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Summary

SUMMARY

Cancers are frequently caused by protein modifications affecting the biochemical function,
resulting in abnormal expression of protein products and resulting in alterations in the
cells. Consequently, the study of proteins and their variants constitutes the essence of
cancer proteomics aiming at the discovery of novel biomarkers. Changes at the protein
level can be introduced mainly by mutations at the DNA level or by post-translational
modification events. Although germ-line mutations can result in predisposition to heritable
cancers, somatic mutations represent the majority of observed genomic alterations and are
not found in matched normal tissues from the same patient. The ability to detect these
modified biomolecules with high precision across multiple biological samples is
preferentially performed by mass spectrometry based technologies due to the ability of
this method to determine the molecular mass of the protein as an accurate characteristic

of each protein.

Lung cancer is a heterogeneous disease that is characterized by a spectrum of somatic and
genomic “driver” alterations. Profiling lung cancer includes screening for diverse prognostic
and predictive biomarkers to assess the prognosis and predict the outcome of treatment.
Currently in the clinical environment the treatment options for lung cancer patients are
based on histology results and the stage of the tumor. Although these drug treatments
demonstrated promising results, patients with an advanced disease stage have poor
prognosis also due to an acquired resistance to the drugs. Therefore, EGFR deletion
(delE746-A750) and point (L858R) mutations (increased or decreased sensitivity to drugs)
were used as proof-of-principle for developing a targeted strategy. Furthermore, this
strategy was applied on KRas as one of the Ras family isoforms (decreased sensitivity

towards EGFR inhibitors) and another “driver” oncogene in NSCLC.

Quantitative mass spectrometric analyses of modified proteins in extracts from tissue
samples are however challenging due to the high complexity of the samples and the
requirement to detect exactly the modified part of the molecules of interest. Thus, the aim
of the project is to design, implement and validate specific tests for protein variants, derived
from genetic and/or post-translational changes, known to be involved in cancer formation.
The limitations for quantitative mass spectrometry analyses in complex biological samples
can be overcome by the use of internal standards in combination with an immuno-

enrichment strategy for those proteins containing sequence variations and/or post-
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Summary

translational modification. Each step was carefully designed to obtain optimal datasets
yielding the basis for a solid data analysis of the targeted isoforms. The comparison to the
current genomic techniques underlined the importance of the investigation to be performed
at the protein level. The creation of a platform with the latest technology advances in mass
spectrometry can position these proteomics assays into routine applications and may find
an immediate clinical function for patient stratification and ultimately for therapeutic

decisions by clinicians.
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Introduction

INTRODUCTION
Somatic mutations and cancer

Cancer as a heterogeneous disease is caused, among others, by DNA alterations that affect
the biochemical function or expression of particular genes leading to expansion capabilities
to the cell. In the human genome, various types of genes control cell growth in a precise
way and once an error occurs in the DNA encoding these genes, their function maybe
disturbed and are called “altered” or mutated. The alterations which drive malignancy are
characteristic for each cancer and differ between cancer types and even subtypes. These
heterogeneous changes can occur as point mutations, insertions, deletions, amplifications,
inversions or polymorphisms of the DNA sequence or as epigenetic abnormalities affecting
the gene expression [1, 2]. Mutated genes that contribute to malignant transformation can
be divided into three main groups: (1) oncogenes - growth promotors, regulators of cell
proliferation, apoptosis and differentiation, (2) tumor suppressor genes - inhibitors of cell
growth promoting differentiation or stimulating apoptosis and (3) genes involved in DNA
repair [3]. The oncogenes as signaling biomolecules involved in signal transduction typically
occur in a heterozygous setting [4] and if mutated may become activated leading towards
constant cell growth. On the contrary, the tumor suppressor genes being typically
homozygous in nature and involved in internal regulatory circuits, and if mutated result in a
deletion or inactivation of the genes [5]. Thus, the majority of the targeted anticancer drugs
are directed against the activated oncogenes which need to be inhibited. Drugs against
tumor suppressor genes, which require an activation instead of an inhibition, are much more
difficult to develop and are not really available [6]. Lastly, damages in the DNA repair genes
usually occur in hereditary cancers due to various endogenous and/or exogenous factors
[7] and can lead to different types of alterations affecting the oncogenes and tumor

suppressor genes [8].

When an alteration or a mutation in a gene is present in the germ cells, referred to as a
“‘germline mutation”, it is inheritable and present in all cells [9]. Contrary to the germline
variants, the somatic (acquired) mutations in the malignant tissue play a prominent role in
the tumor formation and development and these mutations are consequently not found in
matching normal tissue from the same patient [10]. An accumulation of somatic mutations
in different genes over time is required to cause malignancy. Hence, each cancer is

characterized by a set of somatic mutations, of which only a subset contributes to the
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tumor’s progression. The fraction of alterations responsible for tumor initiation and
progression are called “driver” mutations [11], with the remaining part of the mutations called
“passenger’ mutations, lacking an apparent growth advantage. “Drivers” usually occur in a
heterozygous setting in the oncogenes, where one wild-type and one mutant allele are
present, making their identification difficult due to the lower expression frequency of the
mutation vs. the wild-type expression rate. The solid tumors may contain over a 100
alterations distributed over the coding regions, but only about 5-15 of those are considered
to be “drivers” [12]. Distinguishing “driver” mutations from the domination of the neutral
“passenger’ mutations that characterize each cancer, is important for better understanding
of the cancer disease and its subsequent treatment [13, 14]. Furthermore, the “drivers”
generally cluster together compared to the “passengers” which are randomly distributed in
the genes [15]. These somatic aberrations vary dramatically across cancer types in
numbers, patterns and mutation rate [16]. For their analysis, the tissue handling and
preservation, the tissue heterogeneity, the approach used for sampling and fixation, the
amount of material available for examination and its composition as well as the stage of the

cancer (growth, invasion, metastasis) has to be taken into account [17].

As genes are differentially expressed in different cells under various conditions, their
products, the proteins, have unique expression patterns too. They are also involved in
different signaling pathways, transmitting for example information from the cell surface to
the nucleus. Along these signal transductions numerous alterations may occur turning a
normal cell into a cancerous one and thus altering its structure and function. Besides the
mutations previously mentioned, different post-translational modifications (PTMs) such as
phosphorylation, glycosylation, ubiquitination etc., are included as well. Therefore,
comparison of different cell types (e.g. diseased vs. healthy, treated vs. untreated) for
identification of the present mutations and PTMs involved in the signaling pathways and
protein-protein interactions is beneficial for the development of targeted therapies,
especially when heterozygous mutations are present in the active domains of each

gene/protein [18].

Predictive molecular profiling

Molecular profiling represents a method of testing for studying the genetic characteristics of

each patient’s tumor and searching for unique biomarkers related to that cancer type [19].
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The obtained information might be used for identification and development of targeted
therapies designed specifically for the analyzed tumor profile. Therefore, based on the
patient’s profile a corresponding drug type and dosage should be given and screening for
additional occurring mutations that may cause resistance to the drug has to be performed.
The molecular profiling — including analyses of the tumor’s genomic expression and
variations, the detection of somatic mutations and/or the activated cellular pathways — could
identify patients with specific mutation profiles that could benefit from a specific drug. The
acquired diagnostic, prognostic and predictive informations possess clinical significance for
improvement of therapies and minimization of “side effects” [20]. For example, patient
carrying an activating mutation in the KRas gene (a gene involved in the EGFR’s
downstream signaling pathways), when treated with an EGFR tyrosine kinase inhibitor or
EGFR-directed monoclonal antibody will not benefit from this therapy (figure 1). The
unresponsiveness to the given therapy is a result of the activation of a mutation localized

“‘downstream” of the drug target [21].

Figure 1. Schematic
representation of predicting
anti-EGFR treatment
efficiency in patients carrying
KRas mutation.

Monoclonal antibody

ﬂ EGFR Tyrosine

Kinase Inhibitor

~y

[ KRas WT ] [ KRas mutation ]

In presence of KRas
wild-type, blocking
EGFR prevents
activation of the
signaling pathway and
the tumorcell

progression is stopped.

In presence of KRas
mutation, the signaling
pathway becomes
constantly activated
regardless the EGFR
inhibition, allowing
tumor cell progression.
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For matching the “right” patient with the corresponding drug a complete description of the
disease is required as a basis for the patient’s prognosis and/or prediction. In the clinical
environment different assays are used for identification of specific altered biomolecules
involved in the cell’s regulatory processes, known as biomarkers. These biomarkers are
categorized into three main groups: (1) prognostic markers - predictors of the disease
outcome independently of the therapy; (2) predictive markers - predictors of the response
to a specific therapy; and (3) pharmacodynamic markers - providing answers regarding the
therapeutic influence on the patient and if toxic side effects can developed during treatment
[22, 23]. By measuring these indicators for a specific biological condition the patients can
be easily divided into subgroups, according to their responsiveness, with the creation of a
suitable therapy with lower costs and improved clinical benefits. For instance, for non-small
cell lung cancer occurrence of mutations in the EGFR protein has a predictive value
regarding the responsiveness of the patient to either gefitinib or erlotinib treatment (known
EGFR tyrosine kinase inhibitors) [24].

The molecular profiling for specific alterations mainly involves the investigation into genomic
aberrations — such as gene fusions, amplifications and/or deletions, copy number variations,
gene expression, and DNA methylation as a common epigenetic alteration — at DNA and
RNA levels [25]. These traditional examinations search for occurrence of driver mutations
in individual genes and monitor their changes and expression in order to predict the tumor’s
response to a targeted therapy. Therefore, patients are selected according to the acquired
genomic profiles, whereas the prediction of the treatment is based on the drug efficacy
targeting the specific protein [26]. These targeted therapies are demonstrating encouraging
results, but the overall prognosis remains poor in patients with advanced disease [27] mainly
due to the development of secondary mutation resulting in resistance toward the TKIs [28].
Nonetheless, the genomic and transcriptomic events do not always correlate with the
protein abundance and expression [29]. This is due to the cellular protein production and
maintenance processes such as transcription, processing and degradation of mRNA,
translation, localization and post-translational modification events that result in a broad
range of protein abundance and expression [30]. Ultimately, proteins are the leading
machinery of the cell. With improved analyses techniques, higher sequence coverage is
obtained allowing better detection and identification of the protein variations at the amino
acid level as well as the post-translational modification changes and their different isoforms.

Combining the investigations of the genetic expression, protein profiles, cellular
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pathways and existing modifications, an accurate cancer characterization can be made, and
diagnostic, prognostic or predictive insights of the disease will be achieved [18], leading to
faster diagnosis and accurate treatment choices. Thus, molecular profiling of the protein
alterations which have an impact on the disease progression can contribute to the
development of individual tailored drugs and avoid the side effects of “one size fits all”

treatments.

One limitation during the genomic and proteomic investigation is the specimen itself. Tumor
tissue samples are never homogenous [31]. Besides the cancer cells they contain also
sections of the normal tissue which reduces the usability of the overall sample amount. This
mixture of the normal and cancer cells makes the identification difficult requiring high
sensitivity to detect the mutated fraction of the tumor cells [17, 20]. On the other hand, for
the molecular profiling, the amount of tissue for analysis is crucial. The necessity to detect
and identify all the present alterations within the sample requires the availability of larger
sample amounts for different assays. Therefore, cost-effective, multiplexed assays with
high-throughput and high sensitivity and selectivity are needed for screening driver

mutations at the protein level with a requirement for a minimal amount of sample.

Lung cancer and the main predictive biomarkers

Lung cancer, one of the leading cause of death worldwide, is an example of a
heterogeneous disease that is characterized by a spectrum of somatic “driver” alterations.
Patients with lung cancer are mainly classified into two groups: non-small cell lung cancer
(NSCLC) (accounts for over 80% of all diagnosed lung cancer patients) and small cell lung
cancer (SCLC). Further, pathologists divide NSCLC according to the unique molecular
signature characteristics in adenocarcinoma (dominant histological subtype), squamous
cell carcinoma (SCC) (approx. 33% worldwide) and large cell carcinoma (LCC) (approx. 3%
of all lung cancers) [32, 33]. The traditional chemotherapy-based therapies are a first choice
of treatment for SCLC, whereas NSCLC patients are less responsive to this regime [34]. If
NSCLC is diagnosed at an early stage it can be successfully treated, however, often the
disease does not reveal any symptoms for a period of time and it is commonly diagnosed
at advanced stage [35]. Currently in the clinical environment different treatment options are
offered to lung cancer patients based on histology and tumor stage as well as the patient’s

functional ability. Early stage tumors are primarily removed by
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surgery and/or treated with platinum-based chemotherapy. On the other hand, due to the
variety of somatically acquired mutations, the molecular profiling, diagnosis and
management of the advanced NSCLC is done with development of personalized targeted
therapies, mainly existent as monoclonal antibodies or as protein kinase inhibitors [36].
Although these drug treatments demonstrated promising results, patients with advanced
disease stage have a poor prognosis due to the risk of an acquired resistance to the
inhibitors (often caused by development of secondary mutations that cause upregulation of
other signaling proteins and pathways) or as a result of disease metastasis [37]. Additional
factors that are considered in the tumor profiling and treatment are the patient ethnicity,
smoking status, age etc. Therefore, for optimal management of targeted therapies for
NSCLC, tumors are screened for diverse prognostic and predictive biomarkers to estimate

the prognosis and predict the outcome of the treatment.

Profiling lung cancer includes analyses of individual genes for predicting the sensitivity of
the tumor towards a drug that targets a specific gene and/or protein. The most involved
“driver” genes in NSCLC, as well as colon cancer or breast cancer, are EGFR (increased
or decreased sensitivity to drugs), KRas (decreased sensitivity towards EGFR inhibitors),
anaplastic lymphoma kinase (ALK) rearrangements, mesenchymal-epithelial transition
factor (MET) mutations, phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) mutations
(increased catalytic efficiency) and proto-oncogene tyrosine-protein kinase (ROS1)
rearrangements [38], with a majority having kinase activity and thus becoming desirable
targets for anticancer therapies [39]. These targets are involved in a variety of cellular
processes like proliferation, motility, suppression of apoptosis and angiogenesis through
the RAS/RAF/MEK/ERK, PI3K/AKT/mMTOR and JAK/STAT as three major signaling
pathways involved in carcinogenesis (figure 2) [34, 40]. Presence of somatic mutations
within these pathways turns key components into oncogenes. Patients having specific
mutations present within these oncogenes will respond differently to targeted therapies. For
example, a patient with an EGFR mutation in the tyrosine kinase domain of the molecule
will show a good response to the EGFR tyrosine kinase inhibitors (TKIs), while if a mutation
occurs in the KRas gene, the same patient will most probably resist to EGFR inhibitors. For
that reason, one of the most affected and investigated alterations in lung cancer signaling
pathways is the presence of KRas mutations connected with the smoking or with the

occurrence of EGFR mutations related to nonsmoking [41].
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Introduction

Kirsten rat sarcoma 2 viral oncogene homolog (KRas) is one of the three Ras family isoform

members (the other two are the neuroblastoma RAS viral oncogene homolog (NRas) and

the Harvey sarcoma virus (HRas)). It is a small protein with GTPase activity located

intracellularly and it is involved in the transduction of the signal from the extracellular through

21|Page



Introduction

the intracellular tyrosine kinase domain of EGFR, to the nucleus. KRas is consistent of four

domains with 189 amino acids in total. The first domain at the N-terminal part is identical for

all RAS isoforms and in this region the most common mutations can occur between amino

acids 6 and 16. The second domain is involved in signal transduction and in this region,

between amino acids 89 and 97, the three Ras isoforms differentiate in the protein

sequence. The first and the second domain together represent the G-domain which has

GTPase activity involved in protein-protein interactions. At the C-terminus there is a

hypervariable region (HVR), which holds the post-translational modifications involved in

membrane anchoring and is responsible for modulating its biological activity (figure 3 and

4).

NH,

ﬁ Domain |
1-85

G domain

T—Domain 11
86-165

HVR
165-189
COOH

6-16 aa
G12/G13 mutations

89-97 aa
RAS isoforms

Figure 3. Schematic representation of the
RAS structure. Domain | consist of 85 amino
acids, domain Il of 80, and together they are
grouped in G domain. The hyper variable
region (HVR) at the C-terminal consists of 24

amino acids.

KRas is a signal transducer involved in
cell proliferation, differentiation and
survival via different downstream
signaling pathways, such as MEK/ERK
signaling pathway. KRas is considered
to have predictive and prognostic value
for various cancer types, like colon,
prostate, lung and breast, as well as
having an impact on anticancer drug
therapies. The KRas (also the other
Ras family members) mutational status
is important for decision making
therapies, especially in NSCLC
patients due to the negative impact on
the anti-EGFR therapies [42].
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NH2 Exon 1
6 .'1‘2- 16 89 fen e | 97
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P [ !
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P M \ !
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P [ !
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Figure 4. Schematic representation of the KRas structure. In domain I, exon 2, most frequent
mutations can occur at codon 12 and 13, between the amino acid 6 and 16 of the KRas protein.
Here the sequence for the G12S mutations is presented, characteristic for KRas. The three
RAS family isoforms can be distinguished at the C-terminal part of the protein sequence in exon
4, between amino acid 89 and 97 in domain I

KRas mutations in NSCLC occur mostly at codons 12 and 13, mainly as substitution
mutations at position G12A/S/C/D/V or G13D, which reduce the GTPase activity of the
protein and thus activate the abovementioned signaling pathways. These heterozygous
mutations account for an approximately 30% of the current mutations in lung cancer and
are found predominantly in adenocarcinomas and smoker patients with Asian ethnicity [43].
The expression of the KRas, NRas and HRas isoforms varies among species [44] and these
highly preserved expression levels have functional importance in the cell proliferation,
differentiation and cell death. It is still not clear if the Ras isoform differences are due to the
dominant presence of a specific Ras gene in a particular tumor type or as a result of
differently translated and expressed Ras protein products displaying diverse biological
specificities [44]. For instance, KRas was found as most frequently mutated in colon,
pancreatic and lung cancer, whereas mutated NRas is mostly expressed in acute leukemia
and the mutation occurrence of HRas was mostly reported in melanoma and bladder
carcinomas [45]. Thus, unambiguous determination of the mutation expression of each Ras
isoform versus its wild-type counterpart is of functional importance regarding their role in

the tumor progression and metastasis.
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The prognostic factor of the KRas mutations in NSCLC tumors showed negative values
regarding the disease-free and overall survival in surgically treated patients [46]. Moreover,
the predictive value of KRas is correlated to the anti-EGFR targeted therapies, although
these two mutations (in EGFR and KRas) are mutually exclusive [47]. In other words, the
occurrence of KRas mutation in a tumor tissue may indicate absence of EGFR mutations in
the tumor. Many studies over the past decades demonstrated KRas as a negative predictive
biomarker due to the non-responsiveness of the NSCLC patients carrying KRas mutations

when treated with anti-EGFR monoclonal antibodies or inhibitors [48].

EGFR mutations and post-translational modifications in lung cancer

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase (RTK) involved in
the information transmission from the cell surface to the nucleus. It belongs to the ErbB
receptor family and is also known as ERBB1 or HERL. This 170 kDa protein consists of a
glycosylated extracellular ligand-binding domain, a transmembrane part and an intracellular
domain with tyrosine kinase activity (figure 5) [49]. The extracellular part is divided into four
domains, two cysteine-rich and two ligand-binding domains, where the second ligand-
binding domain is most involved in dimerization. EGFR is activated by homodimerization
with itself or heterodimerization with other HER family members, resulting in structural
changes and phosphorylation on the key tyrosine residues associated with increased kinase
activity. The tyrosine autophosphorylation allows recruitment of adaptor proteins (e.g. Grb2
or Shc) and these protein-protein interactions trigger downstream intracellular signaling
pathways which promote cell growth, proliferation, differentiation, survival and migration
[50].

Extracellular part Intracellular part
‘ Transmembrane ‘ ‘
part
Exon 2-4 5-7 8-12 13-16 17 18-21 22-28
wH; (I ™™ TK R COOH
Ligand-binding  Cysteinerich Ligand-binding  Cysteine rich Tyrosine kinase activity Regulatory region
domain domain domain domain domain

Figure 5. Schematic representation of the EGFR structure. The extracellular part consists of
four domains, two ligand-binding (I and Ill) and two cysteine rich (Il and IV) domains. The
intracellular part contains a tyrosine kinase domain (TK) and a regulatory (R) region at the C-
terminal involved in recruitment of adaptor proteins.
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EGFR activation and overexpression can be seen in various tumors, like lung, head and
neck, ovary, brain, breast, colon etc. [51]. In NSCLC, occurrence of EGFR mutations or
protein overexpression were found in about 40-90% of the cases [52]. The activating EGFR
mutations are mostly present in the tyrosine kinase domain between exons 18 and 21,
mainly as point mutations, deletion mutations and insertions (figure 6). The most common
somatic EGFR mutations in lung cancer are found as exon 19 deletions resulting in loss of
amino acids 746 to 750 (accounting for 45% of EGFR mutations) and as exon 21 point
mutation, resulting in substitution of leucine-to-arginine at amino acid 858 (L858R)
(accounting for 40% of EGFR mutations) [53]. These two mutations may result in activation
of various cellular signaling pathways — more involved in activation of the antiapoptotic
pathways PI3K/AKT and JAK/STAT rather than in ERK/MAPK signaling pathway — leading
to cell proliferation or anti-apoptosis [54]. Moreover, these EGFR mutations are considered
as predictors of the sensitivity towards EGFR TKIs, thus rendering EGFR as a relevant drug
target and defining it as a potential predictive biomarker. The remaining mutations occurring
in EGFR can be found as in-frame insertions within exon 20, G719X (X can be C, S or A)
point mutations at exon 18, L861Q point mutation at exon 21 and in-frame insertions in exon
19, as well as the T790M mutation in exon 20 that occurs mainly as secondary mutation
due to acquired resistance to second-generation anti-EGFR therapies [50, 55].
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Figure 6. Schematic representation of the main EGFR mutations in NSCLC between exon 18
and 21 in the tyrosine kinase activity domain.
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Mutational profiling of EGFR activating alterations is crucial for predicting the sensitivity of
targeted therapies. Knowing the levels of the active mutations is important to predict the
outcome of the treatment. The receptor can be activated in various ways, including gene
mutation, overexpression and/or amplification. The presence of activating mutations in the
tyrosine kinase domain of the receptor has a major role in oncogenic determinations in lung
cancer and their therapeutic implications [56]. Targeting these mutations with specific drugs
helps to improve patient outcomes and overall survival rate. Various targeted strategies
have been developed to inhibit EGFR, however gefitinib and erlotinib (two small molecule
reversible inhibitor drugs) are the first choice therapeutics that specifically target the EGFR
tyrosine kinase activity [57]. The occurrence of activating EGFR mutations in lung
adenocarcinomas results in an increased affinity for these inhibitors with an impact on the
drug efficiency [58]. Nonetheless, almost all patients develop resistance towards the
therapy leading to disease relapse. The acquired resistance is mainly due to the presence
of a secondary mutation (e.g. T790M mutation in exon 20), but can also occur following the
activation of a parallel downstream signaling pathways, some other phenotypic
transformation or as development of a new alteration in addition to the EGFR mutations
[59]. Therefore, assessment of the EGFR mutation status and selection of subsets of patient
that share characteristic disease profiles (including the tumor stage and type, EGFR
amplification and overexpression etc.) is important for designing compatible effective

therapies.

