mutations associated with NSCLC this study may
contribute to improved lung cancer precision treatment.
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Supplementary Table 1. Primers used, fragment sizes (bp) and annealing temperature per exon.

Frasment Annealing
Exon Forward Primer Reverse Primer - g temperature
size (bp)
(Ta)
18 | CTGGCACCCAAGCCCATG CCCACCAGACCATGAGAGG 302 67°C
19 | CCAGTGTCCCTCACCTTC AGCAGGGTCTAGAGCAGAGCAGCTGCC 308 63°C
20 | GATCGCATTCATGCGTCTTCACC | TATCCCAGGAGCGCAGACC 358 65°C
21 | GGCATGAACATGACCCTGAAT AGCTGCTGCGAGCTCACC 371 66°C

Primers 19R e 20F were designed by Shigematsu and collaborators®>.



Supplementary Table 2. Patient information

Patient Age at Age at .0 q ] Stage at
D Sex T et | dtias Ethnicity | NSCLC Histology | Smoking status s
1 F 66 66 Caucasian | Adenocarcinoma Current heavy IVB
(>15 pack year)
2 F 74 71 Asian Adenocarcinoma Never 1B
3 M 84 NA NA NA NA NA
4 M 67 NA NA Adenocarcinoma NA NA
5 M 49 48 Caucasian | Adenocarcinoma Never 11B
6 M 81 80 Caucasian | Adenocarcinoma Former heavy v
(>15 pack year)
7 M 46 46 Caucasian | Adenocarcinoma Never IVB
8 M 68 68 Caucasian | Adenocarcinoma Former heavy IVB
(>15 pack year)
9 F 65 NA NA NA NA NA
10 M 59 51 Caucasian | Adenocarcinoma Former light (<15 IITA
pack year)
11 F 46 46 Caucasian | Adenocarcinoma Former heavy ITA
(>15 pack year)
. . Current heavy
12 F 59 59 Caucasian | Adenocarcinoma v
(>15 pack year)
13 F 59 59 Caucasian | Adenocarcinoma Never IVB
14 M 76 76 Caucasian | Adenocarcinoma Never IVB
15 M 75 75 Caucasian | Adenocarcinoma Current heavy v
(>15 pack year)
16 F 72 72 Caucasian | Adenocarcinoma Never IVA




17 M 72 72 Caucasian | Adenocarcinoma Former heavy IVB
(>15 pack year)

18 F 60 60 Caucasian | Adenocarcinoma Never 1B

19 F 55 55 African Adenocarcinoma Former heavy IVA
(>15 pack year)

20 M 75 75 Caucasian | Adenocarcinoma Former heavy IVB
(>15 pack year)

21 F 67 66 Caucasian | Adenocarcinoma Never IVB

22 F 57 57 Caucasian | Adenocarcinoma Never IVB

23 F 52 52 African Adenocarcinoma Never IVB

24 M 63 62 Caucasian | Adenocarcinoma Former light (<15 IVA

pack year)

25 F 81 81 Caucasian | Adenocarcinoma Never IVA

26 M 72 72 Caucasian | Adenocarcinoma Never IVB

27 F 69 69 African Adenocarcinoma Never IVB

28 F 79 74 Caucasian | Adenocarcinoma Never 1A

29 M 70 70 Caucasian | Adenocarcinoma Current 1B

30 M 73 72 Caucasian | Adenocarcinoma Former light (<15 v

pack year)

31 M 53 NA Caucasian | Adenocarcinoma NA ITA

32 F 72 71 Caucasian | Adenocarcinoma Former heavy IA
(>15 pack year)

33 M 64 NA NA Adenocarcinoma NA 1B

34 F 83 83 Caucasian | Adenocarcinoma NA NA

35 M 64 64 Caucasian | Adenocarcinoma Never ITA

36 F 74 73 Caucasian | Adenocarcinoma Never 1I1A

37 F 57 57 Caucasian | Adenocarcinoma Never 1I1A

38 F 52 52 Caucasian | Adenocarcinoma Current 1I1A

NA = not assessed.




Annex 4

cobas® EGFR Mutation Test — list of mutations

Exon 18

Exon 19

Mutation type: G719X

Mutation type: exon 19 deletion

Nucleotide alteration Aminoacid change ID COSMIC21 Nucleotide alteration Aminoacid change ID COSMIC21
c.2155G>A p.G719S 6252 .2235_2249del15 p.E746_AT750del 6223
€.2155G>T p.G719C 6253 €.2236_2250del15 p.E746_AT750del 6225
c.2156G>C p.G719A 6239 €.2240_2257del18 p.L747_P753delinsS 12370

€.2240_2254del15 p.L747 T751del 12369

€.2239_2256del18 p.L747_S752del 6255

Exon 20 c.2239 2251delinsC p.L747_T751delinsP 12383

Mutation type: T790M, S768l and exon 20 insertion €.2237 2251del15 p.E746 T751delinsA 12678

Nucleotide alteration Aminoacid change ID COSMIC21 €.2237_2255delinsT p.E746_S752delinsV 12384
€.2303G>T p.S768| 6241 €.2239 2248delinsC p.E747_A750delinsP 12382
€.2369C>T p.T790M 6240 c.2239 2253del15 p.L747 T751del 6254

c.2319_2320insCAC p.H773 V774insH 12377 €.2239 2247del9 p.L747 E749del 6254

c.2310_2311insGGT p.D770_N771insG 12378 €.2235_2252delinsAAT p.E746_T751delins| 13551