Other alterations that affect the protein structure and function, causing changes in the amino
acid sequence and triggering different cellular signaling processes, impacting the protein
localization and interactions are the post-translational modifications. Initiation of
phosphorylation as the most frequent PTM in the EGFR protein demonstrated negative
influence on anticancer therapeutic targets [60]. The phosphorylation events in the
biomolecule are triggered upon activation of the EGFR mutations leading to enhanced
phosphorylation onto key phosphorylation sites. Generally, phosphorylation occurs on
serine (S), threonine (T) and tyrosine (Y) amino acids (event order S:T:Y = 90:10:0.05).
Tyrosine autophosphorylation sites (especially in the regulatory domain of the protein) are

the most affected by the activation of the EGFR mutations [61].
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EGFR has 20 tyrosine sites prone to autophosphorylation; 10 distributed in the tyrosine
kinase domain without major biological significance and 10 localized in the regulatory
domain of the protein interacting with various adaptors and signaling proteins (figure 7) [62].
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Figure 7. Schematic representation of the 20 phosphotyrosine sites in EGFR protein; 10 located
in the tyrosine kinase domain without functional significance and 10 autophosphorylation site
located in the regulatory region of EGFR intracellular part.

As mentioned before, phosphorylation and dephosphorylation events on key tyrosine sites
can result in recruitment of adaptor proteins of various signaling pathways presenting
different signaling outputs of oncogenic processes. Therefore, the ability to precisely identify
the activated sites and to determine their kinetic, dynamic and stoichiometry rates as their
specific signatures can provide additional insights of the tumor disease and its

responsiveness to the TKiIs [62].

Mass spectrometry characterization and targeted profiling
Proteins as leading machinery of the cell

Obtaining information for a particular disease includes screening and identification of
mutations and their structural variations along with their localization and frequency within

the population and their connection to the disease. Detection of the “driver” mutations and
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obtaining information for the positive or negative outcomes of targeted therapies is crucial
since the rate of the NSCLC patients that can benefit from chemotherapy is very low.

Identification of the important molecular patterns in the tumor cells responsible for the tumor
progression and initiation requires precise and reproducible methods that can analyze as
many targets as possible at a time. Cancer diagnoses and classification currently are based
on the cellular morphology and histological structure. This way information regarding the
disease origin, tumor type and stage are obtained as relevant information for patient’s
therapies. As diagnostic tools various approaches such as genomic sequencing methods,
polymerase chain reaction (PCR)-based methodologies, different hybridization techniques
and microarrays are used to describe the molecular changes and unique signatures to
stratify patients according to their disease occurrence and estimate the survival rate after
therapy. These different platforms are using DNAs or RNAs from tumor samples for
screening of mutations in the clinical environment. This profiling generally involves
estimation of the gene copy number variations (gene amplification or deletions) and the
DNA content and expression status. The availability of diverse approaches for investigation
of the EGFR mutations, demonstrating different selectivity, resulted in considerable amount
of research and results. To date, the estimation of EGFR mutation status by direct
sequencing is considered as most clinically relevant method with predictive value [63]. The
main limitation of this method is the inability to detect alterations below 25% frequency.
Furthermore, PCR-based methodologies alone or combined with next-generation
sequencing techniques are broadly used for EGFR genomic studies [64] as well as diverse
in-situ hybridization methods [65] or immunohistochemistry (IHC) determination of the
EGFR overexpression [66]. Although these genomic investigations provided mountains of
valuable information, when the results are compared between each-other or with the
standard direct sequencing method, inconsistencies might be found such as false-positive
or false-negative mutation identification reports [67]. The lack in accuracy across analyses
derives from the differences found at the DNA or RNA level with the corresponding protein
abundances. They cannot provide information about protein expression and activity,
although the proteins are responsible for cellular function. In addition, they also cannot
provide any information regarding post-translational modifications such as phosphorylation,
glycosylation, methylation, ubiquitination etc. Proteins as the drivers of cellular processes
make the connection between genomic events and cellular phenotypes. Their expression,

shape, charge and function vary between different cells, tissues and microenvironments.
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Protein variations involved in different disease processes are expressed as post-
translational modifications (PTMs), single nucleotide polymorphisms (SNPs) and alternative
splicing forms. Occurrence of these numerous forms makes the proteome much larger than
the genome. Besides spliced mRNA transcript variations, SNPs and the PTMs, the different
stimulations and environmental factors (i.e. temperature, pH, nutrients, cell density etc.)
make the cellular proteome more dynamic and difficult to predict. This again puts an accent
on the importance of the proteins as managers in the regulation of all biological processes.
Therefore, proteomic analyses can be useful to obtain all the necessary information
regarding significant molecular patterns involved in malignancy and response to therapy, to
obtain more accurate information related to disease states as well as identification of novel
prognostic or predictive biomarkers with high sensitivity, specificity and reproducibility [68,
69].

Protein abundance and isolation from biological matrices

Quantitative protein assays can describe the protein abundance inside the biological
sample and their connection with disease or response to treatment [70]. The biological
matrix itself plays a critical point in the analysis of proteins due to its complexity and wide
dynamic range. The different behavior of the proteins and peptides can result from the
biological variability between the human samples and can have an impact on the overall
analyses. Another restraint is the protein abundance in biological samples, like plasma
and/or serum (1-4500 mg/dL) [71] or tissue (103-108 protein copy number/cell) [72]. The
mass spectrometric limits of detection (LOD) and quantification (LOQ) of low abundant
proteins are in the low pg-to-ng/mL, which makes the detection and quantification of the
proteins and peptides difficult. On the other hand, for a mutational profiling and a post-
translational modification characterization, larger amount of protein is needed. This is due
to the fact that the present alterations represent very small fractions of the total amount of
the protein. To overcome these limitations and improve overall analysis of the proteins of
interest, especially the low-abundant ones, the preparation of the sample needs to involve
a purification step. The traditional proteomics assays use a two dimension-gel (2DG)
approach as a separation technique prior MS analysis. Samples even in small volumes can
be subjected to electrophoretic separation using dyes or fluorophores as labels for sample

visualization, in-gel digestion and sequential mass spectrometric profiling [73]. With this
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approach information regarding the protein identification can be obtained together with their
molecular weight and quantity as well as a differentiation among mutations and PTMs can
be achieved, but with lower sensitivity.

Another way to isolate and identify targeted proteins from the biological matrix is by the
immunopurification techniques. This will lead to a decrease in the sample background,
improvement of the sensitivity and selectivity of the overall process and avoiding long
chromatographic separations and additional fractionations steps. Most of the
immunoaffinity-based methods target the proteins of interest by using antibodies to enrich
the target(s) from the biological specimens. The antibodies also known as immunoglobulins
(Ig), are Y-shaped proteins that interact with a particular protein by forming an antibody-
antigen complex. They can be found as polyclonal (having affinity toward same antigen and
different epitopes) or monoclonal (having affinity for the same antigen and epitope)
antibodies. Antibodies are the entities responsible for the selectivity and sensitivity of
immunoassays [74]. The antibodies that recognize the targeted protein can be selective
towards the whole protein (known as pan antibodies) or against specific peptide sequences
with the possible alterations within. This purification step allows enrichment of the targets
at protein level or at a peptide level [75]. The purification methodology is based on
immobilization of the antibody to a suitable support, capturing the targets followed by a
series of mild washes for removing of nonimmunoaffinity-associated components and

releasing the protein from the antibody-antigen complex for subsequent analysis [76].

For precise analyses the application of specific antibodies that target particular sequence
of the protein can contribute to a better protein identification and characterization. This
approach is usually applied for protein post-translational modification analysis, targeting the
specific peptides that carry the modification, like ubiquitination [77], phosphorylation [78] or
using the general SISCAPA methodology [79]. The latter approach can quantify the protein
of interest by using (1) peptide-based antibodies for enrichment of low-abundant peptides
as surrogates for the proteins and (2) a synthetic version of the targeted peptide containing
stable isotope label in its sequence as control. In contrary, using antibodies against the
unmodified part of the sequence, the whole protein can be enriched [80-82]. With this
approach higher protein sequence coverage for analysis is obtained, sample complexity is
decreased and the wide dynamic range of different protein abundances in the biological

matrix such as plasma and tissue is reduced. After this, the analysis can be directed towards
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identification and/or quantification of the targeted peptides, identification of the protein

mutations or characterization of the post-translational modifications.

Qualitative and quantitative analyses of proteins require high-throughput and great
selectivity and sensitivity to be achieved to overcome abovementioned issues. Techniques
used to satisfy this requirement have to be very specific towards the target and to be able
to precisely distinguish between all the components of the biological matrix. By combining
immunoaffinity purification with targeted mass spectrometric analysis greater selectivity and
sensitivty are accomplished coming from the antibody and the high-resolution MS-based
protein identification and quantification abilities, respectively. Protein isolation from the
complex matrix allows further MS determination of the protein itself and the contained amino
acid variations and PTMs. Also, reducing the sample complexity prior MS analysis,
especially at the beginning of the sample preparation treatment simplifies, facilitates and
improves all subsequent steps in the workflow, like digestion efficiency and decreased
peptide interferences, better desalting and MS possibility to distinguish between variants
with mass differences (m/z different values) with low variabilities as well as determination
of the abundance of different variant forms from the obtained spectra [83]. Another
advantage coming from this merger is that many samples can be treated simultaneously

and can be quantified all in one single run.

Proteomic approaches

To cover all the above mentioned parameters, proteomics approaches are divided into two
main techniques: (1) Discovery-based proteomic which searches among thousands of
proteins within a biological sample to find the unique candidates with prognostic, predictive
or therapeutic values, and (2) targeted proteomic which qualitatively and gquantitatively
measures known protein targets in biological samples in correlation with their cellular
functions and protein network interactions. In these approaches, methods as gel
electrophoresis, affinity-based techniques, fluorescence techniques and mass spectrometry
are applied for detection of the frequency and abundance of different proteins and their
isoforms, mainly as post-translational modifications. Majority of these methodologies have
demanding sample preparation and processing with low-throughput and inability to identify
protein structural modifications [84]. On contrary, mass spectrometry-based methods

provide information about the protein mass, its expression, function and structural changes
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with high sensitivity, selectivity and high-throughput performances in relation to the
genomics and transcriptomics data [85]. This collection of information can be achieved by
top-down or bottom-up approaches. The former analyzes intact proteins without previous
fragmentation giving results for the whole protein sequence including PTMs identification
and site occupancy. The latter method digests proteins into peptides using proteolytic
enzymes and investigates these fragments that hold information regarding the protein and
its possible variations usually by tandem mass spectrometry [86, 87]. Regarding the two
strategies, different labelling methods can be combined to achieve better protein sequence

coverage as well as complete PTM identification.

Mass spectrometry-based analysis

As mentioned above, mass spectrometry based proteomic analysis can obtain information
regarding protein mutations and post-translational modifications related to disease in a
gualitative and quantitative manner by measuring the mass-to-charge (m/z) ratio. The basic
sample preparation is identical to various bottom-up MS-based approaches and as starting
material uses proteins extracted from the biological sample (step 1 in figure 8). The proteins
either in solution or in gel are digested by suitable proteolytic enzyme(s) resulting in mixture
of representative peptides (step 2). These signature peptide sequences cover the alteration
representative for the protein of interest and are further dissolved in a solution that
represents the mobile phase for the liquid chromatography system. The LC separation (step
3) is based on interaction between the mobile and stationary phase, where each peptide
travels with different speed and elutes from the chromatographic column at different
retention time. Next, the eluted peptides enter the ionization source of the mass
spectrometer (step 4) where they undergo electro-spray (ESI) or matrix-assisted laser
desorption (MALDI) ionization. At this step, multiple charged gaseous ions are produced
suitable for resolution and separation in the mass analyzer. In the mass analyzer (step 5)
ions are separated according their m/z ratio by an electric or magnetic fields, where lighter
ions are detected faster compared to the heavier ones. At the end (step 6), the registration
and detection of each ion by the detector results in mass spectrum of the fragment ions
(Figure 8).
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Figure 8. Schematic representation of the complete mass spectrometric analysis (bottom-up). The
extracted proteins are digested by suitable protease(s) to generate signature peptides. The
representative peptides are then chromatographically separated prior MS analysis. The MS analysis

consists of precursor ion selection, its fragmentation and selection of most intense fragment ions, being
detected at the end of the analysis.

Targeted proteomic analysis

To identify the targeted protein, its amino acid sequence, mass-to-charge ratio, retention
time as well as the intensity and distribution of the fragment ions, high sensitivity and
selectivity are required for the chosen methodology. Lately, parallel reaction monitoring or
PRM has been successfully applied to discovery and targeted MS-based experiments,
providing high specificity and high mass accuracy using small or limited quantities of
biological material. With this targeted approach not only the information regarding the
targeted protein and its mutational variations can be obtained, but also the post-

translationally modified isoforms can be differentiated [88].

The PRM method can be performed on a hybrid quadrupole time-of-flight or quadrupole-
Orbitrap mass spectrometer, achieving high specificity and selectivity in high resolution and
obtaining full MS/MS spectra containing all product ions of the targeted peptides [89]. The
main advantage of PRM is that all the precursor and product ion fragment pairs (also known
as transitions) are monitored at the same time (full MS/MS spectra acquiring), increasing
the identification of a targeted peptide. Due to this feature, no special prior optimization is
necessary as well as no prior knowledge and preselection of the peptides is required. The
only information about the precursor m/z and the expected elution time are necessary prior
analysis regarding the targets. Concerning the instrument, definition of the isolation window,
the maximum fill time, the monitoring window and the resolution of the Orbitrap are needed
for targeted analysis [88]. Thanks to the flexibility of the instrument, the discovery and
targeted analysis can be held at the same time resulting in selection of those targets with
highest sensitivity under various conditions and successful detection and quantification of

the targeted proteins.
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Briefly, in PRM, first precursor ions are isolated during their chromatographic elution on a
defined isolation window and afterwards are transferred to the collision cell where they
undergo fragmentation at the optimal collision energy characteristic for each peptide, or a
normalized one for all peptides. Then, the obtained fragment ions are sent to the C-trap
from where they are transferred to the Orbitrap where mass analysis occurs (figure 9) [88].

Here, full MS/MS spectra are acquired for each precursor ion fragments for which all
information are available at any time. The acquisition interpretation of the data provides
information about the peptide identification and the protein quantification using the most
representative transitions with highest sensitivity and selectivity. During data processing,
the obtained signals are compared to the signals of the synthetically labelled peptides which
serve as internal standards and the identification of the target is confirmed along with its
guantification. But, even though everything sounds ideal there are some drawbacks that
make the analysis complex [90]. First, the targeted peptides have diverse physicochemical
properties (like size, hydrophobicity, and charge state) making them behave differently
during ionization and in the mass spectrometer. Second, the biological sample matrix where
the peptides are located have an impact on the chromatographic separations of the targets,
their ionization and later on the calculated recovery. Third, the sample preparation steps,
as enrichment selectivity, digestion efficiency and internal standard spiking contribute to the
end result. Nonetheless, having the power to deliver information about the proteins of
interest and their structural modifications without any prior knowledge demonstrate mass

spectrometry as the most sensitive choice for protein analysis.
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Thesis outline

The aim of this project is to design an analytical platform based on immunoaffinity
enrichment of the proteins of interest followed by targeted mass spectrometry analysis. After
obtaining the enriched proteins from a complex biological matrix the analysis can be
directed towards their detection/identification, screening for mutations and/or analyzing the
post-translational modifications. The EGFR and KRas proteins have been selected to serve
as proof-of-principle as they harbor different types of mutations and post-translational
modifications, such as phosphorylation. The proteins were purified from different cancer cell
lines, using monoclonal antibodies immobilized on protein A/G micro-columns. After
proteolysis, stable isotope labeled peptides were used as internal standards for LC-MS

identification and quantification of the peptides.

As described in Chapter I, the immunoaffinity method was developed for EGFR and KRas
purification from four lung adenocarcinoma cell lines (A549, H1975, HCC827 and H3255),
using different antibodies and affinity supports. The method optimization included control of
the sensitivity, accuracy, precision and linearity range as critical parameters, monitoring the
total EGFR protein expression within each cell line. Three control peptides representing the
total EGFR were used as internal standard controls for the PRM analyses. Validation of the
designed workflow was achieved by comparison with the membrane fractionation technique

as a widely used method for membrane protein isolation.

The immunoaffinity reduces dramatically the complexity of the sample and improves the
overall selectivity and sensitivity of the subsequent LC-MS analysis. It allows usage of
shorter chromatographic separations (37-minute gradient times) compared to the standard
90 to 180 minute gradients. The developed strategy demonstrated good reproducibility and
overall sensitivity and selectivity, with minor limitation with respect to protein recovery.
Moreover, the PRM analysis improved the identification and quantification of the targeted

peptides in a high-throughput and sensitive manner.

Profiing EGFR and KRas diverse mutations within the same cell line and making a
comparison between the different alterations can serve as a model for targeted therapy
treatments. The published results (Lesur A., Ancheva L. et al., PCA, 2015, given in annex)

using cancer cells and tissue, as well as cancer serum plasma samples demonstrated
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unambiguous identification of the EGFR, KRas and SAA protein isoforms with a 7-minute
separation time prior to PRM analysis. Further, the optimized approach was applied on five
different cancer cell lines, carrying different EGFR and KRas mutations as the main study
for Chapter Il. The G12S mutation was identified and quantified, and the differentiation
between the three Ras family isoforms expression was performed in the different cell lines.
Regarding the EGFR protein, the expression of the deletion and point mutation versus the
wild-type counterparts was measured, demonstrating the valuable potential of this approach

for providing fast results essential for patient stratification in targeted therapies.

In current clinical settings the identification of the small subset of variations that play an
important role in tumor initiations and progression is mainly performed at the genomic level.
The copy number variations, DNA content and expression are followed as clinically relevant
parameters using the standard sequencing technology or PCR, hybridization-based and/or
antibody-based methods. However, the genomic and transcriptomic events do not correlate
with the protein abundance and expression (as a drug targets). Therefore, to improve the
patient selection and therapy outcomes, investigation of the genomic along with the
proteomic profiles is beneficial for accurate prognostic and predictive insights into the
disease. Accordingly, in Chapter lll, the comparison of the EGFR copy number variations,
DNA content, mRNA and protein expression, as parameters with predictive value,
demonstrated the significance of performing the analysis at protein level due to deeper
sequence coverage and obtaining the “real” picture for a disease (manuscript in
preparation). The results pointed out that genomic analyses can serve as indicators for
identification of potential candidates for sequential protein profiling. Moreover, with the
ability to deliver information about the proteins of interest and their structural modifications
(such as “driver” mutations and post-translational modifications) without any prior
knowledge, mass spectrometry working in PRM mode demonstrated itself as the most

sensitive choice for protein analysis.

Since EGFR was selected as a main target of investigation in Chapter IV characterization
of its tyrosine phosphorylation is presented, to obtain an as complete picture for this protein

state as possible. Activation of the EGFR mutations in the tyrosine kinase domain of the
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biomolecule enhances the autophosphorylation onto key tyrosine sites as signal
transducers. EGFR was purified at the protein level using monoclonal antibody immobilized
onto protein A/G affinity support, resulting in a broader sequence coverage, better
preservation of the phosphorylated sites and excluding peptide-based enrichment steps.
This approach allowed identification of 11 phosphotyrosine sites (out of 20) in four lung
adenocarcinoma cells and one epidermoid cancer cell line. Furthermore, estimation of their
stoichiometry was achieved to determine the frequency of the protein phosphorylation on
each phosphotyrosine site by implementing dephosphorylation step using the alkaline
phosphatase enzyme. Six autophosphorylation sites were identified and quantified among
all the cells, with highest expression in the two cell lines carrying EGFR point mutations.
These analyses demonstrated the strong relationship between the occurrence of the L858R
point mutation and activation of the key tyrosine autophosphorylation sites. Additionally, the
dynamic profiles were assessed upon EGF stimulation, confirming the increased level of

phosphorylation upon stimulation.

In conclusion, an analytical platform for unambiguous characterization of oncoprotein
related mutations, post-translational modifications and isoforms was established, combining
protein immunopurification with targeted MS analysis. The developed and optimized
methodology successfully detected and quantified targeted KRas and EGFR isoforms,
frequently descriptive for lung cancer. The application was complemented by the EGFR
phosphorylation analysis for their impact on targeted therapies. This high-throughput

approach holds clinical relevance for improved patient selection for therapeutic strategies.
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Chapter I: Method development and optimization

BACKGROUND

Identifying and quantifying clinically relevant proteins in biomedical investigations requires
the usage of specific platforms with high selectivity and sensitivity. Mass spectrometry-
based methods with their high-throughput capabilities can be used in different biomarker
verification studies [91, 92], and qualitative and quantitative analysis of cellular processes
and states [93, 94]. Also, due to their ability to measure multiple analytes in different
abundance, volumes and conditions, they can be very useful in the clinical diagnostic

environment.

In this chapter, we present a multiplexed strategy for identification and quantification of
proteins known to harbor driver mutations. The methodology described below was
developed by coupling immunoaffinity purification — method used for the isolation of proteins
of interest from complex matrices — with a subsequent targeted mass spectrometry-based
analysis. One advantage of this IP-MS merger is that only one antibody is necessary per
protein enrichment, omitting additional fractionation steps and simplifying the subsequent
analysis like decreasing the chromatographic gradient separation time. The isolation of the
protein of interest reduces the ion suppression and interferences from the complex
biological matrix and as a result, the differentiation between the isoforms and specific
mutations is improved [95] as well as the overall sensitivity and selectivity [96]. Additionally,
protein purification can enable the characterization of existing post-translational

modifications involved in protein interactions and functions [97].

RESULTS
Method development

The aim of the overall strategy is to purify the proteins of interest from the selected
biological samples, identify the driver mutations, estimate their expression level in the
cells versus the wild-type and/or to characterize the PTMs in these protein enriched
samples by targeted LC-MS analysis.

The developed workflow presented in figure 1.1, comprises six independent steps. Each
step was individually controlled and optimized using epidermal growth factor receptor
(EGFR) as proof-of-principle. Briefly, a biorepository of cancer cell lines harboring

different EGFR mutations was established (table I1.1). The cells were lysed using a
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detergent-based lysis buffer and the proteins were extracted. After enrichment of EGFR
with monoclonal antibodies, previously selected representative peptides covering the
mutation and wild-type sequences were generated by different proteases. The peptides
were then analyzed by a targeted LC-MS method working in parallel reaction monitoring
(PRM) mode, using synthetically labeled peptides (SIL) as internal standard controls.
Further down, the workflow’s step-by-step design and critical parameters are described.

STEP1  pioiogical material Biological material

Four lung adenocarcinoma cell lines harboring
EGFR exon 19 deletion (delE746-A750), exon
21-point mutation (L858R) and wild-type

Lysis/extraction

Protein purification

(EGFRwt) and one epidermoid cancer cell line

overexpressing wild-type EGFR were selected

Digestion

for this study; their characteristics are
SIL spiking+Desalting presented in table I.1.

Cells were harvested in suitable media until
LC-PRM they were confluent and collected for

Figure I.1. Developed workflow for subsequent use or frozen as cell pellets for

immuno-MS targeted analysis using later LC-MS analysis.
EGFR from lung adenocarcinoma cell

lines.

Cell lysis and protein extraction

To obtain the proteins of interest from the biological material, cells have to be disrupted to
make all the cellular compartments and sub-cellular material accessible for later analysis.
The cell lysis step has two critical parameters, the lysis buffer composition and the lysis
method, which had to be controlled and optimized. The composition of the lysis buffer
depends on the protein localization in the cell. For optimal protein extraction, especially
EGFR as a transmembrane protein, the composition of the lysis buffer must include
detergents (to break-up the membrane structures), buffers (for pH stabilization), salts (to

regulate the acidity and osmolarity of lysate), protease and phosphatase inhibitors (to
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preserve protein integrity and function) and other components like glycerol (to preserve the
protein folding and possible interactions), reducing agents like dithiothreitol (for protein
denaturation) and/or chelating agents like EDTA (to prevent metal ion binding). Regarding
the cell lysis, various methods can be applied — including freeze/thaw cycles, mechanical
or chemical disruptions as homogenization or sonication and needle passages — for efficient
solubilization and isolation of the targeted proteins.

Table I.1. Description of the selected cell lines for this study*.

Cell line Cancer type Zygosity EGFR gene EGFR mutation type
A549 Lung adenocarcinoma  Homozygous / wild-type
H1975 Lung adenocarcinoma Heterozygous / L858R

overexpression

HCCB827 Lung adenocarcinoma  Heterozygous amplification del746-750

overexpression

H3255 Lung adenocarcinoma  Homozygous amplification L858R

overexpression

A431 Epithelial carcinoma Homozygous amplification wild-type

*Information obtained from http://cancer.sanger.ac.uk/cell lines (Catalogue of Somatic Mutations in

Cancer Database v82).

For the isolation of the membrane proteins, such as EGFR in our study, detergents, buffers,
salts and inhibitors were used to detach the protein from the lipid layer of the cell membrane;
protease and phosphatase inhibitors are also necessary to preserve the protein from
degradation and modifications caused by these enzymes (e.g. dephosphorylation) [98].
Moreover, the ionic strength of the detergents, their compatibility with the subsequent
immunopurification and MS analysis and the pH of the lysis buffer have to be taken into
account for optimal cell solubilization and protein extraction. Following these criteria, three
lysis buffers, containing 4% octyl--D-glucopyranoside (NOG), 1% n-dodecyl B-D-maltoside
(DDM) or 1% Digitonin detergents, were compared by western blot (WB) analysis targeting
the total EGFR protein in the five cancer cell lines previously described. Recombinant EGFR

protein (95 kDa, external part of the protein) was used as a control. As it can be observed
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in the gel presented in figure 1.2, the DDM lysis buffer extracted the highest amount of EGFR
from all the cells and was selected for subsequent analyses.

A549 A431 HCC827 H1975 H3255

_— NOG DDM Digitonin NOG DDM Digitonin NOG DDM Digitonin NOG DDM Digitonin NOG DDM Digitonin
r

95 kDa ’
3
ad

Figure 1.2. Comparison of lysis buffers containing 4%NOG, 1%DDM or 1%Digitonin for EGFR
extraction. WB analysis of total protein extracts (20 pg) from five different cancer cell lines; 0.5
png of rEGFR was used as control, targeting the total EGFR from the cells. DDM lysis buffer
(middle band) was chosen for subsequent analyses.

Then, three freeze/thaw (-80°/25°C) and five-to-ten homogenization cycles were used as
lysis methods in multiple experiments. Both methods lysed the cells efficiently, however the
extraction of EGFR was better by homogenizing the cells, a fact observed during multiple

IP-MS analysis (figure 1.3).
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Figure 1.3. Comparison of homogenization (left) and freeze-thaw (right) cycles
for cell lysis and EGFR extraction. Dots present endogenous/heavy peptide
area ratio intensities of the three EGFR control peptides presented as mean
values calculated from n=2 replicates from the H3255 cell line. Higher and more
reproducible signal intensities were obtained with the homogenization lysis
method.
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The efficacy of the selected lysis conditions and parameters was evaluated by comparing
the WB results with an MS analysis performed on the selected cell extracts submitted to
WB analysis. The intensities of the three control peptides representing the total EGFR
protein expression in the cells (described in the Synthetically labelled peptides section from
this chapter) were monitored by LC-MS working in data-dependent acquisition mode (DDA),
using SIL peptides as internal standard controls. Measured signals, SIL (upper
chromatograms) and endogenous (bottom chromatograms) peptides for EGFR in the
H3255 cell line presented as an example in figure 1.4, confirmed the protein’s presence in

the cell extract and consequently the successful cell lysis and protein extraction step.
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Figure 1.4. Chromatograms of the three EGFR control peptides; SIL
(upper) and endogenous (bottom); total protein extract (20 pg) from the
H3255 cell line was analyzed in DDA mode. Obtained signals
demonstrated the presence of EGFR in the cells. The bold arginine (R)
and lysine (K) letters indicate the synthetically labelled amino acid.

Protein purification

Sample complexity is one of the main limitations in biochemical analysis due to the negative
impact over the detection of targeted alterations mainly coming from the wide dynamic

range of the protein abundance. Therefore, purification and enrichment of the proteins of
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interest is advantageous resulting in decreased sample complexity and increased material
for analysis. The basic immunopurification (IP) workflow includes activation and
equilibration of the affinity support, antibody binding onto the support, formation of an
antibody-antigen complex, removal of unbounded contaminants and elution of the antigen
by breaking the antibody-antigen complex [9]. The choice of an antibody and of a suitable
affinity support are the main critical parameters of this step as well as the pH, polarity and

ionic strength of the reagents used.

Disposable automated research tips filled with porous support on the entrance of the tip
(micro-columns further in the text) were chosen as affinity support, due to the repeated
aspiration/dispense cycles allowing closer antibody-antigen contact [100]. Monoclonal anti-
EGFR (clone 528) was chosen for EGFR enrichment due to the greater purity and
concentration compared to polyclonal antibodies. Various suppliers of this antibody clone —
namely Millipore, Thermo and Novus Biologicals — were compared considering the antibody
IgG isotype (IgG>) binding affinity towards the affinity support. Different amounts were tested
and two micrograms of antibody were chosen as the adequate amount for binding to the
affinity support and protein capture. The highest signals were obtained with the Novus
antibody, when the signal intensities of the three control peptides representative of EGFR
expression in the cell extracts after IP-PRM analysis were compared (figure 1.5).
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Figure 1.5. Comparison of three monoclonal anti-EGFR (clone 528) antibody suppliers. Bars
present endogenous/heavy peptide area ratio intensities of the three EGFR control peptides
presented as mean + SD variations calculated from n=2 replicates from the HCC827 cell line.
Highest signal intensities were obtained with the antibody supplied by Novus.
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After choosing the most suitable antibody supplier, different affinity supports in a micro-
column format (porous support placed at the entrance of a tip), composed of protein A
(containing four binding sites), protein G (two binding sites) and protein A/G (six binding
sites), were initially compared. The selected antibody showed strong binding affinity to all
three supports. However, the PRM analysis of the purified EGFR from the four lung
adenocarcinoma cell lines showed most optimal binding affinity of the antibody towards the
protein A/G micro-column (figure 1.6), showing highest signals for the EGFR control
peptides in majority of the samples.
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Figure 1.6. Comparison of protein A, protein G and protein A/G affinity supports using anti-
EGFR (clone 528) antibody supplied by Novus. Bars present endogenous/heavy peptide area
ratio intensities of the three EGFR control peptides presented as mean values calculated from
n=2 replicates from four lung adenocarcinoma cell lines. Protein A/G micro-columns displayed
highest signal intensities in all cell lines.

To confirm the protein A/G affinity performance, this affinity support was additionally
compared to protein G magnetic beads and Streptavidin magnetic beads and micro-
columns. The Novus antibody was used for protein A/G and protein G supports, whereas a
biotinylated anti-EGFR (clone 528) antibody immobilized onto Streptavidin supports, was
used towards EGFR from A549 and H1975 cell lines. Although higher signals were
expected from the biotin-streptavidin ligand-binding interaction due to their greater affinity,

the observed variabilities between the replicates were much higher than with the protein
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A/G support (figure 1.7), confirming the choice of protein A/G as the most suitable affinity
support for EGFR purification.
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Figure 1.7. Comparison of protein A/G, Streptavidin micro-column tips, protein G magnetic
beads and Streptavidin magnetic beads affinity supports using anti-EGFR (clone 528) normal
and biotinylated antibodies. Bars present endogenous/heavy peptide area ratio intensities of
the three EGFR control peptides presented as mean + SD variations calculated from n=2
replicates from A549 (left graph) and H1975 (right graph) cell lines. Protein A/G showed less
variability between replicates.

During the development of the IP step, cross-linking of the antibody to the affinity support
using dimethyl pimelimidate (DMP) crosslinker was examined to improve the overall protein
enrichment and recovery. This was performed to preserve the antibody onto the support
and thus to strengthen the antibody-antigen binding, which allowed usage of stringent
washes afterwards for better removal of the nonimmunoaffinity-associated components.
However, this assay condition did not significantly improve the protein purification and due

to its time consumption was excluded from further experiments.

The final critical parameter of the protein purification step was the elution of the target from
the affinity support by disrupting the antibody-antigen complex. The targeted protein can be
eluted in strong acidic or basic conditions. Acidic elution buffers, containing 0.1% formic
acid in water (pH=2.5), 0.4% trifluoroacetic acid in 40% acetonitrile (pH<3) or 0.1 M glycine
in water (pH=2.5) were compared to buffers having 1 M ammonia or 150 mM ammonium

hydroxide solution in water, both having a pH around 11. The eluates were visualized by
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the SDS-PAGE method using Coomassie blue staining; the optimal band was observed
with 0.4% trifluoroacetic acid in 33% acetonitrile buffer (figure 1.8). Since this elution buffer
was also recommended by the affinity micro-column manufacturer, it was chosen for

subsequent IP performances.

Figure 1.8. Comparison of

0.1M Gly-HCI 0.4%TFA/ 0.2%FA 1ug elution buffers containing 0.1

0,
Sl ESER M glycine-HCl in water, 0.4%

170 kD3 trifluoroacetic acid in 33%
ACN in water and 0.2%
formic acid in water for EGFR
S0 kDa extraction; 1 pg of rEGFR
was used as control. Optimal
elution was obtained with the
0.4%TFA/33%ACN elution

buffer.

25 kDa

Examination of all critical parameters of the immunopurification step resulted in the selection
of a suitable antibody (supplied by Novus Biologicals) and affinity support (protein A/G
micro-columns) and optimal assay settings (ammonium acetate and water serial washes
and acidic elution conditions). Additionally, anti-Pan-Ras (clone RAS 10) monoclonal
antibody supplied by Merck Millipore was selected for purification analysis of the RAS

proteins (described in the following chapter).

Selection of signature peptides

The bottom-up mass spectrometry-based approach depends on the generation of
representative peptides with sequences covering the targeted part of the protein, i.e., the
driver mutation, the corresponding wild-type sequence or the presence of PTMs. These

peptides are obtained by digestion of the protein with suitable proteases in order to allow
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their detection in the mass spectrometer. The produced peptides should have a length
between 6 and 30 amino acids for simplified ionization and fragmentation during the MS
analysis [101]. Furthermore, the reduction and alkylation conditions for cysteine residue
removal and disulfide bond breakage prior digestion as well as the protein-to-enzyme ratio,
incubation time, temperature and pH of the solvents are important for an optimal digestion
step [102].

Trypsin is the most favored enzyme for protein digestion as it provides the highest sequence
coverage and digestion efficiency. However, sometimes the location of the targeted
alteration cannot be reached with trypsin as it would result in too short or too long peptides
with decreased LC-MS performances [103]. Therefore an alternative protease had to be
selected to cover the EGFR deletion and point mutations along with their wild-type
counterparts. GluC endopeptidase, which cleaves after glutamic (E) and aspartic (D) acids,

was selected as the alternative enzyme (figure 1.9).

731 146 751 758 856 868

EGRRWE -~ - KVKIPV ATKE:- b FGILAKLLGAEEKE--

EGFR deletion - - - K V/ K | PV AIKEE----ETSPKANKE -------- FGELEAKLLGAEEKE--

EGFRL858R - - -KVKIPV AIKE ------------------ FG;LREAKLLGAEEKE--
LREA "

Figure 1.9. EGFR signature peptide sequences covering the deletion (E746-A750) (left part of
the sequence) and point (L858R) (right part of the sequence) mutation with the wild-type
representatives obtained after GluC digestion. The position of both mutations is marked blue.

In addition, despite the selection of GIuC endopeptidase for covering the EGFR mutation
sequences, trypsin was used for generating peptides covering the EGFR tyrosine
phosphorylation sites as well as the G12S KRAS mutation and the RAS family isoforms

(KRas, NRas and HRas) (figure 1.10), in analyses described in the following chapters.
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NRASwt ---LVVVGAGGVGK----------------- sFlADINLIVR---
HRASwt ---LVVVGAGIGVGK----------------- SFIEPIHQYR---

Figure 1.10. RAS signature peptide sequences covering the G12S mutation (left part of the
sequence) in the wild-type representative and K, H and NRas isoforms (right part of the
sequence) obtained after trypsin digestion. The position of the mutation and the isoform
differences are marked in blue.

Synthetically labelled peptides

For targeted MS analysis, synthetically labelled peptides (SIL) with stable isotope labeling
are used as internal standard (IS) controls to confirm the detection of the endogenous
peptides by retention time and spectral matching. They can also correct possible variations
of signal due to the suppression effects at the MS level and injection volumes at the LC
level. Furthermore, if the exact concentration of the SIL peptides is known, the concentration
of the endogenous counterpart can be calculated. These synthetized peptides with high
degree of purity have the same sequences as the endogenous peptides, holding a stable
isotope labeled amino acid to create an increase of the molecular mass to make them
perceptible from the endogenous counterpart by mass spectrometry. When the heavy
peptide is mixed with the target (endogenous peptide) in the biological sample they behave
in a similar way during the LC-MS analysis and are easily distinguished during data
processing due to the mass difference. Quantity of the endogenous peptide is calculated
using endogenous-to-heavy peptide area ratio and the known concentration of the heavy

peptide.

The earliest stage in our workflow for adding an internal standard is after the digestion step,
i.e., after generation of the desired peptides to be controlled. Initially, SIL peptides are
spiked into the matrix without the targeted protein, to control their behavior during the LC-
MS analysis and adjust the retention times to help the identification of the endogenous

peptides. After spiking the IS into the sample digests, the removal of salts and other
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impurities in the samples, that might interfere with the LC-MS analysis, is achieved by the

solid phase extraction (SPE) method, using C18 packed columns.

The peptide sequences comprising the EGFR deletion and point mutation along with their

corresponding wild-type representatives and the three control peptides for EGFR

expression are presented in table 1.2. Also, the peptide sequences for the G12S KRas

mutation and RAS family isoforms along with the wild-type counterparts are presented in

table 1.3.

Table 1.2. Peptide sequences covering total EGFR, targeted mutations and their wild-type

counterparts.

Protein Gene localization Mutation Sequence

EGFR Exon 1 Control peptide 1 LSFLKTIQE
Exon 2 Control peptide 2 SIQWRD
Exon 4 Control peptide 3 GEPREFVE
Exon .19 _ delE746-A750 KVKIPVAIKTSPKANKE
(deletion mutation) wild-type KVKIPVAIKE
Exon 21 L858R (two missed cleavages) FGRAKLLGAEEKE

(point mutation)

wild-type (two missed cleavages) FGLAKLLGAEEKE
L858R (one missed cleavage) FGRAKLLGAEE
wild-type (one missed cleavage) @ FGLAKLLGAEE

Table 1.3. Peptide sequences covering the KRas G12S mutation, its wild-type counterpart

and RAS family isoforms.

Protein Gene localization Mutation Sequence

KRas Exon 2 G12S LVVVGASGVGK
wild-type LVVVGAGGVGK

RAS family Exon 4 KRas isoform SFEDIHHYR
NRas isoform SFADINLYR
HRas isoform SFEDIHQYR
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Parallel Reaction Monitoring (PRM) targeted MS analysis

Targeted MS analysis is used for precise quantification of well-defined peptide sets in
complex biological samples. The targeted peptides are monitored with a high degree of
sensitivity and selectivity using high resolution and accurate mass (HRAM) instruments.
One such targeted method is the parallel reaction monitoring mode which simultaneously
measures all the ions (precursor and fragment ion pairs) in one MS/MS scan. With this
method large number of peptides can be analyzed with preferred level of sensitivity,

accuracy and precision [88].

The PRM method performed on hybrid HRAM instruments resulted in precise differentiation
between fragmented ions from the background signal, especially for the low-abundant
peptides. The full MS/MS spectrum was acquired during the targeted analysis, available at
any time. For design of the PRM method only the precursor ion m/z, the expected retention
time, the quadrupole isolation window width, the maximum fill time and the Orbitrap
resolving power are required [88]. As presented in figure 9, during the PRM analysis the
predefined precursor ions are isolated and transferred into the collision cell and fragmented
at a defined collision energy. Then, the resulting fragment ions are transferred to the C-trap
of the instrument from where they are directed to the Orbitrap, where full MS/MS spectrum
is obtained for each ion. The measured signals by this high resolution method are less
subjected to interferences and therefore extensive post-acquisition data processing can be

avoided.

For the targeted EGFR analysis, a 37-minute chromatographic separation time was
selected as most optimal elution gradient. The main advantage of the targeted PRM method
is the high resolution of the Orbitrap mass analyzer and multiplex capabilities of the C-trap
and the collision cell [104]. The acquisition parameters for the full MS analysis (MS1), the
resolution and maximum fill time were set at 35 000 and 200 ms, respectively, for a scanning
mass range of 300 to 1500 m/z. The resolution for the PRM analysis (MS2) was set to 70
000, whereas the isolation window and maximum fill time were set at 1 m/z and 250 ms,
respectively. The normalized collision energy was determined for each peptide
independently. The same acquisition parameters were used for the targeted PRM analysis
described in chapter Il and chapter Il (only difference in chromatographic separation time),
as well as the phosphorylation analysis described in chapter 1V (also difference in

chromatographic separation time).
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Method optimization

Developing a strategy for biochemical analysis of clinically relevant samples requires
optimization and validation of the method prior to its implementation for routine analysis.
The optimization verifies if the performance of the critical parameters is within satisfying
ranges of standardized criteria. These verifications include examination of the selectivity,
precision and accuracy, limits of detection and quantification, linearity range, robustness of

the platform and possible interferences and matrix effects on the optimization tests [86].

Concerning the developed IP-PRM approach, the immunopurification step had the highest
impact on the workflow followed by the variability from the biological material and protein
extraction efficiency. Therefore, (1) the recovery after the immunopurification step was
tested as an accuracy verification step, (2) the intra- and inter-day variability parameters
were calculated for the method’s precision, and (3) the linearity range was estimated to
determine the relationship between the concentration ranges of an analyte with the

corresponding signals obtained at each concentration point.

Selectivity

The ability to detect and identify an analytical target among various compounds in a complex
biological matrix is considered as selectivity of a method. The capacity of the IP-PRM
approach to identify the targeted proteins in a biological sample without background
interference was confirmed by the successful detection of the peptides of interest covering
the targeted mutations in the mass spectra. In this case, the developed methodology holds
two levels of selectivity, the first coming from the monoclonal antibody used for EGFR

isolation and the second from the targeted mass spectrometry analysis.

The selectivity of a method is confirmed by the detection and the identification of the
targeted analyte. The capability to differentiate between signals obtained from various
protein targets is one of the main advantages of the MS method as a proof for the selectivity
of the instrument. The multiple signals produced, i.e. mass transitions for each target eluting
on different retention times during the LC separations were verified by the internal standards

and served as a confirmation of the MS method selectivity.
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The detection and identification of the EGFR mutations after protein enrichment confirmed
the selectivity of the monoclonal antibody towards the target. Moreover, the differentiation
between multiple signals in the mass spectra on specific m/z values proved the sensitivity
and selectivity of the MS and overall targeted analyses.

Recovery

A method is considered as accurate if the experimentally measured value of an analyte is
close to the expected theoretical standard value. The calculated rate between these two
values shows the bias of the method and regarding the IP-PRM approach it can be
assessed by estimation of the immunopurification step recovery. For the recovery
calculation usually three to five experimental replicates are needed to be compared to

known reference standards.

Recombinant EGFR (rEGFR) protein spiked into H3255 lung adenocarcinoma cell line
extracts was used for calculation of the IP recovery. Namely, five individual rEGFR
replicates in 100 mM phosphate buffer were digested to serve as reference (standard set,
n=>5). Five replicates were prepared by spiking rEGFR into five individual H3255 cell lysates
representing the biological matrix (set 1, n=5). Five different individual replicates of the
H3255 adenocarcinoma cell line were used in the recovery calculations to deduct the
endogenous EGFR amount (set 2, n=5). Sample sets 1 and 2 were subjected to the
previously described IP-PRM protocol, whereas the standard set was only analyzed by
targeted PRM.

For calculation of the recovery, the obtained signals of the three EGFR control peptides
were used in regard to the known amount of injected rEGFR (200 fmol of protein per
injection) and results are presented in table 1.4. For each peptide, the recovery was
calculated from the mean value of n=5 replicates. The recovery percentages for each

control peptide were calculated according to the equations presented below:

Recovery equation

((set 1) - (set 2))
(standard set)
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Table 1.4. Calculated recoveries of rEGFR spiked in H3255 cell lysate and the matrix effect

Control peptides
(n=5) GEPREFVE SIQWRD LSFLKTIQE Average
n=

rEGFR spiked in H3255 cells 32+0.02% 14+0.01% 12+0.01% 20+0.02%

Results demonstrated that only about 20% (mean value of the three control peptides) of
EGFR was recovered during the purification step. The average value was calculated as
identical results were expected for all the three control peptides since they represent the

total EGFR expression in the cells.

To check the calculated recovery, EGFR extracts from A431 cell lysates were enriched and
all the IP steps — including the flow-through after protein capture, ammonium acetate, PBS
and water washes, and the elution step — were analyzed by WB, using antibody against the
total EGFR and total cell lysate as control. The gel bands in figure .11 showed the lower
recovery, with minimal losses of EGFR during the washing steps. Most of the EGFR
remained uncaptured (flow-through) probably due to the lower amount of antibody used for
protein enrichment or the impact of the detergent on the binding efficiency.