¢.2307_2308ins9 p.V769_D770insASV 12376 €.2236_2253del18 p.E746_T751del 12728
c.2309_2310delins11 p.V769_D770insASV 13558 €.2237_2254del18 p.E746_S752delinsA 12367
c.2311_2312ins9 p.D770 _N771insSVD 13428 €.2238_2255del18 p.E746_S752delinsD 6220
c.2238 2248 delinsGC p.L747_A750delinsP 12422

€.2238_2252delinsGCA p.L747_T751delinsQ 12419

Exon 21 €.2239 2258delinsCA p.L747 P753delinsQ 12387

Mutation type: L858R c.2240 2251del12 p.L747_T751delinsS 6210

Nucleotide alteration Aminoacid change ID COSMIC21 c.2233 2247del15 p.K745_E749del 26038
c.2573T>G L858R 6224 .2253 2276del24 p.S752_1759del 13556

c.2573 2574TG>GT L858R 12429 .2235_2248delinsAATTC | p.E746_A750delinsIP 13550

€.2237_2252delinsT p.E746_T751delinsV 12386
c.2235_2251delinsAATTC | p.E746_T751delinsIP 13552
€.2235_2255delinsAAT p.E746_S752delins| 12385
€.2237_2253delinsTTGCT | p.E746_T751delinsVA 12416
€.2237_2257delinsTCT p.E746_P753delinsVS 18427
c.2238_2252del15 p.L747 T751del 23571
c.2239 2256delinsCAA p.L747_S752delinsQ 12403
2240T>C L747S 26704




Annex 5

Idylla™ EGFR Mutation Test — list of mutations

Exon 18 Exon 19
Mutation type Aminoacid change Nucleotide alteration Mutation type Aminoacid change Nucleotide alteration
G719A p.Gly719Ala c.2156G>C p.Leu747_Ala750delinsPro c.223872248dellr.1$GC
G719C p.Gly719Cys c.21556>T deletion 9 : c.2239 2248delinsC
c.2154 2155delinsTT p.Leu747_Ala750delinsSer €.2240 2248del
G719S p.Gly719Ser c.2155G>A p.Leu747_Glu749del €.2239 2247del
deletion 12 p.Leu747 Thr751delinsPro c.2239 2251delinsC
p.Leu747_Thr751delinsSer €.2240 2251del
Exon 20 €.2235 2249del
Mutation type Aminoacid change Nucleotide alteration p.Glu746_Ala750del c.2236 2250del
T790M p.Thr790Met €.2369C>T €.2239 2253del
S768I p.Ser768lle €.2303G>T p.Leu747_Thr751del €.2240_2254del
InsG p.Asp770 Asn771insGly c.2310_2311insGGT c.2238 2252del
InsASV(9) p.Val769 Asp770insAlaSerVal ¢.2307 2308insGCCAGCGTG p.Glu746 Thr751delinsAla €.2237 2251del
InsASV(11) p.Val769 Asp770insAlaSerVal | ¢.2309 2310delinsCCAGCGTGGAT deletion 15 p.Glu746 Thr751delinslle c.2235 2252delinsAAT
InsSVD p.Asp770 Asn771insSerValAsp c.2311 2312insGCGTGGACA p.Glu746 Thr751delinsVal c.2237 2252delinsT
InsH p.His773_Val774insHis ¢.2319 2320insCAC p.Lys745_Ala750delinsThr €.2234_2248del
p.Glu746 Thr751delinsLeu €.2236_2253delinsCTA
p.Glu746_Thr751delinsVal €.2237_2253delinsTA
Exon 21 p.Glu746 Thr751delinsAla €.2235_2251delinsAG
Mutation type Aminoacid change Nucleotide alteration p.Glu746_Thr751delinsGin c.2236 2253delinsCAA
c.2573T>G L858R p.lle744_Ala750delinsVallLys €.2230_2249delinsGTCAA
L858R p.Leu858Arg c.2573 2574delinsGT p.Leu747_Pro753delinsSer €.2240_2257del
c.2573 2574delinsGA p.Glu746_Ser752delinsVal c.2237 2255delinsT
L861Q p.Leu861GIn c.2582T>A p.Leu747_Ser752del €.2239 2256del
p.Glu746_Thr751del €.2236_2253del
p.Leu747 Pro753delinsGIn c.2239 2258delinsCA
p.Glu746 Ser752delinsAla €.2237 2254del
deletion 18 p.Glu746_Ser752delinsAsp €.2238_2255del
p.Glu746_Pro753delinsValSer €.2237 2257delinsTCT
. €.2236_2255delinsAT
p.Glu746_Ser752delinslle ©.2236 2256delinsATC
€.2237 2256delinsTT
p.Glu746_Ser752delinsVal €.2237 2256delinsTC
c.2235 2255delinsGGT
. p.Leu747_Pro753del €.2238_2258del
deletion 21 p.Glu746_Ser752del c.2236_2256del
deletion 24 p.Ser752 lle759del €.2253 2276del