Lysate Flow Elution Ammonium PBS ' Water,, '  Water;,' ' Washs;
through wash ' wash ' ' wash ' ' wash wash

95 kDa

Figure 1.11. WB analysis of the IP steps. A431 cell lysates were immunopurified using anti-
EGFR monoclonal antibody to check the EGFR recovery. The total lysate, flow-through after
capture, elution, ammonium acetate, PBS and combined water washes are presented in each
well of the gel. The enrichment and recovery of EGFR was low (3™ well) with minor losses
during ammonium acetate wash and first and third set of water washes. 170 kDa is a molecular
mass of total EGFR, whereas 95 kDa is for the external part of the protein.
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Precision

The precision of a method characterizes the variability between repeated measurements of
the same sample quantity and is usually presented as a coefficient of variation (CV). The
measurement variations may be observed within a day (intra-day precision or repeatability)
and between measurements in different days (inter-day repeatability). When replicated
values are close together the method is considered as highly precise, showing CV values
below 20%.

To calculate the repeatability of the IP-PRM workflow, H3255 cell extracts, were analyzed
in triplicate under the above described conditions. The replicates were initially prepared
from the same pool of cells which were aliquoted and stored at -80°C, to avoid any variability
coming from the biological material. For intra- and inter-day precision measurements the
three EGFR control peptides were monitored by PRM and the obtained
endogenous/synthetic peptide area ratios were used to calculate the CVs. As mentioned
before, similar results are expected for each control peptide representing the EGFR
expression in the cells and thus the final results are presented as an average CV of the
three peptides (tables I.5 and 1.6). The percentages in table 1.5 were calculated as the mean
of n=3 replicates prepared and measured on the same day, for each peptide, whereas CVs
presented in table 1.6 were calculated as the mean of n=3 replicates prepared and
measured on different days, to monitor the variability between the instrument performance

and overall repeatability of the workflow.

Table I.5. Calculated CV values for intra-day precision of the IP-PRM method (n=3).

Peptide GEPREFVE SIQWRD LSFLKTIQE

Average CV 15+0.04% 14+0.05% 9+0.02%

Table I.6. Calculated CV values for inter-day precision of the IP-PRM method (n=3).

Peptide/Day GEPREFVE SIQWRD LSFLKTIQE

Average CV 13+0.01% 14+0.005% 11+0.05%
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The developed workflow, consisting of six independent steps, demonstrated variability of
less than 15% in both measurements (intra- and inter-day).

Linearity range

In biochemical assays, linearity is defined as the ability of a method to generate results
proportional to an analyte concentration in a given range, with corresponding precision and
accuracy. The linearity should be established for a defined working range, using at least
five different concentration values of the targeted analyte. For an LC-MS analysis, the
linearity range depends on the analyzed compound, where endogenous/synthetic peptide

area ratios are obtained for each analyte concentration.

To estimate the linearity range of the IP-PRM method, rEGFR in ten diverse concentrations
was spiked in ten individual cell extracts from the A549 cell line (biological matrix with low
levels of EGFRwt expression). The rEGFR concentration range was between 0 and 100
ng/uL corresponding to 0 and 1 pmol protein injected, respectively. Once more, the three
EGFR control peptides were observed, and the signal intensities obtained for each peptide

are presented in figure 1.12.
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Figure 1.12. Linearity of IP-PRM. Estimated working range presented as intensities signals for
each control peptide obtained for 0 to 100 ng/pL analyzed rEGFR.

The results demonstrated acceptable linearity of the workflow within the given range, with

a coefficient of correlation > 0.98.
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Method comparison

After development and optimization of the IP-PRM approach, the next step was to evaluate
its performance. Comparison of the method — covering generation of results, acceptable
accuracy and precision — to commercially available or routinely used techniques in other
laboratories can serve as a validation step. Confirmation of the performance depends on
the variation between the obtained results from both approaches.

A membrane fractionation technique was chosen for comparison to the immunopurification
step of our workflow, as it is a widely used method for membrane protein isolation from cell
matrices. Membrane fractionation as a simple and fast approach requires modest
equipment and reagents; membrane proteins are isolated from the other subcellular
compartments by ultracentrifugation at 100 000 x g. Therefore, in step 3 of our workflow in
figure 1.1, immunopurification was substituted by membrane fractionation, to isolate EGFR
from the four lung adenocarcinoma cell lines. Membrane fractions were pelleted by
ultracentrifugation and subsequently digested with GIuC endopeptidase and analyzed by
PRM. The acquired signal intensities (endogenous/synthetic peptide area ratios) for the
three control peptides covering the EGFR expression within each cell line were compared
to the intensities obtained after the immunopurification analysis of EGFR. The graphs in
figure 1.13 showed similar performances of both methods, immunopurification of EGFR
(right graph) and membrane fractionation (left graph), after comparison of the obtained
signal intensities from the four cell lines. Further, the repeatability of the membrane
fractionation step was assessed by comparing the intra- and inter-day variability. Following
the settings described in the Precision section from this chapter, calculated CVs showed
greater variability of the membrane fractionation method within a day and between different
investigations (CVs between 12 and 34%) compared to the IP-PRM CVs. The results

presented in tables 1.8 and 1.9 evaluated the performance of the IP-PRM method.
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Figure 1.13. EGFR signal intensities obtained after membrane fractionation (left) or
immunopurification (right). Bars present endogenous/heavy peptide area ratio intensities of the
three EGFR control peptides presented as the mean calculated from n=2 complete replicates.

Table 1.8. Calculated CV values for intra-day precision of the MF-PRM method (n=3).

Peptide GEPREFVE SIQWRD LSFLKTIQE

Average CV 19+0.07% 12+0.08% 31+0.2%

Table 1.9. Calculated CV values for inter-day precision of the MF-PRM method (n=3).

Peptide GEPREFVE SIQWRD LSFLKTIQE

Average CV 24+0.13% 22+0.08% 34+0.21%
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DISCUSSION

Protein isoforms as products of altered genes, characteristic for different cancer types, exist
in various abundance and forms in cancer cells, and as drug targets their unambiguous
interrogation is important for understanding disease processes and pathological events
[105, 106]. Therefore, effective and multiplexed assays for screening patients carrying
oncogenic “driver’ mutations are essential for their detection and quantification at a nano-
gram scale. Considering these requirements, a stepwise workflow was developed and
optimized for “driver” mutation investigation by combining immunoaffinity purification with

targeted PRM analysis.

Immunohistochemistry (IHC) [107, 108] and various protein arrays [109, 110] using
mutation-specific antibodies are widely used for protein analysis with clinical relevance.
However, these specific antibodies can be limited regarding the target, making these
approaches not suitable for analysis of specific “driver” mutations. On the other hand, the
enzyme-linked immunosorbent assay (ELISA) that uses antibodies for protein recognition
and capture is applied in routine clinical protein analyses, but cannot differentiate between
mutations, PTMs or other variants [111]. On the contrary, the described single-step
immunoaffinity purification using pan-antibodies enriched the endogenous protein
preserving its modifications and allowed subsequent targeted analysis with decreased
complexity, minimized ionization suppression and shorter gradient chromatographic
separation [95]. Furthermore, isolation of the total protein permitted examination of
mutations, isoforms and PTMs in a single PRM analysis, without additional enrichment,
depletion or fractionation step [82, 112]. The ability to clearly distinguish between signals at
different m/z values — representing unique protein signatures — in a qualitative and
guantitative manner, presents a valuable resource for studying disease-specific protein

variations with reference to assist clinicians in personalized therapy selections.

There were some limitations in our method development and optimization. The primary
challenge was availability of high-quality antibody. Certain antibody parameters — as
antibody type, purity, host, immunogen, isotype, method of application and validation — can
increase the level of non-specific binding, also if the antibody is not compatible with the
affinity support, low recovery of the targeted protein will be achieved [113]. Therefore, tested
antibodies were chosen according to IgG isotype (IgG: or IgG; isotype as most compatible

with protein A/G) and immunogen (purified EGFR from human cells). Second, the
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composition and compatibility of the lysis buffer, designed for protein solubilization and
extraction, decreased the accessibility of the protein binding to the antibody by cross-
reacting with the antibody or the affinity support and increasing the non-specific binding. An
additional issue is the impact of the detergent on the mass spectrometry analysis [114]. All
detergents were selected due to their compatibility with the MS instrument and they were
eluted from the LC-column at the end, thus not affecting the signals of the targets. Third, IP
assay conditions (pH, temperature, reagent composition, storage etc.) affecting the
formation of antibody-antigen complex were tested to avoid generation of poor quality
spectra (e.g. pH=8.2 is optimal assay condition for protein A affinity support compared to
protein A/G widen range (pH=4-9) information obtained from the manufacturer). Finally, the
guality and purity of the internal standard can restrict the identification and quantification of
the targeted protein if their signals do not overlap in the spectra at given retention time [88,
115]. Nonetheless, the majority of these limitations were outperformed — selection of
suitable antibody, affinity support, protease and internal standard controls — enabling EGFR

detection and identification from complex biological samples.

The combination of immunoaffinity capture and targeted PRM analysis offers several
benefits regarding the implementation of the approach in routine analysis. First, the
developed method holds two levels of selectivity for unambiguous detection of oncoproteins
[116]. EGFR was identified in each cell line, where due to the reduced background
complexity chromatographic separations of around 40 minutes were applied. Second, the
IP-PRM approach demonstrated repeatability of 15% variation between analyses [117],
accepted CV since the workflow was developed from six independent steps, each
individually controlled and optimized. Comparison with the membrane fractionation method
— isolation of membrane proteins with low purity and possible contaminations of other
cellular compartments - confirmed the precision of the IP-PRM method. Third, the method
showed acceptable correlation between the different amounts of injected EGFR and
recovered MS signal for each amount. Linearity range between 0 and 100 ng/pL
demonstrated that EGFR can be detected in concentrations less than 1 ng/uL verifying the
high-throughput capability of the MS analyses [118]. On the contrary, the main drawback of
this study was the recovery rate after EGFR immunopurification. The 20% recovery was
confirmed by WB analysis of purified rEGFR in PBS buffer and endogenous EGFR from

A431 cells. The matrix effect had the greatest impact on the amount of recovered EGFR,
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even though the lysis buffer composition was suitable for the MS instrument and extracted
EGFR the most.

High resolution accurate mass spectrometry analysis has been introduced for targeted
guantitative analysis of therapeutic relevant targets in combination with immunoaffinity
purification [82, 118, 119]. Moreover, the PRM method enhances the detection of targeted
“driver” mutations in a high-throughput and sensitive manner; merged with the IP method,
due to the decreased sample complexity, also yielded a faster analysis. The estimated total
turnaround time including the complete sample preparation with overnight digestion, was
about 5 days, if a multiplexed 96 well-plate format is used, i.e., 96 different patients can be
analyzed simultaneously [118]. Additionally, this approach is suitable for analysis of diverse
samples, like plasma, urine, small biopsy aspirates, tissue, etc. [95, 120, 121] and thus
being valuable for patient stratification carrying specific mutations eligible for suitable

targeted therapies.

MATERIALS AND METHODS
Chemicals and Reagents

A549, H1975, HCC827, H3255 and A421 cancer cell lines were a gift from the Laboratory
of Experimental Haemato-Oncology (LHCE) of the Luxembourg Institute of Health (LIH).
MSIA® Disposable Automation Research Tips with protein A, protein G and protein A/G
(Cat.No. 991PRT15) and with Streptavidin (Cat. No. 991STR11) along with the EGFR
antibody biotin conjugated (528) (Cat. No. MA5-12872) were obtained from Thermo Fisher
Scientific BVBA. Streptavidin magnetic beads (Cat. No. 88816) were purchased from
Pierce. Protein G magnetic beads (Cat. No. 28-9440-08) were obtained from GE Healthcare
Life Sciences. Monoclonal EGFR/ErbB1 antibody (clone 528) (Cat. No. NB110-5846) was
purchased from Novus Biologicals. Anti-EGFR clone 528 (Azide free) (Cat. No. MABF119)
was purchased from Millipore (MERCK). Active human EGFR recombinant protein (95 kDa
external part) (Cat. No. ab155726) was obtained from Abcam. Endo-Glu-C (Staphylococcus
protease V8) was obtained from Worthington. Stable isotopically labelled peptides were

synthesized by Thermo Fisher Scientific. The western blot system, with all reagents and
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materials were obtained from Invitrogen. All other reagents were obtained from Sigma
Aldrich.

Sample preparation step

Biological material: A549 lung adenocarcinoma cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM/F12) (Lonza) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Life Technologies) and 1% (v/v) penicillin/streptomycin mixture (Lonza). H1975,
HCC827 and H3255 lung cancer cells were grown in RPMI-1640 medium (Lonza)
supplemented with 10% (v/v) FBS and 1% (v/v) Pen/Strep mix. A431 epithelial cancer cells
were grown in DMEM high glucose, pyruvate medium (Life Technologies) supplemented
with 10% (v/v) FBS and 1% (v/v) Pen/Strep mix. Cells were incubated at 37°C in 95%
humidity atmosphere and 5% CO; and grown to complete confluence in T-75 or T-175
flasks. The confluent cells were collected from the flasks by washing with PBS buffer (Life
Technologies), followed by incubation with 0.02% (w/v) ethylenediaminetetraacetic acid
(Lonza) at 37°C for 15 minutes for cell detachment. The number of cells was estimated
using Countess™ automated cell counter (Invitrogen) or manually using Bruker
hemocytometer (Sigma). After centrifugation at 300 xg for 10 minutes, the supernatant was

aspirated and the cell pellets were used immediately or stored at -80°C.

Cell lysis and protein extraction: Cell pellets were re-suspended in 1 mL lysis buffer (50 mM
Tris-HCI pH=7-8, 150 mM NaCl, 1 mM NazVO, and 1% detergent (DDM)) containing 90 uL
of protease and phosphatase inhibitors cocktail (Roche). Five to ten short sonication cycles
for lysis and protein extraction were performed on ice or three freeze/thaw cycles (-
80°/25°C) were used, followed by centrifugation at 20 000 xg at 4°C for 30 minutes and

collection of the supernatant.

Immunopurification: Protein extracts were subjected to protein enrichment using 2 ug of
mAb previously loaded on the micro-columns. The immunopurification was performed by
repeated aspiration/dispense cycles of the cell extracts through the micro-column for protein
binding to the antibody onto automated liquid handler Versette® working station (Thermo).
After capturing the protein, the micro-columns were washed once with 2M ammonium
acetate buffer (pH= 8) and 10 mM PBS (pH=7.6) buffer and additionally 7 times with short
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water wash aspiration/dispense cycles. EGFR was eluted form the micro-column in 0.4%
TFA/40% ACN elution buffer (pH=2.5) and eluates were vacuum dried.

Digestion, IS spiking and desalting: Dried samples were re-suspended in 30 pL of sodium
phosphate buffer (pH=7.8) and reduced with 50 mM DTT for 45 minutes at 50°C and
alkylated with 150 mM IAM for 30 minutes in the dark. 0.04 ug of GluC protease was added
to each sample for overnight digestion at 37°C. The next day, samples were spiked with
heavy labelled peptides, desalted onto solid phase extraction Sep-PakC18 cartridges
(Waters), vacuum dried and re-suspended in 25 pL of 0.1% formic acid in water for LC-

PRM analysis.

Western blot analysis: Concentrations of the protein extractes were determined by Qubit™
2.0 Fluorometer with the Qubit™ Protein Assay Kit (Thermofisher Scientific Inc.). 20 pg of
total protein extracts were used for sodium dodecyl sulfate polyacrylamide gel
electrophoresis separation followed by their membrane tranfer using iBlot Dry Blotting
System according to the manufacturer instructions (Invitrogen, Life Technologies). The blots
were then incubated with EGF Receptor (D38B1) XP Rabbit mAb (#4267, Cell Signalling
Technology) and Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) pAb for 4 hours at room
temperature. EGFR bands were detected by chemoluminiscence substrate SuperSignal™
West Pico PLUS (Thermo Pierce) and ImageQuant LAS 4000 system (GE Healthcare,
United Kingdom).

Membrane fractionation: After cell detachment from the flasks, cells were pelleted at 500 x
g to remove the media. Then, cell pellets were re-suspended in sucrose buffer and
subjected to three cycles of ultracentrifugation (Beckman Coulter) at 100 000 x g, to isolate
the membrane sub-cellular fraction as a pellet and remove all the other sub-cellular parts
present in the supernatant. After obtaining a pellet that contains EGFR, the pellet was re-

suspended in digestion buffer and undergo proteolysis.

LC-MS targeted analysis

LC separation: The chromatographic separations were done on a Dionex Ultimate 3000
RSLC chromatography system, operating in a column switching setup. The mobile phase
A consisted of 0.1% formic acid in water and the mobile phase B of 0.1% formic acid in

acetonitrile. The loading phase of the samples was composed of 0.05% trifluoroacetic acid
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and 1% acetonitrile in water. Samples were injected and loaded onto a trap column (75 pm
X 2 cm, C18 pepmap 100, 3 um) at 1 pL/min or 5 pL/min, followed by elution onto an
analytical column (75 pm x 15 cm, C18 pepmap 100, 2 pm) with 300 nL/min flow rate.
Separation was done by a linear gradient starting from 2% to 90% B in 37 min.

PRM analysis: The PRM analyses were performed on a QExactive Plus (Thermo Scientific)
mass spectrometer equipped with an EASY-spray ion source. The PRM method was
performed with a quadrupole isolation window of 1 m/z units, an automatic gain control
target of 1e6 ions, a maximum fill time of 250ms and an orbitrap resolving power of 70000
at 200 m/z. Collision energy was optimized for each precursor. The duration of the
scheduled time windows for each pair of endogenous and heavy labelled peptides was set

to 2 min.

Data processing: Fragment ion chromatograms were extracted from the MS raw data and
processed using the Skyline package software version 3.7.0.11317. Fragment ions were
selected according to the accuracy of the mass measurement and the co-elution and
corresponding fragment patterns between the endogenous and isotopically labeled
standards. For each peptide, the ratios between the sum of the fragments of the
endogenous peptides and the labelled ones were calculated.
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BACKGROUND

Genomic alterations such as gene mutations, copy number variations and/or mutant allele
specific imbalance (MASI) are well described in literature, whereas the consequences of
these changes occurring at protein level are poorly understood [4]. Estimation of the relative
expression levels of “driver” mutation versus the wild-type in oncoproteins used as drug
targets is of a great importance, especially considering the MASI genomic changes where
the mutant allele is amplified and/or the wild-type allele is deleted [122]. Various “driver”
mutations have impact on targeted therapies, but it would be inefficient and time-consuming
to use individual and specific drug tests for each candidate. Instead, multiple targets known
to harbor “driver” mutations with predictive value can be observed using a targeted mass

spectrometry approach [81].

The study described in this chapter presents a modified version of the previously published
IP-PRM approach [95]. The formerly developed methodology was used for targeted PRM
analysis of KRas and EGFR mutations in lung adenocarcinoma cell lines and tissue and of
serum amyloid A (SAA) isoforms in lung cancer plasma samples. The basis of this work
was the application of a fast-LC chromatographic separation prior to the targeted PRM
analysis, where a short (7 min) gradient time could be applied due to the decreased sample
complexity obtained by protein immunopurification. This IP-fastLC-PRM approach was able
to identify all the targets in less than 24h with an additional overall sample preparation time
of 24-36h. It was concluded that with further usage of a 96-well plate format and a shorter
digestion procedure this method can provide fast results for clinicians who need to make

decisions regarding therapeutic strategies based on the patients’ mutation status.

Here, the analytical platform combining the protein immunopurification with the targeted
PRM analysis (described and optimized in Chapter 1) was used for identification and
guantification of RAS family isoforms and EGFR mutations in the five cancer cell lines
already described in Chapter I. Compared to the aforementioned approach, where a
multichannel pipettor was used for protein immunopurification, here the IP step was
automatized using the Versette® liquid handling station working in a 96-well plate format.
This high-throughput and selective detection platform unambiguously distinguished
between mutated and wild-type sequences from ng/pL samples using a 37-minute-long

chromatographic separation. The chromatographic separation time was increased
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from 7 to 37 minutes due to the use of a different LC instrument. However, it was still much
shorter than the standard 60 to 90 minute gradient time.

Furthermore, this set-up allowed us to quantify at protein level a set of “driver” mutations
and later post-translational modifications with high sensitivity and selectivity. The results
obtained by this IP-PRM approach could support and facilitate the verification of the tumor’s
driver mutation heterogeneity, which is usually mainly based on genomic analyses.

RESULTS
Identification and quantification of Ras family isoforms

The Ras family consists of three isoforms with GTPase activity: The Kirsten rat sarcoma
virus (KRas), the neuroblastoma RAS viral oncogene homolog (NRas) and the Harvey
sarcoma virus (HRas). The sequence in the nucleotide binding region (1-119 amino acids)
of these isoforms is identical, indicating equal binding characteristics for all three isoforms.
The G12S mutation (one of the most common KRas substitution mutations) can be
distinguished by the presence of °LVVVGASGVGK?!*® (mutated representative peptide)
versus ’LVVVGAGGVGK?® (wild-type counterpart sequence), while the three isoforms can
be discriminated by the signature peptides #SFEDIHHYR®” (KRas), %SFADINLYR?’
(NRas) and #¥SFEDIHQYR?” (HRas) (sequences presented in figure 3 and 1.10).

Ras proteins were purified from the lung adenocarcinoma cell lines using a monoclonal anti-
Pan-Ras antibody and subjected to trypsin digestion for signature peptide generation.
Results showed that the G12S mutation was only harbored in the A549 cells, while the other
cells expressed the wild-type KRas. As presented in figure 11.1A, the G12S mutation was
only detected in the A549 cells, at 62% mutation rate, describing this cell line as
heterozygote. All the other cells were characterized as homozygotes, expressing only the
wild-type KRas. Furthermore, all three Ras isoforms were identified in all the
adenocarcinoma cells, although at diverse frequencies (figure 11.1B). The KRas, NRas and
HRas isoforms were expressed in the A549 cells at a 51%, 40% and 8% frequency,
respectively. In the H1975 cell line the same three isoforms were observed at 44%, 46%
and 10% expression rate. The frequency of the K, N and H isoforms was 42%, 54% and
4% in the HCCB827 cells, respectively, while in the H3255 cell line the isoforms were

expressed at a 47%, 34% and 19%, correspondingly. The observed expression pattern of
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the three isoforms in the A549 and H3255 cells was KRas>NRas>HRas, whereas in the
H1975 and HCC827 cell lines the isoform expression was NRas>KRas>HRas. HRas was
always the least expressed isoform in all the cell lines. Additionally, the representative LC-
PRM chromatogram profiles of the signature peptides for the KRas and Ras family isoforms
in each of the cell lines are presented in figure I1.2.

G12S KRas mutation RAS isoforms

mLVVVGASGVGK - mutation :EF;Q% . giigmm
B LVVVGAGGVGK - wild-type -

B HRAS - SFEDIHQYR
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— 47
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Figure 1l.1. KRas G12S mutation rate (left) and KRas, NRas and HRas isoform frequency (right) in four different
lung adenocarcinoma cell lines. The G12S mutation was only detected in the A549 cells, while the isoform
frequency was estimated among all the cells. Bars represent endogenous/heavy modified and unmodified
peptide area ratio intensities presented as the mean+SD calculated from n=2 replicates.

Identification and quantification of EGFR deletion and point mutations

The EGFR deletion (EGFR'E746-4750) gand point mutation (EGFR'“%®R) are the most frequent
mutations occurring in the tyrosine kinase domain of the protein (over 90% frequency). The
deletion mutation is harbored only in the HCC827 cell line and can be detected by the
presence of the *’KVKIPVAIKTSPKANKE™® signature peptide. The H1975 and H3255
cells harbor the leucine-to-arginine substitution mutation, represented by the
88 FGRAKLLGAEEKE®® signature peptide. The A549 and A431 cell lines are only
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expressing the wild-type EGFR. The representative peptide for the wild-type counterpart of
the deletion mutation is the "*’KVKIPVAIKE’¢, whereas the wild-type of the L858R
mutations is represented by the 8°FGLAKLLGAEEKE®®® peptide sequence.
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Figure Il.2. LC-MS chromatograms of the signature peptides of the Ras family isoforms,
including G12S mutation and wild-type KRas, K, N and HRas, from (A) A549, (B) H1975,(C)
HCC827 and (D) H3255cell lines.

The G12S mutation is represented via peptide, present only in A549 cells; the
corresponding wild-type sequence is LVVVGAGGVGK.

Representative peptides for the three isoforms are: SFEDIHHYR for KRas, SFEDIHQYR for
HRas and SFADINLYR for NRas isoform.

The described IP-PRM approach was applied for identification and quantification of these

mutations in the previously defined cancer cells. In this analysis, the A431 epidermoid
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cancer cell line was included as a control due to the overexpression of EGFRwt. As
presented in figure 11.3A, the L858R point mutation was identified only in the H1975 and
H3255 cells via FGRAKLLGAEEKE, the representative peptide. The quantitative PRM
analysis described these two cells as heterozygotes, estimating a mutation rate of 55% in
the H1975 cells and of 91% in the H3255 cell line. The wild-type representative peptide,
FGLAKLLGAEEKE, was identified in all the five cancer cell lines. On the other hand, the
deletion mutation, represented by the KVKIPVAIKTSPKANKE peptide, was detected at
92% mutation frequency only in the HCC827 cell line, whereas KVKIPVAIKE, the wild-type
counterpart was identified in all the cells (figure 11.3B). The LC-PRM profiles of lung

adenocarcinoma cell line regarding the EGFR mutation status are presented in figure 11.4.
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Figure 11.3. Estimation of the EGFR delE746-A750 (left) and L858R (right) mutations in the five cancer cell lines.
The deletion mutation was detected and quantified only in the HCC827 cell line, while the point mutation was
identified and quantified in the H1975 and H3255 cells. Bars represent endogenous/heavy peptide area ratio
intensities of the modified and unmodified peptides presented as the mean+SD calculated from n=3 replicates.

The application of the developed and optimized targeted IP-PRM approach on the five
cancer cell lines expressing different Ras family isoforms and EGFR mutations resulted in

the clear identification and quantification of all the targets. This was possible due to the
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decreased sample complexity and the increased overall sensitivity and selectivity, obtained
using 37-minute-long chromatographic separations.
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Figure 11.4. LC-MS chromatograms of the signature peptides of EGFR mutations, including
delE746-A750 mutation, L858R mutation and the corresponding wild-type peptides, from (A)
A549, (B) H1975, (C) HCC827, (D) H3255 and (E) A431 cell lines.

The delE746-A750 mutation is represented via KVKIPVAIKTSPKANKE peptide, present only
in HCCB827 cells; the corresponding wild-type sequence is KVKIPVAIKE.

The L858R mutation is represented via FGLAKLLGAEEKE present only in H1975 and H3255
cell lines; the corresponding wild-type sequence is FGRAKLLGAEEKEE.

The GEPREFVE, and LSFLKTIQE represent control peptides for total EGFR
expression.
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DISCUSSION

The aim of this work was to develop and implement an analytical platform for unambiguous
differentiation of oncoprotein isoforms known to harbor “driver” mutations. EGFR and KRas
mutations were selected to serve as proof-of-principle due to their clinical predictive value
for various cancer types and the various existing targeted therapies that could be used for
testing to obtain new insights in the cancer disease.

The commonly used mass spectrometry-based approach is a shotgun proteomics method
where thousands of proteins and/or peptides can be identified. This approach is mostly
applied in discovery analyses for identification of new potential biomarkers with diagnostic,
prognostic, predictive or therapeutic value [123]. Some of the difficulties of this approach
are the long chromatographic gradient separations (usually 90 to 180 minutes, depending
on the sample complexity) and the lower sensitivity and selectivity of the analysis due to the
competition of multiple abundant ions that suppress the detection of the low abundant ones
[124]. Furthermore, the quantitative measurements using the shotgun approach of identified
proteins (and peptides) under various biological conditions have decreased accuracy as a
result of the presence of multiple targets [125]. On the contrary, with the targeted MS-based
analysis, especially working in parallel reaction monitoring mode, a selection of subset of
targets can be observed in a qualitative and quantitative manner on high resolution and
accurate mass instruments [88]. With the targeted approach short gradient times can also

be applied leading to the analysis of numerous targets in short time.

The mutation status of the KRas oncoprotein as well as the other two Ras family isoforms,
NRas and HRas, can provide diagnostic, prognostic and predictive insights for various
cancer types, such as colorectal, pancreatic and non-small cell lung cancer. KRas is
involved in the three main downstream signaling pathways of EGFR (MAPK/ERK,
JAK/STAT and PI3K) as a signal transducer, thus the estimation of its mutation status is
quite important for the selection of targeted therapies [126]. For targeted MS-based
analysis, trypsin was chosen to generate signature peptides covering the G12S KRas
mutation and representative peptides to distinguish between the three Ras family isoforms.
The signature peptide for the G12S mutation is located between the 6 and 16 amino acid in
the protein sequence, whereas the discrimination between the isoforms occurs in positions
89 to 97. The peptide identification was confirmed by the synthetically labeled peptides used

as internal standard controls, which co-eluted with the endogenous peptides and showed
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similar fragmentation patterns in the MS spectra. The mutation was only detected in the
A549 adenocarcinoma cells at 62% mutation frequency together with the wild-type
counterpart (38% expression rate). The identification of the KRas G12S mutation in the cell
line that harbors wild-type EGFR supported the known mutual exclusivity of these two
mutations [127, 128]. In lung cancer, the KRas and EGFR mutations rarely or never occur
in the same tumor probably due to the equivalent contribution of these two proteins (as gene
products) in similar signaling pathways [129]. Therefore, patients carrying KRas mutations
have shown partial response to the EGFR targeted treatments and thus are considered as
negative prognostic biomarkers [128]. Moreover, the signal intensity of the wild-type peptide
(figure 11.1A) includes the NRas and HRas isoforms. If the genomic profile of a cell line is
unknown, a clear differentiation between the isoforms cannot be obtained only from the
proteomics profiles [130]. To be exact, it is not clearly defined if the detected signal of KRas
only results from the KRas mutation or if the other two isoforms contributed to its intensity.
On the contrary, precise differentiation of the isoforms at genomic level was not done due
to the predominant DNA coding sequence of KRas resulting in poor protein translation and
subsequent activation of different genetic events if mutation occurs [131]. Moreover, one
proteomic study using knockdown SW48 colon adenocarcinoma cell lines showed that the
abundance pattern of the isoforms was KRas>NRas>HRas [132]. The authors of these
study used similar approach as ours, combining IP with MS working in selected reaction
monitoring (SRM) mode. They found this approach lacking in sensitivity due to the detection
limits (< 25 fmol/mg or 6000 cells) that might be insufficient for detection of mutations in
clinical samples. However, our PRM analysis showed KRas>NRas>HRas pattern only in
the A549 and H3255 cells, whereas the H1975 and HCC827 cell lines were expressing the
NRas isoform the most (46% and 54% respectively). Furthermore, our IP-PRM targeted

analysis were done on around 4000 cells.

On the other hand, the EGFR mutations and their wild-type signature peptides were
generated by GluC endopeptidase, which cleaves after glutamic (E) and aspartic (D) acids
thus producing peptides suitable for targeted PRM analysis. Although this protease is prone
to missed-cleavages (as described in [95]), the SIL peptides were synthetized to aid the
identification and quantification of the mutation status in each of the five cancer cells. As
expected, the deletion mutation was identified in the HCC827 cell line at 92% mutation rate,
whereas all the other cells were described as homozygotes due to the 100% expression of
the KVKIPVAIKE wild-type peptide. Furthermore, the L858R mutation was quantified in the
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H1975 and H3255 cells (55% and 92%, respectively), confirming the high sensitivity and
selectivity of the IP-PRM approach. As mentioned before, mutations in oncogenic EGFR
occur in heterozygous settings, where the mutant to wild-type allele ratio may be
imbalanced [122]. The estimated EGFR mutation status in H3255 cells confirmed the
domination of the mutant allele over the wild-type one. This allele-specific suppression is
often found in NSCLC mutated cancer cell lines, where the mutant allele is always
overexpressed [133] and is more associated with the EGFR deletion mutation [134].
However, the mutant allele-specific imbalance was found to provide only advantage to the
tumor cells, without impact on the targeted therapy [4]. The developed methodology was
found suitable for assessment of the EGFR status, due to the ability to process multiple
different samples at once. Likewise, information regarding the performance of different
drugs, targeting multiple primary and secondary mutations as well as characterization of
PTMs present in plasma, cell or tissue samples can be obtained with high accuracy and
throughput [119].

Lung cancer as a heterogeneous disease requires comprehensive and in-depth profiling for
personalized targeted treatments. The precise assessment of the mutation status of each
patient prior therapy selection holds great value. This is especially important in cases when
mutated allele is highly activated with the respect to the wild-type demonstrating the
therapeutic relevance due to the prediction of the response to the targeting inhibitors [135].
Moreover, the assessment of the accurate EGFR mutation grade (such as occurrence and
rate of primary and secondary mutations, metastasis, smoking history, tumor size etc.) has
to be considered in patients with advanced stage disease who require even third-line
therapeutic intervention [136]. As discussed in the published paper on which this chapter is
based, the IP-PRM approach demonstrated unambiguous discrimination between the Ras
and EGFR targets by estimation of the mutation rates of all mutations and isoforms.
Furthermore, due to the modification and optimization presented in Chapter I, i.e. the
improved cell lysis, the automatized IP step and the adjustment of the chromatographic
separation onto a general instrument, this IP-PRM approach offers valuable potential for
providing fast results essential for patient stratification in targeted therapies. This
guantitative approach could provide information regarding the abundance of mutations and
PTMs in normal and cancer cells related to different molecular interactions and signaling

pathways with predictive characteristics.
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MATERIALS AND METHODS
Chemicals and Reagents

A549, H1975, HCC827, H3255 and A421 cancer cell lines were a gift from the Laboratory
of Experimental Haemato-Oncology (LHCE) of the Luxembourg Institute of Health (LIH).
MSIA® Disposable Automation research Tips protein A/G (Cat. No. 991PRT15).
Monoclonal anti-Pan-Ras antibody, clone RAS 10 (Cat. No. MABS195) was purchased from
Merck Millipore. Monoclonal EGFR/ErbB1 antibody (clone 528) (Cat. No. NB110-5846) was
purchased from Novus Biologicals. Sequencing grade modified trypsin (Promega) was used
for generation of signature peptides for the Ras family isoforms. Endo-Glu-C
(Staphylococcus protease V8) was obtained from Worthington for the EGFR representative
peptides. Stable isotopically labelled peptides were synthesized by Thermo Fisher

Scientific. All other reagents were obtained from Sigma Aldrich.

Sample preparation step

Biological material: A549 lung adenocarcinoma cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM/F12) (Lonza) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Life Technologies) and 1% (v/v) penicillin/streptomycin mixture (Lonza). H1975,
HCC827 and H3255 lung cancer cells were grown in RPMI-1640 medium (Lonza)
supplemented with 10% (v/v) FBS and 1% (v/v) Pen/Strep mix. A431 epithelial cancer cells
were grown in DMEM high glucose, pyruvate medium (Life Technologies) supplemented
with 10% (v/v) FBS and 1% (v/v) Pen/Strep mix. Cells were incubated at 37°C in 95%
humidity atmosphere and 5% CO; and grown to complete confluence in T-75 or T-175
flasks. The confluent cells were collected from the flasks by washing with PBS buffer (Life
Technologies), followed by incubation with 0.02% (w/v) ethylenediaminetetraacetic acid
(Lonza) at 37°C for 15 minutes for cell detachment. The number of cells was estimated
using Countess™ automated cell counter (Invitrogen) or manually using Bruker
hemocytometer (Sigma). After centrifugation at 300 xg for 10 minutes, the supernatant was

aspirated and the cell pellets were used immediately or stored at -80°C.

Immunopurification: Protein extracts were subjected to protein enrichment using 2 ug of
mADbs previously loaded on the micro-columns. The immunopurification was performed by

repeated aspiration/dispense cycles of the cell extracts through the micro-column for protein
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binding to the antibody onto automated liquid handler Versette® working station (Thermo).
After capturing the protein, the micro-columns were washed once with 2M ammonium
acetate buffer (pH= 8) and 10 mM PBS (pH=7.6) buffer and additionally 7 times with short
water wash aspiration/dispense cycles. Ras and EGFR proteins were eluted form the micro-
column in 0.4% TFA/40% ACN elution buffer (pH=2.5) and eluates were vacuum dried.

Digestion, IS spiking and desalting: Dried samples were re-suspended in 30 pL of 50 mM
ammonium bicarbonate (for Ras proteins) or in 2100 mM sodium phosphate buffer (pH=7.8)
(EGFR) and reduced with 50 mM DTT for 45 minutes at 50°C and alkylated with 150 mM
IAM for 30 minutes in the dark. 0.05 ug trypsin (Ras proteins) or 0.04 ug of GIuC protease
(EGFR) was added to each sample for overnight digestion at 37°C. The next day, samples
were spiked with heavy labelled peptides, desalted onto solid phase extraction Sep-PakC18
cartridges (Waters), vacuum dried and re-suspended in 25 pL of 0.1% formic acid in water
for LC-PRM analysis.

LC-MS targeted analysis

LC separation: The chromatographic separations were done on a Dionex Ultimate 3000
RSLC chromatography system, operating in a column switching setup. The mobile phase
A consisted of 0.1% formic acid in water and the mobile phase B of 0.1% formic acid in
acetonitrile. The loading phase of the samples was composed of 0.05% trifluoroacetic acid
and 1% acetonitrile in water. Samples were injected and loaded onto a trap column (75 pum
X 2 cm, C18 pepmap 100, 3 um) at 1 pL/min or 5 pL/min, followed by elution onto an
analytical column (75 pm x 15 cm, C18 pepmap 100, 2 um) with 300 nL/min flow rate.

Separation was done by a linear gradient starting from 2% to 90% B in 37 min.

PRM analysis: The PRM analyses were performed on a QExactive Plus (Thermo Scientific)
mass spectrometer equipped with an EASY-spray ion source. The PRM method was
performed with a quadrupole isolation window of 1 m/z units, an automatic gain control
target of 1e6 ions, a maximum fill time of 250ms and an orbitrap resolving power of 70000
at 200 m/z. Collision energy was optimized for each precursor. The duration of the
scheduled time windows for each pair of endogenous and heavy labelled peptides was set

to 2 min.
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Data processing: Fragment ion chromatograms were extracted from the MS raw data and
processed using the Skyline package software version 3.7.0.11317. Fragment ions were
selected according to the accuracy of the mass measurement and the co-elution and
corresponding fragment patterns between the endogenous and isotopically labeled
standards. For each peptide, the ratios between the sum of the fragments of the

endogenous peptides and the labelled ones were calculated.
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BACKGROUND

The majority of observed genomic alterations in cancer are found to be somatically acquired
“driver” mutations, characteristic for each cancer type [9]. Identification of this small subset
of variations that play an important role in tumor initiation and progression has a strong
clinical relevance due to their impact on targeted anticancer therapies and related patient
stratification.

In current clinical settings, direct Sanger sequencing is considered the “gold standard” for
DNA mutation testing [137-140], although this method lacks in analytical sensitivity for
mutation detection in samples containing less than 25% mutated cells [141]. On the other
hand, Next Generation Sequencing (NGS), displaying high-throughput, sensitivity, accuracy
and multiplex capabilities for deep DNA and RNA sequencing, has still limited use for
research due to methodological complexity and the need for validation prior full
implementation in clinical practice [142-145]. Other widely used approaches for genomic
and transcriptomic mutation analyses are polymerase chain reaction (PCR)-based
methodologies. Even though offering quantitative, rapid and more sensitive studies, and the
ability to detect mutations with less than 10% frequency, these methods can exhibit primer
binding non-specificity and can only monitor one target at a time [146-148]. Alternatively,
when sample availability and quality are limited, immunohistochemistry (IHC) analysis can
offer high sensitivity and selectivity towards mutations present with less than 10% rate [149,
150], yet limited by the availability of mutation-specific antibodies [151, 152]. Although, there
are diverse methods — such as FISH [153], dHPLC [154], ARMS [154, 155] etc. — available
for screening and targeted analysis with various sensitivities, capabilities and restrictions,
they are still restricted for routine clinical use due to their cost, low specificity, antibody
availability, complexity, requirements for skilled personnel and long turnaround time [67,
156, 157].

Beside the genetic modifications involved in tumor initiation, progression and pathogenesis,
reversible DNA alterations known as epigenetic changes can influence the transcriptional
step of the genetic information flow. These changes mainly found as DNA methylations can
cause gene activation or silencing, thus resulting in mis-regulated gene function and
expression [158]. These changes may have an impact on the RNA and protein expressions
as products of the modified genes, hence influencing the effects of the targeted anticancer

drugs against the activated oncoproteins that need to be inhibited [159-161]. The genomic

87|Page



Chapter IIl: Comparison with current techniques

and transcriptomics events do not always correlate with the abundance and expression of
proteins, which are ultimately the “driving” force of the cells. Therefore, investigation of
genomic events together with protein profiles, cellular signaling pathways and presence of
modifications (as mutations and/or post-translational modifications) is beneficial for
accurate prognostic and predictive insights into the disease.

Tumor heterogeneity and availability of modified DNA content represent two of the main
limitations of mutational analysis [162]. The need to detect and identify all the alterations
present within a sample requires significant amounts to be accessible for multiple testing.
Hence, effective, multiplexed assays with high-throughput, sensitivity and selectivity are
required for analysis of driver mutations. Mass spectrometry-based proteomic analysis can
provide information regarding the protein mutations and post-translational modifications
related to the disease in a qualitative and quantitative manner by measuring the mass-to-
charge (m/z) ratio of representative ions. Investigating the disease related changes at
protein level results in better sequence coverage, ability to differentiate between isoforms
within a single gene and analysis of multiple targets in one batch of analysis, with high
sensitivity, selectivity and reproducibility [95, 163-165]. Moreover, protein-based
discoveries can contribute to the current genomic knowledge and provide better
understanding of the alterations events occurring during the information path from gene to
protein [166].

Molecular profiling of a cancer type implicates screening individual genes for the presence
of driver mutations to predict the tumor’s response to the targeted drug. For instance, the
presence of an activating mutation in the tyrosine kinase domain of epidermal growth factor
receptor (EGFR) in non-small cell lung cancer (NSCLC) is associated with sensitivity to the
kinase inhibitors erlotinib and gefitinib [167, 168]. These mutations are mainly found as in-
frame deletions in exon 19 or as missense substitutions in exon 21, exons that encode the
tyrosine kinase domain of the receptor [169]. Estimation of their mutation frequency is
important for an accurate prognosis of the disease [170]. Lung cancer diagnosis and
classification are currently based on cellular morphology and histological structure [171]. In
this manner information regarding the disease origin, tumor type and stage as well as tissue
occupancy are obtained as relevant information for patient therapies [172]. This information

describing molecular changes and unigue signatures is not associated with protein
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expression, thus misleading patient stratification and their later outcome by providing false-
positive results [173].

Due to poor prognosis, especially for patients in an advanced disease stage, and to obtain
better insight into the cancer, we planned to monitor the connection between EGFR
genomics, transcriptomics and proteomics events. Four lung adenocarcinoma cell lines,
A549 harboring wild-type EGFR (EGFRwt), HCC827 having the deletion (EGFRUeIE746-A750)
mutation and H1975 and H3255 cell lines carrying the point (EGFR%8R) mutation, and A431
epidermoid carcinoma cell line with EGFRwt (as control) were used for assessment of the
EGFR gene status and protein expression. The presence and mutation rates of EGFR at
DNA, RNA and protein levels were evaluated using PCR-based methods, Sanger
sequencing and mass spectrometry, techniques with diverse sensitivities towards the
detection of mutations. The ability to measure and quantify “driver” mutations at protein level
with high sensitivity and selectivity, besides providing the “real picture” of the disease, can
provide additional information to genomics results helping to confirm the patient selection

for personalized targeted therapies.

RESULTS
EGFR gene copy number variation, DNA content, mRNA and protein expression

The EGFR status in four lung adenocarcinomas and one epidermoid carcinoma cell lines
harboring EGFR wild-type, exon 19 deletion and exon 21-point mutation was evaluated at
gene, mMRNA and protein level as shown in figure Ill.1. First, the array comparative genomic
hybridization (aCGH) analysis on DNA extracted from the cell lines selected for this study
showed that EGFR gene was highly amplified in the A431, HCC827 and H3255 cell lines
(in decreasing order of copy number (CN) values, albeit out of the linear range of the CGH
method) contrarily to A549 cells (CN=3 due to trisomic chromosome 7) and H1975 cells
(CN=2.8) (figure lll.1A). Then, real-time PCR data, using genomic DNA (gDNA) and primers
that bind EGFR exon 19 outside of the deletion sequence, confirmed the increased EGFR
DNA amount in HCC827, H3255 and A431 cells when compared to A549 and H1975 cells
(presented as (35-Cq) values; 35 being the highest Cq value for DNA to be considered as
detected by PCR) (figure III.1B). Further, RT-PCR analysis was performed on

complementary DNA (cDNA) from RNA extracts from the selected cell lines.
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EGFR mRNA levels were normalized to RNA levels of 4 housekeeping genes (18S rRNA,
EEF1al, GAPDH and Ezrin) and displayed as fold change relative to the A549 cell lines.
This analysis indicated increased relative mRNA expression in the three cell lines with
higher DNA content. Specifically, the highest relative mRNA expression was observed in
the A431 cells, followed by H3255 and HCC827 cells compared to the A549 and H1975 cell
lines (figure I11.1C). Lastly, investigation of the EGFR protein expression in total cell extracts
from the described cells by mass spectrometry-based analysis demonstrated EGFR protein
overexpression in A431, H3255 and HCC827 cells compared to the A549 and H1975 cell
lines (figure 11l.1D). The EGFR protein overexpression in these three cell lines was
confirmed by western blot analysis of cell extracts targeting the total EGFR protein (figure
lII.LLIE). The EGFR gene CNV, mRNA and protein overexpression were highest and
consistent in the A431 cells; however, this cell line showed less DNA content than the
HCC827 cells. Differences were observed between the mutated HCC827 and H3255 cell
lines. Namely, the EGFR gene was more amplified in the HCC827 cell line compared to the
H3255 cells, while both cell lines displayed similar EGFR mRNA and protein expression.
The mRNA expression was related to the protein expression in all cell lines. These results
demonstrate that the gene CNV can only partially explain the differences observed at mMRNA
and protein expression level in relation to the DNA content.

EGFR exon 19 deletion mutation rate

One of the most activating and frequent EGFR mutations in lung cancer occurs as an in-
frame deletion in exon 19, the exon that encodes part of the tyrosine kinase domain. The
occurrence and mutation rate (% of present mutation) of the ¢.2236_2250del15 deletion
mutation in the selected cell lines were assessed at DNA level by digital PCR, the relative
expression of this allele at RNA level was evaluated by RT-PCR and as EGFR p.E746-
A750delELREA mutation at protein level by targeted MS analysis. Digital PCR analysis was
initially performed on DNA extracts from the selected cell lines. The quantitative analysis
using specific TagMan dye-labeled probes for detection of the specified deletion indicated
occurrence of the activating mutation only in the DNA of HCC827 cell line with a 97.2%
mutation rate (figure 111.2A). As a confirmation of these results, real-time PCR analysis was

performed using primers either EGFR exon 19 wild-type, or EGFR exon 19del.
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Figure Il1.1. Estimation of the EGFR gene copy number variation, DNA content, mMRNA and protein
expression in five cancer cell lines. (A) aCGH copy number variation indicating the EGFR gene
amplification in A431, H3255 and HCC827 cells compared to A549 and H1975. (B) Real-time PCR
Cq values representing higher EGFR gene expression (exon 19) in A431, H3255 and HCC827
cells. Scatterplots present (35-Cq) values from n=3 complete independent biological replicates. (C)
RT-PCR ACq values presenting higher mRNA expression of EGFR exon 19 in A431, H3255 and
HCC827 cells. Scatterplots present fold change normalization to A549 from n=3 complete
independent biological replicates. (D) MS analysis of EGFR protein expression. Scatterplots show
the endogenous/heavy peptide area ratio of the GEPREFVE, a surrogate peptide of EGFR,
presented as mean * standard deviation calculated from triplicate biological replicates. (E) Western
blot analysis of total protein extracts showing the EGFR and Actin expression, using antibody
towards the total EGFR. MS and WB analyses show higher EGFR expression in A431, H3255 and
HCC827 cells compared to H1975 and A549.
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The mutated allele was identified in the HCC827 cell line as shown by the high (35-Cq)
values, whereas EGFR exon19del could not be detected in the other cell lines (Cq > 35)
(figure 111.2B, right graph). In accordance with the dPCR results that imply the presence of
the unmutated EGFR exonl19 allele at approximately 3% of total alleles, EGFR exon 19
wild-type DNA was also detected by PCR in the HCC827 cell line (figure 111.2B, left graph).
Unsurprisingly, high levels of EGFR exonl19 wild-type were detected in H3255 and A431
cells due to the EGFR gene amplification described before. Further, to investigate the
relative EGFR mRNA expression in these cell lines, RT-PCR analysis was carried out using
a SYBR Green detection approach with primers to distinguish between the exon 19 deletion
(figure II1.3A, right graph) and wild-type EGFR (figure III.3A, left graph). Indeed, all the cell
lines but HCCB827 displayed RT-PCR Cq values near or above 35, whereas mean Cq values
of housekeeping genes (HKG) did not vary considerably (total mean of HKG Cq values *
95% confidence interval=19.27 + 0.22, 19.05 + 0.78, 19.39 + 0.96, 19.23 + 1.20 and 19.31
+ 0.69 for A549, H1975, HCC827, H3255 and A431, respectively). As for EGFR exon 19
wild-type mRNA, it was expressed in all the cell lines at variable intensities as shown by the

fold change values in figure 111.3A (left graph).
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Figure 111.2. Estimation of the DNA exon 19 delE746-A750 mutation rate in the cancer cell lines. (A)
dPCR analysis of DNA extracts from the cells reporting detection of the exon 19 mutated allele only in
the HCC827 cell line. (B) Cq values obtained by RT-PCR analysis using gDNA presenting the EGFR
exon 19 wild-type (left graph) and the deletion mutation (right graph). Scatterplots present (35-Cq)
values from n=3 complete independent biological replicates. The mutation was detected only in the
HCC827 cells.
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At last, the delE746-A750 mutation rate at protein level was evaluated by targeted mass
spectrometry analysis on digested protein extracts. The quantitative MS analysis identified
the representative peptide for the deletion mutation only in the HCC827 cells with a 94%
mutation rate (figure I11.3B, right graph), identifying this cell line as a heterozygote due to
the identification of the wild-type representative peptide with 6% mutation rate (figure 111.3B,
left graph). The A431 and H3255 cells were identified as 100% wild-type, whereas no
signals were measured in the A549 and H1975 cells. The estimated exon 19 mutation
occurrence and rate in HCC827 cells were consistent between the analyses, despite the
observed differences among the EGFR gene CNV and mRNA and protein expression in

this cell line.

EGFR exon 21-point mutation rate

The second most frequent EGFR sensitizing mutation in NSCLC occurs in exon 21 of the
tyrosine kinase domain of the biomolecule. This activating mutation is a one base pair T>G
substitution in the DNA sequence at position 2573 resulting in one amino acid substitution
(leucine-to-arginine) at position 858. Identification and quantification of this EGFR mutation
was performed at gene and transcriptome levels by digital PRC technology and at protein
level using targeted mass spectrometry analysis in extracts from the selected cancer cells.
First, the gDNA extracts from the cell lines were analyzed by dPCR where specific dye-
labeled probes for detection of the ¢.2573T>G substitution mutation were used. This
approach allowed the detection of the mutation in the H1975 and H3255 cell lines with
mutation rates of 78.3% and 93.6%, respectively (figure IIl.4A). In parallel, Sanger
sequencing was carried out as a verification of the T>G substitution in the DNA extracts
from the described cell lines. As illustrated by the electropherograms presented in figure
111.4B, the one base pair substitution was identified in the corresponding two cell lines; the
H1975 cell line was classified as a heterozygote as also the wild-type allele was detected,

whereas the H3255 cells were characterized as mutant.
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Figure 111.3. Estimation of the mRNA and protein exon 19 deletion mutation rate in the studied cells. (A)
EGFR mRNA expressions (normalized to HKG) in the cell lines measured by RT-PCR analysis
presenting the EGFR exon 19 wild-type (left graph) and the deletion mutation (right graph) calculated
as fold change (for wild-type) and (35-Cq) (for mutation) values from n=3 complete independent
biological replicates. (B) Estimation of the EGFR delE746-A750 mutation rate in the cell lines by targeted
MS (protein level). Scatterplots present as mean = SD variations calculated from n=3 complete
independent biological replicates. The mutation was detected only in HCC827 cells.

Second, the dPCR was performed using cDNA from the above-mentioned cell lines for the
guantification of the EGFR L858R mutation at the transcriptomic level. The EGFR L858R
cDNA was detected only in H1975 and H3255 cells (Figure III.5). The percentage of the

mutated allele at mRNA level in these cell lines was 81.2% and 93.1%, respectively (figure

I1I.5A). Third, MS-based analysis was performed measuring the generated representative

peptides for the L858R mutation and the corresponding wild-type as surrogates for the

EGFR protein.
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Figure Ill.4. Estimation of the exon 21 L858R mutation rate in the studied cells. (A) dPCR analysis of
DNA extracts from the cells reporting detection of the exon 21 mutated allele only in H1975 and H3255
cells. (B) Sanger sequencing analysis of the T>G substitution mutation in the cells. The mutation along
with the wild-type was detected in the H1975 cells, where H3255 was characterized as mutant.

The quantitative targeted proteomics analysis identified the representative peptide for the
L858R mutation only in the H3255 cell line with mutation occurrences of 88%, respectively
(figure 111.5B, right graph), while the mutation was not detected in H1975 cells, probably due
to the low abundance of the protein. The corresponding wild-type representative peptide
was detected only in A431, H3255 and HCC827, cell lines overexpressing EGFR (figure
[11.5B, left graph). The genomics, transcriptomics and proteomics exon 21 L858R mutation
analyses demonstrated concordance between the obtained mutation rates in the H3255
cells, showing the higher sensitivity of the dPCR technique over the standard Sanger
sequencing method. On the contrary, mutation was not detected at protein level in the
H1975 cells compared to the mutation rates at DNA and RNA (78% and 81%, respectively)

levels in the same cell line.
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Figure 111.5. Estimation of the mRNA and protein exon 21 L858R mutation rate in the studied cells. (A)
EGFR mRNA mutation rate obtained by dPCR analysis presenting the EGFR T>G mutation rate in
H1975 and H3255 cells. (B) Estimation of the L858R point mutation rate in the cell lines by targeted MS
(protein). Bars present as mean + SD variations calculated from n=3 complete independent biological
replicates. Mutation was detected only in H1975 and H3255 cells.

DISCUSSION

Epidermal growth factor receptor is considered as a predictive biomarker for non-small cell

lung cancer patients undergoing tyrosine kinase inhibitor (TKI) therapy. The presence of

activating mutations in the TK domain of EGFR, mostly in exon 19 as a deletion mutation

and in exon 21 as a missense mutation, predicts the sensitivity to TKIs and the prognosis

in advanced disease stages. Although these features are helpful, the selection of patients

who will benefit from an individualized therapy is still a major problem. Currently, patients

are selected according to their individual genomic profiles, whereas predictions of the tumor
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response are estimated depending on the efficacy of the drug targeting a specific protein
[174].

To improve the patient stratification, instead of searching for the presence of individual
mutations, the analysis of multiple parameters with prognostic or predictive value should be
performed, including estimation of gene copy number variations and DNA amplifications
associated to protein expression. It has been reported that mutations initially occur during
tumor development while DNA amplifications and copy humber variations are acquired later
in the tumor progression [175, 176]. Furthermore, despite the presence of EGFR mutations,
increased gene copy number has served as a predictor for sensitivity to TKls in advanced
disease, while showing poor prognostic value. Correlation between the occurrence of EGFR
mutations followed by gene amplification later in the pathogenesis has been confirmed [176,
177], and can be partially foreseen by protein abundance. Furthermore, the existence of
EGFR mutations might also indicate presence of mutant allele-specific imbalance (MASI)
and both are associated with mutant allele transcription and gene activity [122]. In
oncogenes, MASI besides to the mutations is as well related to the gene copy number and
the tumor heterozygosity, i.e., mutant versus wild-type expression ratio. All these
parameters acting together have greater biological and clinical relevance in the tumor
development and progression then any individual alteration [4]. When using oncoproteins
as drug targets, their expression can be affected by the treatment resulting in
downregulation of the protein or acquired resistance to the TKIs [178, 179]. Our results
demonstrated that samples with increased EGFR protein expression also showed
increased gene copy number and amplification, confirming the relationship among these
predictive parameters; the connection between the presence of a mutation and increased
amplification was not completely supported since the cell line with the highest EGFR copy
number was overexpressing the EGFRwt. On the other hand, protein expression levels
were associated with the mRNA expressions in all the cell lines but were not found
proportional to DNA abundances. Namely, we observed decreased DNA content in A431
cells harboring EGFRwt while they displayed the highest CNV among the cell lines. The
aCGH analysis of these cells showed the presence of an EGFR deletion subpopulation
possibly due to unbalanced chromosomal rearrangements which caused reduced DNA

content in these cell lines (figure 111.6) [180].
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The assessment of these predictive parameters in complex tumorous specimen with limited

mutant material available is a challenge. Many techniques have been employed over the

years for EGFR mutation detection; however, the obtained results are inconsistent when
compared between each-other and with the standard direct sequencing method [67].
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Figure 111.6. aCGH profiles of total EGFR in the A431 cell line representing the DNA copy number variation
(CNV) patterns for chromosome 7. The upper panel presents the genome view, where chromosome 7 is
highlighted with the short p11.2 arm. The lower panel presents the EGFR’s gene view (CGH pane), where the
region between 54.8 and 55.59 Mb is displayed. EGFR molecular location (55.02 — 55.21 Mb) showed high gene
amplification, with additional deletion subpopulation.
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Limit of detection and biological sensitivity are the most important features when choosing
a method for heterogenic mutation analyses. Additionally, short turnaround time, low DNA
input, accuracy and reproducibility are desirable requirements for clinical application. The
commonly used methodology for genetic mutation analysis is Sanger direct sequencing of
PCR products. The inability to distinguish between cancer subtypes (mutation vs. wild-type)
for a low mutation rate (below 25%) is the main drawback of the sequencing method despite
its clinical importance. This limitation was confirmed by our results, as the EGFR wild-type
allele was not detected in H3255 cells, since it was expressed with <10%. We identified this
cell line as heterozygote with mutation vs. wild-type expression 94% vs. 6%, whereas
usually this ratio is around 50:50. The real-time polymerase chain reaction-based technique
is another widely used approach due to its speed, sensitivity and low sample input features
compared to Sanger sequencing. To date, RT-PCR represents the method of choice for
detection and quantification of nucleic acids, used alone or coupled with other methods like
next-generation sequencing (NGS) [139]. Nonetheless, PCR quantification is mainly based
on the measurements of housekeeping genes as normalizers serving as references under
the assumption that their behavior is unchanged and unaffected during the measurements
[181]. Despite the imprecisions that can occur during DNA/RNA extraction steps primer
binding non-specificity is an additional critical point influencing the quantitative performance
of the PCR technique. Therefore, to overcome this limitation, the digital PCR method was
applied for EGFR mutation detection and absolute quantification with over 95% sensitivity
and no prior information requirements regarding the mutation sequence [157]. Applying this
approach on the DNA and RNA extracts from the selected cell lines, the exon 19 DNA
mutated allele was quantified in HCC827 cells, and the L858R mutated DNA and mRNA in
H1975 and H3255 cell lines, overcoming the PCR primer binding issues and confirming the
better sensitivity and selectivity of the dPCR method. However, the efficiency of the reverse
transcription step itself — including enzymes and suitable reagents — can generate variability

in the sample quantification [181, 182].

Regarding the evaluation of the EGFR mutation status in NSCLC, the method of choice
should be able to unambiguously identify the cancer subtypes, i.e., to assess the mutation
and the wild-type counterpart. Many studies pointed out that patients who harbor deletion
or point mutations responded better towards EGFR TKls compared to those having
EGFRwt [183]. However, investigation of gene changes can only predict cancer cell events,

while examination of the protein and their post-translational modifications, provides an
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accurate view of cell events. Protein analyses allow higher sequence coverage, better
detection of protein variations at amino acid level and the ability to distinguish between
diverse isoforms within a gene. Protein analysis — including protein profiles, protein-protein
interactions and cellular pathways — in addition to investigation of genetic expression, can
provide better predictive insights of the disease, leading to faster diagnosis and accurate
treatment choices [184]. Mass spectrometry-based methods have been applied in clinical
areas mainly for therapeutic drug monitoring and toxicological analyses [185]. The major
advantage of this approach is the ability to directly identify and quantify specific protein
isoforms in a high-throughput fashion, where mutated and wild-type protein sequences can
be monitored simultaneously in a relatively short turnaround time. In addition to the
measurement of protein expression changes, MS allows quantitative examination of post-
translational modifications related to signaling pathways and networks. Moreover, the MS
platform overcomes the limitations of the immunoassay-based protein analyses (as ELISA,
WB, protein arrays and IHC) such as antibody specificity and protein dynamic range [186].
For example, in our study, EGFR mutation and wild-type expressions and rates were
altogether identified and quantified by a targeted MS approach, while WB was only used for

confirmation of the protein presence.

Concerning the above mentioned molecular profiling characteristics, EGFR exon 19
mutational analyses pointed out the importance of the examination of multiple parameters
with predictive features. The high copy number and DNA content were not associated to
the mRNA and protein expressions, although the mutation rate was consistent at all levels.
Additionally, the copy number gain related to the mutant allele-specific imbalance are
specially associated to the deletion mutation [122, 187], these two factors did not
demonstrate increased mutant allele transcription and gene activity. For instance, if a
patient is selected for therapy according to these genomic profiles, he/she might not benefit
completely from the drug dose and the toxic side effects might increase [22]. The ability to
monitor simultaneously the mutation vs. wild-type protein expressions and rates provides a
better insight into the cancer state. On the other hand, exon 21 mutational profiling
demonstrated low MS sensitivity toward the A549 and H1975 cell lines due to the low protein
abundance in these two cell lines. This limitation can be overcome using protein enrichment
prior targeted MS analysis (as described in chapter Il of the thesis), where the L858R
mutation was identified in the H1975 cells with 55% mutation rate (figure 11.3). If we compare
these IP-PRM results with the results obtained by dPCR, the differences found in H1975
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cells specified the significance of the investigation at protein level. Namely, a decreased
L858R mutation rate (81.2% reduced to 55%) was detected in the IP-PRM targeted analysis
compared to the dPCR results for these cells, indicating mis-regulation of the translation
events leading to a low correlation between the mRNA and protein expressions. Moreover,
the allelic suppression of the wild-type allele in the H1975 cell line was also not consistent
with the protein expression. Besides the assay conditions under which RNA translation
might be reduced, low protein abundance can occur due to the decreased protein half-life,

protein degradation and/or presence of post-translational modifications [188].

In conclusion, DNA testing can detect the presence of mutations, but protein profiling will
provide precise insight of the disease. Genomic analyses are good indicators to identify
potential candidates for follow-up investigations, whereas protein profiles will define the
outcomes and benefits of a targeted therapy. Moreover, having the power to deliver
information about the proteins of interest and their structural modifications without any prior
knowledge, mass spectrometry demonstrated itself as the most sensitive choice for protein

analysis.

MATERIAL AND METHODS

Biological material: The five cancer cell lines harboring different EGFR mutations described
in Chapter | were used as biological material for the genomics, transcriptomics and

proteomics analyses.

Cell lysis and protein extraction: The five cancer cell lines were lysed as described in

Chapter | and the EGFR protein was extracted for subsequent LC-PRM analysis.

EGFR Genomic analysis: DNA were extracted from biological samples using DNAeasy®
Blood & Tissue Kit (Qiagen Cat# 69504) according to the manufacturer’s instructions. DNA
guantities were determined using a Nanodrop Spectrophotometer ND-1000 and a Qubit™
2.0 Fluorometer with the Qubit™ dsDNA BR Assay Kit (Thermofisher Cat# Q32850). For
the exon 19 DNA analysis the primers forward 5-CGCTATCAAGGAATTAAGAGAAGC-3’
and reverse 5’-CCACACAGCAAAGCAGAAACT-3'were used for the wild-type and the
primers forward 5-AATTCCCGTCGCTATCAAAAC-3’ and reverse 5-
CACACAGCAAAGCAGAAACTCA-3 were used for the deletion. To check the T>G

101|Page



Chapter IIl: Comparison with current techniques

mutation, EGFR was amplified by PCR wusing the primers forward 5’-
TGATCTGTCCCTCACAGCAG-3’ and reverse 5-AGAGAAACCGAGCCAGTGAA-3'. The
amplicons were purified using the MinElute PCR purification kit (Qiagen Cat# 28004) and

sent for sequencing to LGC genomics in Berlin (http://www.lgcgroup.com/our-

science/genomics-solutions/#.WbZWgMZLeUK).  The same forward primer 5'-
TGATCTGTCCCTCACAGCAG-3’ was used for DNA sequencing. Mutation status for

Exon19 deletion and exon 21 mutation were assessed by digital PCR on a QuantStudio 3D

Digital PCR System using EGFR Digital PCR Mutation Detection Assays from Thermofisher
(Assay ID# Hs000000027_rm for p.E746_A750delELREA and HS000000026 rm for
p.L858R) according to manufacturer’s instruction. EGFR copy number was evaluated using
SurePrint G3 Human Cancer CGH+SNP Microarray Kit 4x180K (Agilent Technologies, ID
G4869A) Protocol Version 7.5, June 2016. The data have been analyzed with the software
"Agilent CytoGenomics" version 4.0.3.12.

EGFR transcriptomic analysis: Total RNA were extracted from biological samples using
RNeasy® Mini Kit (Qiagen Cat# 74104) according to the manufacturer’s instructions with
addition of the optional DNase digestion step. RNA quantities were determined using the
Nanodrop Spectrophotometer ND-1000. RNA integrity was asses by RNA 6000 NanoChips
with Agilent 2100 BioAnalyzer. All RNA samples had RIN number > 8.5. 1.5 ug of total RNA
were reverse transcribed into cDNA using an oligo(dT)-Random Primer Mix and the
superscript 1l reverse transcriptase (Thermofisher Cat# 18080085) according to
manufacturer’s instructions. 1/160 volume of the reverse transcription were used to assess
real-time quantitative PCR experiment. Exon 19, exon 19 WT and deleted isoform were
guantified using a SYBR Green detection (Thermofisher Cat# 4385612) with primers Exon
19 WT forward 5-CGCTATCAAGGAATTAAGAGAAGC-3’, Exon 19 del forward 5'-
AATTCCCGTCGCTATCAAAAC-3’, and the same reverse primer was used for the two
isoforms 5-GCCATCACGTAGGCTTCATC-3'. To compared with the global amount of
EGFR exon 19 couple of primers outside the exon 19 mutation were used. The sequences
of the primers used are forward 5’-AGAAAGTTAAAATTCCCGTCGCTAT-3 and reverse 5'-
ACGCTGGCCATCACGTAG-3. Four Housekeeping genes 18S (forwards &5'-
TCGAGGCCCTGTAATTGGAA-3 and reverse 5-GCTGCTGGCACCAGACTTG-3),
EEFla (forward 5-TTGTCGTCATTGGACACGTAG-3 and reverse 5'-
TGCCACCGCATTTATAGATCAG-3)), GAPDH (forward 5'-
CATGAGAAGTATGACAACAGCCT-3’ and reverse 5-AGTCCTTCCACGATACCAAAGT-
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3) and EZRIN (forward 5-TGCCCCACGTCTGAGAATC-3' and reverse 5-
CGGCGCATATACAACTCATGG-3’) were used to assess relative quantification of EGFR
among cell lines using the 24¢9 method. Exon 21 reverse transcripts by digital PCR as for
the genomic analysis, using 900 nmol of reverse and forwards primers and 250 nmol wild-
type and mutant probe. The data have been analyzed with the software Thermofisher cloud

software.

Western blot analysis: Concentrations of the protein extracts were determined by Qubit™
2.0 Fluorometer with the Qubit™ Protein Assay Kit (Thermofisher Scientific Inc.). 20 pg of
total protein extracts were used for sodium dodecyl sulfate polyacrylamide gel
electrophoresis separation followed by their membrane transfer using iBlot Dry Blotting
System according to the manufacturer instructions (Invitrogen, Life Technologies). The blots
were then incubated with EGF Receptor (D38B1) XP Rabbit mAb (#4267, Cell Signaling
Technology) and Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) pAb for 4 hours at room
temperature. EGFR bands were detected by chemiluminescence substrate SuperSignal™
West Pico PLUS (Thermo Pierce) and Image Quant LAS 4000 system (GE Healthcare,
United Kingdom).

Mass spectrometry analysis: Protein extracts were precipitated with ice-cold methanol for
two hours. After centrifugation at 20 000 xg at 4°C for 10 minutes, supernatant was
discarded, and cell pellets were re-suspended in 10 M urea/100 mM phosphate buffer
(pH=7.8), reduced with 70 mM DTT for 45 min at 37°C and alkylated with 220 mM IAM for
30 minutes in dark. 0.5 pg of endopeptidase GIuC was added to each sample for overnight
digestion at 37°C. Next day samples were spiked with heavy labelled peptides, desalted
onto solid phase extraction Sep-PakC18 96 plate format cartridges (Waters), vacuum dried
and re-suspended in 100 pL of 0.1% formic acid in water for LC-PRM analysis. The
chromatographic separations were performed on a Dionex Ultimate 3000 RSLC
chromatography system, operating in a column switching setup. The mobile phases A is
consistent of 0.1% formic acid in water and the mobile phase B is consistent of 0.1% formic
acid in acetonitrile. The loading phase of the samples was consistent of 0.05% trifluoroacetic
acid and 1% acetonitrile in water. Samples were injected and loaded onto a trap column
(100 pm x 2 cm, C18 pepmap 100, 3 um) at 1 puL/min, followed by elution onto an analytical
column (75 pm x 15 cm, C18 pepmap 100, 2 um) with 300 nL/min flow rate. Separation was

done by a linear gradient starting from 2% to 90% B in 89 min. The PRM analysis were
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performed on a QExactive Plus (Thermo Scientific) mass spectrometer equipped with an
EASY-spray ion source. The PRM method was performed with a quadrupole isolation
window of 1 m/z units, an automatic gain control target of 1e6 ions, maximum fill time of
250ms and an orbitrap resolving power of 70000 at 200 m/z. Collision energies were
optimized for each precursor. The duration of the scheduled time windows for each pair of
endogenous and heavy labelled peptides were set to 3 min. For data processing, fragment
ion chromatograms were extracted from the MS raw data and processed using Skyline
package software version 3.7.0.11317. Fragment ions were selected according to the
accuracy of the mass measurement and the co-elution and corresponding fragment
patterns between the endogenous and isotopically labeled standards. For each peptide, the
ratios between the sum of the fragments of the endogenous peptides and the labelled ones

were calculated.
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BACKGROUND

The presence of EGFR activating somatic mutations (delE746-A750 and L858R) enhances
the receptor’s tyrosine kinase activity and increases the level of autophosphorylation of key
tyrosine phosphorylation sites [189, 190]. Both the mutations and the phosphorylation status
might have an impact on targeted therapies due to the activation of diverse signaling
pathways upon phosphorylation initiation [191]. Therefore, identification and
characterization of the activated tyrosine phosphorylation sites can serve as additional
information with predictive value for the selection of patients harboring EGFR activating

mutations eligible for TKIs therapy.

Characterization of the phosphorylation as a dynamic post-translational modification
includes (1) identification of the activated phosphorylation sites, (2) estimation of their
expression levels (site occupancy) within a sample or between different samples and (3)
assessment of the dynamic changes over time for each identified phosphorylation site. The
general MS-based analytical strategy is designed depending on the experimental subject,
and involves cell lysis and protein extraction, generation of peptides, phosphopeptide
enrichment and mass spectrometry analysis [192]. These qualitative and quantitative
phosphoproteomic informations can be acquired in a single experiment using microgram
amounts of protein by following the mass (+80 Da) of the phosphopeptide, its abundance
and its ionization efficiency. However, there are key analytical challenges affecting the
phosphorylation characterization: suppression of low abundant phosphopeptides and
decreased sensitivity due to presence of the phosphoryl group (POs%) [193].

In this study, the relationship between the EGFR mutation status and phosphorylation
activation of key tyrosine sites was established by targeted PRM analysis, method
described in chapter I. The immunopurification of EGFR at protein level allowed
conservation of the entire sequence and identification of the phosphorylated sites in addition
to its mutational profiling. Furthermore, the expression level of key tyrosine
autophosphorylation sites was estimated and the dynamic profiles of the detected
phosphotyrosine peptides were monitored in the A431 (EGFRwt) cell line after different
stimulation time points. Stoichiometric analyses including EGF stimulation and
dephosphorylation step in the workflow have demonstrated the association between the
EGFR L858R mutation and the activation of phosphotyrosine sites [194]. Additionally, our
phosphorylation targeted
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analyses confirmed the capacity of the established platform to perform mutational profiling
and post-translational modification characterization of protein purified from cancer samples.

RESULTS
Identification of EGFR tyrosine phosphorylation sites

Phosphorylation on a tyrosine site corresponds to about 0.05-0.1% of the protein
phosphorylation events happening in most cells [195]. These phosphorylated sites are
present in low abundance compared to the unmodified residues, are randomly localized in
different cell types and their sensitivity depends on the stability of the phosphoryl groups
attached to the tyrosine amino acid [196]. Therefore, the most critical parameter for tyrosine
phosphorylation identification and subsequent quantitative analysis in our work was

obtaining enough amount of phosphorylated EGFR protein for analysis.

To overcome the above mentioned limitations and to obtain high sequence coverage, some
general requirements were introduced in the workflow. First, the cell harvesting and lysis
steps were performed rapidly on ice, using sodium orthovanadate as tyrosine phosphatase
inhibitor to protect the phosphorylated sites. Second, the collected samples, if not lysed
immediately, were snap-frozen at -80°C to preserve the protein condition for later analysis.
Third, EGFR was purified at protein level but the additional phosphopeptide enrichment and
fractionation steps were omitted to avoid sample loss. Fourth, trypsin was used for peptide
generation due to its high cleavage specificity, accordingly, tryptic peptides containing the
tyrosine phosphorylation and the unmodified counterpart were synthetized for PRM

identification and quantification analyses.

EGFR contains 20 tyrosine sites prone to autophosphorylation; 10 distributed in the tyrosine
kinase domain without major biological significance and 10 localized in the regulatory
domain of the protein interacting with various adaptors and signaling proteins [62]. For
identification of these tyrosine sites, 20 phosphopeptides were selected to serve as internal
standard controls. However, only 11 (10 singly and 1 doubly) phosphorylated peptides were
acquired. The remaining peptides were not feasible to be synthetized due to peptide length
(> 35 amino acids), amino acid hydrophobicity and possible modification (e.g. cysteine
carbamidomethylation). The phosphorylated (pY or pTyr) and unmodified (Y or Tyr) peptide

sequences with their MS characteristics are presented in table IV.1. Initially, these SIL
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peptides were analyzed alone to observe their LC-MS behavior i.e., retention time,
ionization efficiency and detection limit, and to establish the most optimal collision energy
(nCE) for each peptide’s MS fragmentation. An example is shown in figure 1V.1,
representing the obtained nCE values for the pTyr1197 phosphopeptide, where nCE=20
was chosen as the optimal collision energy for fragmentation of the precursor ion
representative of this phosphopeptide. After optimization of the MS parameters, these SIL
peptides were used for identification of the phosphorylation sites in EGFR samples purified
from the five cancer cell lines previously described. From the 11 phosphotyrosine targets,
only 9 singly phosphorylated peptides (tyrosine residues at positions 727, 827, 869, 978,
1069, 1092, 1110, 1172 and 1197) and one doubly phosphorylated peptide containing
residues 1069 and 1092 were detected in all the cell lines, excluding the identification of the
phosphorylated tyrosine at position 978 in the H3255 (EGFR"“¥8R) cell line.

—o—y9 (+)
GSTAENAE[Y]ILR —o—y8 (+)
—O—y7 (+)
y6 (+)
—o—y5 (+)
—8—yd (+)
—o—y3 (+)
—e— 10 (2+4)
——y9 (2+)
—8— 8 (2+)
—— 7 (24)

—— b9 (+)
—e—b10 (+)

)
;

10 40

Collision energy

Figure IV.1. Collision energy graph presenting the ion fragment distribution
over different nCE values of the phosphorylated peptide GSTAENAEpYLR.
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Due to the different expression levels of EGFR among the cells and to compare the
phosphorylation expression between the different cell lines, the signal intensities of the
identified phosphorylated and unmodified peptides were normalized to the signal intensity
of the VAPQSSEFIGA control peptide (peptide nonrelated to any mutation or modification)
representing the total EGFR expression in each cell line. The detected and normalized
signal intensities of these nine tyrosine phosphopeptides are presented in figure 1V.2
together with the intensities of their unmodified counterparts. The different tyrosine
phosphorylated sites showed different expression patterns in the cell lines, whereas similar
expression patterns of the unmodified peptides were observed in all the cells. Namely,
expressions of the pTyr727 and pTyr1110 were similar among all the cells. Phosphorylated
tyrosine at position 827 was less expressed in A431 (EGFRwt) and pTyr869 and pTyr1069
in H3255 (EGFR%8R) compared to the other cells. The phosphotyrosine at position 978 was
not identified in H3255 cell line, while pTyrl092, pTyrll72 and pTyrll97
autophosphorylated sites in the regulatory domain of EGFR were preferentially expressed
in these cells. Also, phosphorylated and unmodified peptides of pTyrl172 and pTyrll197
sites showed similar expression patterns in all the cells. The doubly phosphorylated peptide
(pTyr1069/1092) was more expressed in A549 (EGFRwt), H1975 (EGFR%8R) and HCC827
(EGFRUIET46-A750) cells compared to H3255 (EGFR"8R) and A431 (EGFRwt) cell lines. This
PRM phosphopeptide analysis demonstrated the relation of the pTyrl172 and pTyrl197
autophosphorylation sites to the EGFR L858R mutation.
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Table IV.1. EGFR tyrosine phosphorylation sites.

;rt\gsphorylation Sequence Charge m/z C;:':g;”
pY-727 VLGSGAFGTV[Y]K* 2 639.8101 20
Y-727 VLGSGAFGTVYK 2 599.827 15
pY-827 GMNI[Y]LEDR 2 539.2072 20
Y-827 GMNYLEDR 2 499.224 15
pY-869_miss** E[Y]JHAEGGKVPIK 3 469.8938 20
Y-869_miss EYHAEGGKVPIK 3 443.2383 20
pY-978 [Y]LVIQGDER 2 586.771 20
Y-978 YLVIQGDER 2 546.7878 15
pY-998 MHLPSPTDSNF[Y]R 3 548.9007 15
Y-998 MHLPSPTDSNFYR 3 522.2453 20
pY-1016 ALMDEEDMDDVVDADE[Y]LIPQQGFFSSPSTSR 3 1229.851 15
Y-1016 ALMDEEDMDDVVDADEYLIPQQGFFSSPSTSR 3 1203.196 15
pY-1069+1092*** [Y]SSDPTGALTEDSIDDTFLPVPE[Y]INQSVPK 3 1186.855 15
Y-1069+1092 YSSDPTGALTEDSIDDTFLPVPEYINQSVPK 3 1133.544 15
pY-1069 [YISSDPTGALTEDSIDDTFLPVPEYINQSVPK 3 1160.199 20
pY-1092 YSSDPTGALTEDSIDDTFLPVPE[Y]INQSVPK 3 1160.199 25
pY-1110_miss RPAGSVQNPV[Y]JHNQPLNPAPSR 3 827.0718 25
Y-1110_miss RPAGSVQNPVYHNQPLNPAPSR 3 800.4158 25
pY-1172 GSHQISLDNPD[Y]QQDFFPK 3 772.6708 15
Y-1172 GSHQISLDNPDYQQDFFPK 3 746.015 15
pY-1197 GSTAENAE[Y]LR 2 645.7717 20
Y-1197 GSTAENAEYLR 2 605.7886 20
ctrl_pep**** VAPQSSEFIGA 2 553.2798 15

*[Y] — tyrosine phosphorylation

**miss — miss cleavage

***double phosphorylation site

***xcontrol peptide for total EGFR expression
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Phosphotyrosine single site dynamic profiling

Dynamic profiling of the phosphorylation sites in a time dependent manner upon EGF
stimulation indicated when phosphotyrosine activation occurs with the highest rate. Initially,
the A431 (EGFRwt) cells were starved overnight and afterwards stimulated with 100 nM
EGF for 5, 7, 15 and 30 min. Different dynamic profiles were observed at each
phosphorylated site. The majority of the sites were activated after 5 minutes of stimulation,
whereas some sites showed slower response to EGF stimulation or loss of activity after
longer stimulation. From the dynamic profiles presented in figure 1V.3, we observed that the
phosphotyrosine at positions 727, 869, 998, 1092 and 1110 showed the highest
phosphorylation 5 minutes after stimulation, while pTyr 978, pTyr 1069 and
pTyrl069/pTyr1092 showed maximal activation at 7 minutes and pTyr 1172 and pTyr 1197
at 15 minutes upon stimulation. pTyr 869 and pTyr998 exhibited reactivation after 30
minutes, while pTyrl092 was reactivated after 15 minutes. In contrast, pTyrl110 was

activated early and after 5 minutes started gradually losing its activity.
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Figure 1V.3. Dynamic profiles of the identified 11 phosphotyrosine peptides in A431 cells. Cells
were stimulated for 5, 7, 15 and 30 min with 100 nM EGF. Each time point presented as mean
from n=2 stimulated/unstimulated ratio.
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Next, Ab49, H1975, HCC827 and A431 cells were stimulated with 200 nM EGF for 1, 3, 5,
10 and 15 since the majority of the sites were previously activated at the beginning of the
stimulation. After the IP-PRM analysis, only phosphotyrosine at position 1069, 1172 and
1197 were detected among the four cell lines. Additional identification of pTyrl1092 was
observed in HCC827 and A431cells, cell lines overexpressing EGFR. The dynamic profiling
of these sites demonstrated phosphotyrosine activation at 1 to 5 minutes in all of the cell
lines (figure IV.4). Specifically, pTyr 1069 was activated after 1 minute of EGF stimulation
in A549 and H1975 cells and after 3 minutes in HCC827 and A431 cell lines. The tyrosine
at position 1172 showed constant activation during 15 minutes of stimulation in all cells and
displayed gradual decreased activity in the H1975 cells. Finally, pTyr 1197 was activated
after 3 minutes of stimulation in A549; after 3 minutes, the phosphorylation activity gradually
decreased, and it was reactivated after 15 minutes. Same site showed gradual activation
within the first 10 minutes, from which time point its activity dropped down. This site showed
constant activation during all 15 minutes of stimulation in HCC827 and A431 cells. Also, this
site presented high variability between replicates at all time points of stimulation in H1975,
HCC827 and A431 cells. These results confirmed the dynamic reversible nature of the
phosphorylation modification.
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Figure IV.4. Dynamic profiles of the phosphotyrosine 1069, 1172 and 1197 peptides in A549,
H1975, HCC827 and A431 cells. Cells were stimulated for 1, 3, 5, 10 and 15 min with 200 nM
EGF. Each time point presented as mean from n=2 stimulated/unstimulated ratio.
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Estimation of the stoichiometry of the most abundant phosphotyrosine sites

Determination of the phosphotyrosine site occupancy also known as stoichiometry of the
modified fraction of the protein is an important parameter to evaluate the functionality of the
phosphorylation site [197]. In these single peptide analyses, phosphotyrosine peptides,
present in very low abundances, were quantified together with the unmodified counterpart
using alkaline phosphate enzyme for dephosphorylation. Briefly, cells were stimulated with
EGF for ten minutes before cell collection and lysis. Then, EGFR was purified from the cell
lysates, digested and desalted to remove macromolecules undesirable for the MS
instrument. After elution of the peptides from the desalting column, each sample was split
in two; one part was directly analyzed by PRM (phosphorylated fraction), and the other
fraction was dephosphorylated by alkaline phosphatase for an hour before targeted PRM

analysis (dephosphorylated fraction).

Dephosphorylation yields an increase in the endogenous signal intensity of the unmodified
peptide (Y) equal to the phosphorylated fraction detected with the phosphopeptide (pY) prior
dephosphorylation (figure 1V.5).

Before targeted PRM analysis,

Y

Y pY I 1 samples were spiked with a mixture of
z o the 10 SIL peptides; yet, only 6
£ . Dephosphorylation phosphopeptides (pTyr1069,
pTyrl092, pTyr1069/1092, pTyrl110,
m/z iz pTyrll72 and pTyrll97) were
Figure IV.5. Schematic presentation of the detected and used to calculate the site

dephosphorylation process. After alkaline . .
phosphatase treatment, the signal intensity of occupancy. All six phosphopeptides
the unmodified peptide increases by the were identified only in the H3255

phosphorylated portion before

dephosphorylation. (EGFR'8%8R) cell line, with the highest

occupancy on pTyrl092 and pTyr1197

sites, 89% and 182%, respectively. The H1975 cell line (EGFR%8RT790M) had four sites
occupied (pTyr1092, pTyr1110, pTyrl172 and pTyr1197) and HCC827 (EGFRUIET46-A750)
and A431 (EGFRwt) showed only three site occupancies (pTyrl110, pTyrll72 and
pTyrl1197). A549 (EGFRwt) was the cell line with only one occupied phosphotyrosine site

at position 1172. The frequencies of the detected and quantified phosphotyrosines are
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shown in figure IV.5, whereas in table IV.2 the calculated dephosphorylation percentages

for each site are presented.

 mpY-1069 |
| 182 |
. mpY-1002 |
~ mpY-1069/1092
~ mpY-1110
mpY-1172
_ mpY-1197
R
-
Q!
)
9
T 89
o
=
>
a
17
A549 H1975 HCC827 A431

Figure IV.5. Phosphotyrosine site occupancy within each cell line estimated from endogenous/heavy
peptide ratios of phosphorylated and unmodified peptides normalized to control peptide and calculated
dephosphorylation rate. Six out of nine phosphopeptides were identified and quantified. Bars present
as mean from n=2 replicates. Each phosphotyrosine site is presented in different blue shade.

Table 1V.2. Dephosphorylation efficiency for each phosphotyrosine site.

Cell line/Tyrosine site  Tyrl069 Tyr1092 Tyr1069/1092 Tyr1110 Tyrl1l72 Tyrl197

A549 97%
H1974 99% 98% 99% 100%
HCC827 96% 97% 100%
H3255 89% 99% 92% 100% 100% 100%
A431 100% 99% 100%
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DISCUSSION

Protein phosphorylation analysis as defined by C E Parker et al. represents “a “project”
rather than a routine analysis” [198]. The measurement of this highly dynamic event, which
can occur on various sites in the protein sequence, requires coupling of several techniques
for phosphoprotein (or phosphopeptide) isolation and sequencing with high sensitivity,
specificity and dynamic range [124]. During the past several years, mass spectrometry-
based analyses have been used for precise determination of the phosphorylated sites and
their stoichiometry by measuring the molecular mass of phosphorylated and unmodified
proteins [199, 200]. Respectively, we present here the identification of phosphotyrosine
sites along the entire EGFR protein sequence and the estimation of their occupancy rate in
relation to the EGFR mutational status by an IP-PRM approach in five cancer cell lines. The
tyrosine phosphorylation rate in the cells is very low and thus, for detection of all
phosphorylated tyrosine sites and their later characterization, EGFR was purified at protein
level. Protein purification increases the sequence coverage and the identification of low
abundant phosphotyrosine sites, compared to affinity peptide enrichment strategies [201].
Isolating the phosphoprotein allowed a broad phosphorylation characterization from
micrograms of purified EGFR using only one pan-antibody. Our IP-PRM approach was able
to detect 55% (11/20) of EGFR’s phosphotyrosine sites, while others using multiple
phosphopeptide enrichment steps reported only few [202, 203].

Phosphotyrosine sites were detected and later quantified using synthetic pairs of
phosphorylated and unmodified peptides with matching chemical properties,
chromatographic retention time and fragmentation distribution to the endogenous peptides
in the MS spectra. The main drawback of the identification process was the decreased
ionization efficiency of the phosphopeptides [204] coming from the low abundancy and from
low stability of the phosphoryl group, which led to the missed identification of some
phosphotyrosine sites [195, 205]. On the other hand, the synthesis of labelled peptides was
limited to only eleven sites due to the unsuitable length and chemical properties (amino acid
hydrophobicity, coupling, cleavage, level of purification, multiple charge states etc.) of some
of the peptides which decreased their detection level. However, not all the SIL peptides
obtained presented a stable ionization efficiency, which resulted in the identification of only

nine phosphotyrosine sites.
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The applied CID fragmentation efficiently produced fragmentation profiles for the nine
phosphotyrosine peptides, although electron transfer dissociation (ETD) is considered to
allow higher phosphopeptide identification [195, 206]. From the tyrosine sites located in the
TK domain of EGFR, the majority of which without known interaction partners, Tyr727,
Tyr827 and Tyr869 were identified. The phosphotyrosine sites when activated bind to
various adaptor proteins via protein-binding motifs and subsequently activate different
signal transduction pathways. Tyr727 can interact with Src homology 2 domain (SH2)
adaptor proteins [207]. A study comparing EGFR phosphorylation and mutation status
indicated increased levels of pTyr727 in samples harboring the EGFR deletion mutation
compared to the point mutation [208]. However, our study showed similar expression of this
site in all the cells independently of their mutation status. Another study showed decreased
phosphorylation on the Tyr869 site in A549 (EGFRwt) upon erlotinib treatment [62, 202].
This site is strongly correlated with the EGFR L858R mutation and thus considered
important in cancer cells [209]. However, we detected decreased levels of pTyr869 in H3255

(EGFR8R) cells contradicting its relation to the point mutation.

The majority of EGFR phosphorylation studies correlate tyrosine autophosphorylation
(responsible for the activation of signaling pathways) with EGFR mutational status and
targeted therapies [210]. This includes the autophosphorylation of tyrosine sites from the
EGFR regulatory domain. Our study identified 6 singly phosphorylated and one doubly
phosphorylated tyrosine sites in this region (Tyr 978, Tyr 1069, Tyr 1092, Tyr1069/Tyr1092,
Tyr1110, Tyrl172 and Tyr1197). Tyr978 is a specific docking site for interaction with STAT5
(latent cytoplasmic transcription factor) [207, 211]; however we were not able to identify this
site in H3255 cells, overexpressing mutant EGFR. Tyr1069 and Tyrl092 are interacting
partners with growth factor receptor-bound protein 1 (Grbl), involved in the PISK/AKT
pathway, but also exhibit a strong binding to casitas B-lineage lymphoma (Cbl) ubiquitin
protein ligase [212]. The study demonstrated a close relationship between phosphorylation
and ubiquitination, as the presence of Tyrl069 and Tyrl092 in mutant EGFR led to
ubiquitination dose-response curves different than those of EGFRwt after 2 min stimulation.
Also, both singly phosphorylated sites and their doubly phosphorylated version were
activated in the first minutes upon EGF stimulation but started decreasing after 5 min;
however, upon stimulation, Tyr1092, the most abundant of all three isoforms decreased in
time, whereas Tyrl069 and Tyrl069/Tyr1092 strongly increased, indicating that Tyr1069

phosphorylation is causing rapid phosphorylation of Tyr1092, converting this site into a
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doubly phosphorylated form [213]. Respectively, our dynamic profiling investigation using
A431 (EGFRwt) cells demonstrated a similar pattern of phosphorylation behavior for
Tyrl069 and Tyrl1069/Tyr1092 (both increasing rapidly in the first 7 minutes and then
gradually decreasing) compared to Tyr1092 (activated in the first 5 min, showing a rapid
loss of activation and then reactivation after 15 minutes upon stimulation). Furthermore,
Tyrl1092 was considered as a predictive marker for screening patients carrying EGFRwtdue
to the weak correlation with EGFR mutations [189, 214]. On contrary, we found that Tyr1069
and Tyrl069/Tyr1092 expression levels were lower in the mutant H3255 cells, whereas
Tyrl092 had the highest frequency compared to the other cells and thus indicated relation
to the EGFR L858R mutation. The three other autophosphorylation sites, Tyr1110 (binding
Grb2 involved in the MAPK/ERK pathway), Tyrl172 and Tyr1197 (both binding Shc also
involved in the MAPK/ERK pathway), were found to be correlated with the EGFR sensitizing
mutations and sensitivity to erlotinib [194, 215], exhibiting fast autophosphorylation events
compared to wild-type EGFR. In the absence of mutations, autophosphorylation first
happened at Tyr1197, then Tyr1172 and Tyr1110 [62]. Our IP-PRM analysis showed similar
expression of Tyr1110 in all the cell lines, so no correlation was found with the EGFR
mutation status, while Tyrl172 and Tyrl197 had the highest expression in H3255
(EGFR'8%8R) cells, demonstrating a strong relationship with the point mutation. Tyr1172 and
Tyr1197 were found to be inhibited upon erlotinib treatment and consequently considered
as potential biomarkers for TKI sensitivity [216]. Our results support this statement, since

both tyrosine sites were expressed the most in the H3255 cells, cells sensitive to erlotinib.

Establishment of phosphorylation occupancy is also important for understanding the cellular
regulation mechanism, i.e., the phosphorylation frequency rate is associated with the
kinase/phosphatase activity and protein abundance [217]. To quantify the phosphorylation
rate, the endogenous/heavy ratio of the phosphorylated peptide is compared to the
endogenous/heavy ratio of the unmodified peptide considering the dephosphorylation rate
in the calculations. One common limitation of the phosphoproteomics measurements is the
inability to distinguish between phosphorylation sites within the same peptide as they yield
chromatographic peaks with the same retention time and m/z [194]. However, our high
resolution and accurate mass PRM analysis successfully distinguished between Tyr1069,
Try1092, Tyr1069/Tyr1092 and the unmodified phosphopeptide, producing signals at four
different retention times (yet the same m/z values for singly phosphorylated Tyr1069 and

Tyrl092 peptides). The quantitative IP-PRM analysis detected the six phosphotyrosine
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peptides associated with the EGFR mutation status and TKIs sensitivity. The six peptides
were only all quantified in the H3255 (EGFR"*8R) cell line, where Tyr1197 and Tyr1092
were phosphorylated the most. In the H1975 cell line, also harboring the L858R mutation,
four sites were phosphorylated with 9% to 66% frequency, proving the strong relationship
of the autophosphorylation sites to the EGFR point mutation. In the HCC827 (EGFRY/E74¢-
A750) cell line Try1110, Tyr1172 and Tyr1197 showed a frequency below 40%, despite the
better response rate of the deletion mutation to TKIs therapies compared to patients
harboring the EGFR L858R mutation [218]. The same three phosphotyrosine sites were
detected in A431 (EGFRwt) cells with a frequency rate below 27% and only the Tyrl172
phosphopeptide was detected in the A549 (EGFRwt) with 17%, two cell lines harboring
EGFR wild-type. Another important issue during estimation of the phosphorylation
stoichiometry is the ability to differentiate the phosphorylated portion of the protein from the
total protein abundance [219]. The usage of synthetically labelled peptides as internal
standards helped in the unambiguous identification of each phosphotyrosine site and
guantification of the stoichiometry. Respectively, this analysis demonstrated that the cells
overexpressing EGFR were not simultaneously expressing the highest level of

phosphorylation on specific sites.

Over the last years, although many approaches have been applied for the identification of
phosphorylated sites and estimation of their stoichiometry, only a small fraction of
information with clinical significance has been obtained [220]. The level of identified
phosphorylation sites and their characterization is still quite low. Some key limitations of
current phosphoproteomics strategies are the inability to distinguish between isoforms with
multiple phosphorylation sites, the low ionization efficiency preventing correct stoichiometry
estimation, and the choice of a suitable peptide enrichment method to obtain an appropriate
amount of low abundant phosphopeptides [221]. In our study, we also wrestled with the
unambiguous identification of low abundant phosphotyrosine sites from the complex
background due to the low ionization efficiency of some peptides. One of our main
challenges was achieving good reproducibility between sample replicates and experiments,
proving the reversible and dynamic nature of this post-translational modification [222].
Nevertheless, our IP-PRM approach managed to successfully identify eleven key
phosphotyrosine sites in a single experiment and asses the stoichiometry of the six most
clinically relevant autophosphorylation sites in the EGFR protein sequence from only nano-

gram amount of purified EGFR protein.
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MATERIALS AND METHODS
Chemicals and Reagents

The biological material, antibody, affinity support and all other reagents used were the same
as described in Chapter I. Sequencing grade modified trypsin (Promega) was used for
generation of phosphotyrosine peptides and their unmodified counterparts. Phosphatase,
Alkaline from bovine intestinal mucosa (Cat. No. P0114-10KU, Sigma Aldrich) was used for
dephosphorylation. Epidermal growth factor (EGF) (Cat. No. 01-407, MERCK) was used for

cell stimulation.

Sample preparation step

Biological material: The five cancer cell lines harboring different EGFR mutations described

in Chapter | were used as biological material for the phosphorylation analyses.

Cell lysis and protein extraction: For phosphotyrosine identification, two million cells of each
cell line were lysed as described in Chapter I. For the dynamic profiling and stoichiometry
estimation analyses one million cells were harvested and split in serum-free media into 6-
well plates and starved overnight. On the next day, EGF stimulation (100 nM or 200 nM)
was carried out at different time points and cells were immediately lysed on ice and collected

by scraping.

Immunopurification: EGFR protein purification was performed as described Chapter |, using
the mADb supplied by Novus and protein A/G micro-columns for immunopurification on the
96-well plate automated liquid handler Versette® working station (Thermo).

Digestion, IS spiking, desalting, dephosphorylation: Purified EGFR samples were digested
as described in Chapter |, except trypsin was used for peptide generation instead of GluC
endopeptidase. After digestion, samples were desalted onto a 96-well plate desalting
station (Waters). Regarding the identification and dynamic profiling analyses, samples were
dried after desalting and re-suspended in an internal standard mix in 0.1% formic acid in
water. For the quantitative analyses, samples were split in two after desalting; one fraction
was vacuum dried and re-suspended in IS mix, and the second fraction was vacuum dried,
then re-suspended in alkaline phosphatase buffer, and treated with 1000 u/sample of

alkaline phosphatase for dephosphorylation. The dephosphorylation process was stopped
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by heating the samples at 90°C for ten minutes; additional desalting, vacuum drying and re-

suspension in IS mix was performed.

LC-MS targeted analysis

LC separation: The chromatographic separation of the phosphotyrosine and unmodified
peptides was performed on the Dionex instrument as described in Chapter I, with only a
difference in the gradient duration. Separation was done by a linear gradient starting from
2% to 90% B in 76 min.

PRM analysis: See Chapter I.

Data processing: See Chapter I.
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CONCLUSION AND OUTLOOK

Modified proteins as a result of the altered genes can be found in various abundances and
forms in tumor cells within a broad dynamic range. These protein variations may occur due
to alternative splicing, polymorphisms or post-translational modifications and can be
involved in different biological processes, including cell differentiation, proliferation, signal
transduction and/or apoptosis. These modifications may rise as somatic mutations (DNA
alterations in the body cells) and/or as different protein isoforms (proteins with similar
sequences and function). Since they may be considered as drug targets their unambiguous
examination is necessary to better understand disease processes and reactions. Therefore,
effective and accurate methods are required to distinguish between these altered forms that
may have similar amino acid sequences and thus behave in the same way during the
analysis. Moreover, their quantification is also necessary due to their presence in various

concentration ranges.

A multiplexed strategy was developed for somatic “driver” mutation and protein isoform
targeted analyses in low nano-gram amounts in different cancer cells. Coupling two different
proteomics’ technologies, targeted MS with protein immunopurification, allowed complete
analysis of targeted proteins and their isoforms. The advantages of this merger were
decreased sample complexity and high-throughput analysis, where all the targets were
identified in a high sensitive and selective fashion. The immunopurification allowed usage
of short chromatographic separations, while the high resolution accurate PRM analysis
advanced the identification of the targets, both yielding rapid analysis. Once established,
this approach was used for various cancer analyses and resulted in establishing a tumor
screening platform for protein based molecular diagnostic, providing results in a relatively

short time (less than a week) [119].

As already published, this methodology proved its applicability to various sample types,
such as plasma samples, cell lysates and tissues. Using an automated approach for protein
purification, 96 different samples can be analyzed simultaneously, providing information
about 96 different patients and hence assisting with patient selection [118]. On the other
hand, the PRM mode measured in a single analysis all peptides carrying the mutation and
the wild-type counterparts, where estimation of the expression differences between the
mutation versus the wild-type was completed as an important parameter for a personalized

approach.
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Another benefit of this strategy is that along with the mutation profiling, characterization of
the post-translational modification can be performed. The EGFR phosphorylation was
explained in more details, regarding the identification of important autophosphorylation sites
involved in activation of signaling pathways characteristic for the tumor initiation and
progression. The phosphorylation study demonstrated the benefits of the protein
purification, since the phosphotyrosine sites were better preserved and permitted
identification of the majority of the activated sites compared to studies where additional
peptide enrichment steps were used and only a few EGFR phosphotyrosine sites were
detected [194]. Moreover, the usage of specific antibodies against different phosphorylation
sites was omitted, presenting this approach as a simpler, less expensive and time-

consuming method for post-translational modification characterization.

Currently the biomedical research is focused on various events in the nucleotide sequence
of the DNA, different RNA processes and the post-translational modifications. The whole
genome sequencing enabled classification of various DNA mutations and polymorphisms
that may transcribed and translated into different protein forms. Moreover, the protein
isoforms ( like KRas, NRas and HRas) can also occur due to alternative splicing and RNA
translation malfunctions, increasing the diversity of the proteome. At the end of the day
proteins are the key elements of the cellular behavior and functions. However, genomic and
proteomic fields are highly complementary and dependent on each other. Therefore, the
goal of this project was to provide a scientific foundation of protein isoforms using the latest
technology in mass spectrometry with translation of current knowledge on genetic mutations
in tumors. The assessment of the predictive parameters in a complex tumorous specimen
with limited mutant material available is a challenge. Moreover, the molecular profiling of a
tumor implicates screening of individual genes for the occurrence of “driver” mutation for
prediction of the targeted therapies, directed against the modified protein. Therefore, when
genomic, transcriptomic and proteomic methods were compared, it pointed out the
importance of performing the analysis at the protein level to obtain a clear picture of the
disease state. It furthermore established the advantages of the mass spectrometry as a
powerful tool to deliver information related to the proteins of interest and their modifications

without any prior knowledge.

The methodologies used in the biomedical research must be analytically validated and the

scientific value to be translated into a clinical environment. The validation includes testing
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for precision, accuracy, dynamic ranges and comparison to existing methods. For protein
analysis Western blot and ELISA are traditionally used. Both techniques use antibodies
towards the targeted protein and/or peptides. Even though both methods are easy to use
and give reproducible results in a short time, they have limitations. The main drawback is
the antibody selectivity towards the targeted proteins, the ability to distinguish between
isoforms as well as the availability of suitable antibodies and the batch-to-batch differences
that decrease the reproducibility and repeatability. On contrary, MS-based approaches can
provide unambiguous detection and quantification of the proteins of interest and can
overcome the limitations of the antibody-based techniques, like IP, which besides for protein

enrichment was used as a cleaning step prior targeted analysis.

The main advantage of MS is the ability to deliver information regarding the mutation status,
isoform differentiation and present PTMs without using antibodies and prior knowledge of
the target, whereas traditional methods are not sensitive enough and only provide
information for the total protein concentration [75]. However, this is not always a case,
especially when targeting low abundant proteins in complex tissue samples. The role of the
biological matrix can significantly suppress the protein target resulting in reduced detection
coverage [223] and thus requiring sample clean-up compatible with the subsequent MS
analysis [224]. Nonetheless, the clinical adoption of MS is still slow due to the assay
complexity and cost (instrumentation, reagents and turnaround time). With simplification of
the sample preparation steps, the multiplex and high-throughput capability and the delivery
of (new) clinically significant information regarding the cancer related protein isoforms can
bring MS-based methods into clinical practice. This can be especially important for tumor
tissue examinations with limited material for screening and testing, where all the information
regarding the existing alterations at protein level can be obtained with single MS assay
[225].

On this account, a screening platform may be developed for the analysis of predictive
biomarkers by establishing proteomics assays. These assays applied to cancer samples
might provide classification of tumor types at the molecular level instead on mainly
histopathological information. Also, the information may be directly used for better choices

for therapeutic intervention of patients resulting in optimal treatment.
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Screening protein isoforms predictive for cancer using
immunoaffinity capture and fast LC-MS in PRM mode
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Purpose: We report an immunocapture strategy to extract proteins known to harbor driver
mutations for a defined cancer type before the simultaneous assessment of their mutational
status by MS. Such a method bypasses the sensitivity and selectivity issues encountered during
the analysis of unfractionated complex biological samples.

Experimental design: Fast LC separations using short nanobore columns hyphenated with a
high-resolution quadrupole-orbitrap mass spectrometer have been devised to take advantage
of fast MS cycle times in conjunction with sharp chromatographic peak widths to accelerate
the sample analysis throughput. Such an analytical platform is well suited to analyze simple
protein mixtures obtained after immunoaffinity enrichment.

Results: After establishing the technical performance of the platform, the method was applied
to the quantitative profiling of cellular Ras and EGFR protein isoforms, as well as serum
amyloid A isoforms in plasma.

Conclusions and clinical relevance: Immunoaffinity purification combined with fast LC-MS
detection for the detection of driver mutations in tissue and tumor biomarkers in plasma
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samples can assist clinicians to select an optimal therapeutic intervention for patients.
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Additional supporting information may be found in the online version of this article at

the publisher’s web-site

1 Introduction

All cancers are caused by DNA changes that affect the
function of certain gene products to provide expansion
capabilities to the cell. Such transformation events are
caused by mutations, gene fusions, or gene amplifications
resulting in a growth advantage or increased survival rate [1].
Although germline mutations can result in predisposition to

Correspondence: Dr. Bruno Domon, Luxembourg Clinical Pro-
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Fax: +352-26970-717
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Abbreviations: EGFR, epidermal growth factor receptor; KRas,
Kirsten rat sarcoma-viral oncogene homolog; MASI, mutant al-
lele specificimbalance; MSIA, mass spectrometricimmunoassay;
NSCLC, non-small cell lung cancer; PRM, parallel reaction mon-
itoring; SAA, serum amyloid A; SIL, stable isotopically labeled;
UHPLC, ultra-HPLC; WT, wild type

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

heritable cancers, somatic mutations represent the majority
of observed genomic alterations. Somatic mutations arise in
cancers but are not found in matched normal tissues from the
same patient. A single genetic change is rarely sufficient for
malignant tumor development and for the formation of solid
tumors multiple genetic changes are required. However, only
a fraction of the alterations are responsible for the initiation
and progression of tumors, and these are called “driver”
mutations [2]. The remaining genetic mutations are called
“passenger” mutations, lacking an apparent selective growth.
Solid tumors may contain 40-100 alterations distributed over
the coding regions but only about 5-15 of those are considered
to be driver mutations [3]. Driver mutations in oncogenes
occur frequently in a heterozygous setting, whereas effective
mutations in tumor suppressor genes are typically homozy-
gous in nature. Most targeted cancer drugs are however
directed against oncoproteins making quantification of the

Colour Online: See the article online to view Figs. 1-3 in colour
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Clinical Relevance

An analytical platform for the unambiguous detec-
tion of oncogenic protein mutations and isoforms
based on immunoaffinity purification and fast LC-
MS detection has been developed. Highly selective

relative expression levels of mutant versus wild-type protein
forms of importance, especially, in light of a potential mutant
allele specific imbalance (MASI) [4,5]. Although the effects
of MASI at the genomic level are well described, the conse-
quences at the protein level are poorly understood. Studies
on the differential sensitivity toward targeted inhibitors as,
for example, reported for heterozygous BRAF mutations
compared to homozygous BRAF mutations studied in hu-
man melanomas, suggest that an increase in mutant protein
concentration in a heterozygous setting with MASI in general
[6] could have relevance for a future therapeutic strategy.

For a number of diseases—including non-small cell lung
cancer (NSCLC), colorectal cancer, and breast cancer—there
are options to bypass empirical chemotherapy and implement
a personalized approach with targeted drugs in the form of
small molecules or antibodies. The concept of targeted agents
was introduced with the growing understanding of the tumor
at a molecular level. This strategy relies on the classification
of tumors in clinically relevant subsets according to the pres-
ence of driver mutations [7,8]. Tumor profiling has started by
the analysis of individual genes in a cancer subtype to make
predictions concerning the sensitivity of that tumor toward
a drug targeting a specific protein. Examples are the test for
HER2 overexpression as an indicator for positive response to
trastuzumab [9]. For NSCLC, the presence of mutations in
the tyrosine kinase domain of the EGF receptor was found to
be strongly correlated to the response to the kinase inhibitors
gefitinib and erlotinib [10].

The current trend in pharmaceutical development toward
highly targeted drugs has resulted in the encouragement by
the Food and Drugs Administration to supply companion
diagnostic tools. As many different mutations are found
to impact therapy, it would be highly cumbersome to have
individual and different diagnostic tests specific for each
targeted drug candidate [11]. Although this approach is highly
suitable for the selection of patient populations to be enrolled
in clinical trials, the high cost and sample consumption are
prohibitive to screen patients for all relevant mutations using
individual assays. Instead of testing tumors for the presence
of individual mutations, the focus should be on tests com-
prising an array of predictive markers. Especially, because the
presence of driver mutation is not restricted to a particular
cancer type or subtype, but can be observed in a variety
of different tumors. Although MS-based technologies are
capable of detecting attomole quantities of proteins, the sen-
sitivity is usually severely compromised due to the chemical

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and high-throughput detection methods are of im-
portance in order to support clinicians in the selection
of targeted therapeutic strategies.

complexity of the samples. Therefore, a multiplexed im-
munocapture strategy to enrich those proteins known to
harbor driver mutations for a defined cancer type needs
to be executed before the simultaneous assessment of
the mutational status of the individual proteins by mass
spectrometric methods. Two feasibility studies based on
an immunoaffinity approach have been reported providing
support for the approach to detect and quantify nonsynony-
mous mutations. Both studies were limited to the detection
of Kirsten rat sarcoma viral oncogene homolog (KRas)
mutation, either restricted to the determination of a single
KRas G12D mutation [12] or to multiple Ras mutations at
amino acid position 12 [13]. Another study also reported
the analysis of KRas mutations albeit using an SDS-PAGE
separation of the samples prior to MS analysis [14].

We have investigated short assay times enabled by the
application of ultra-HPLC (UHPLC) to achieve an efficient
screening platform through the use of short LC runs with
a 6-min gradient time instead of the standard 60-min gradi-
ent. A targeted acquisition method using high-resolution and
accurate MS has been developed with a quadrupole-orbitrap
instrument. This acquisition method, called parallel reaction
monitoring (PRM), is based on the signal extraction of frag-
ment ions from high-resolution MS/MS spectra and com-
bines high levels of sensitivity and selectivity. The ability of
measuring quantitatively a set of driver mutations at the pro-
tein level with high sensitivity opens not only avenues for pa-
tient stratification but may also provide additional evidence
facilitating the verification of hypotheses concerning tumor
evolution and driver mutation heterogeneity in tumor tissues
that are mainly based on genomic analyses.

2 Materials and methods
2.1 Reagents

Mass spectrometric immunoassay (MSIA) disposable au-
tomation research tips with protein A/G covalently bonded
(cat. no. 991PRT15) were obtained from Thermo Scientific
BVBA. Monoclonal mouse antipan-Ras antibody, clone Ras
10 (cat. no. MABS195) and monoclonal mouse anti-EGFR
(where EGFR is epidermal growth factor receptor), clone
528 (cat. no. MABF119) were purchased from Millipore.
Monoclonal mouse anti-SAA (serum amyloid A) antibody
(cat. no. ab687) was purchased from Abcam. A549 and H1975

www.clinical.proteomics-journal.com
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cell lines were a gift from the Laboratory of Experimental
Hemato-Oncology (LHCE) of the CRP-Santé in Luxembourg,
the Hcc827 cell line was obtained from the ATCC, and
patient and control plasma samples were obtained from
the Integrated Bio Bank of Luxemburg (IBBL). Sequencing
grade modified trypsin was purchased from Promega.
Endo-Glu-C (staphylococcus protease V8) was obtained from
Worthington. Full-length human recombinant KRas protein
(cat. no. ab96817) was purchased from Abcam. All other
reagents were obtained from Sigma-Aldrich.

2.2 Evaluation of the fast-LC system performance in
PRM mode isolated from the sample preparation

A stock solution of quantified stable isotopically labeled (SIL)
Ras peptides (C-terminal arginine, *Cg, Ny, Am = 10 u,
C-terminal lysine, 3Cq, °N,, Am = 8 u; AQUA quant-
pro, Thermo Fisher) was diluted in a constant amount of
trypsinized recombinant wild-type KRas and BSA to obtain
concentrations ranging from 0.013 to 50 fmol/pL. The SIL
peptides were provided by the manufacturer in ACN /water
buffer 5% v/v at the stock concentration of 5 pmol/pL. The
concentrations were measured by the manufacturer using the
amino acids analysis method and the purity was established
by UHPLC-UV analysis. On arrival, peptides were aliquoted
in Eppendorf Protein Lobind tubes and stored at —20°C.
Each aliquot is intended for a single use to avoid freeze—thaw
cycles.

The BSA was employed to create a low complexity chem-
ical background, and to prevent unspecific adhesion of pep-
tides. The concentrations of BSA and recombinant KRas in all
samples were 5 and 10 fmol/uL, respectively. Each concen-
tration of the dilution series was injected six times, with three
injection replicates designed as calibrants, and the others as
quality controls. The signals of the KRas endogenous pep-
tides were used to normalize the signal of the isotope-labeled
peptides. The area ratios of calibrants were plotted against the
known concentrations of isotope-labeled peptides to calculate
linear regressions with a 1/x* weighting. Both concentra-
tions of calibrants and quality controls were back-calculated
using the equations generated from the calibrant dilution
curves.

2.3 Cell culture

A549 lung cancer adenocarcinoma cells (KRas G12S mu-
tation and EGFR wild-type) were grown in DMEM/F12
medium (Lonza), supplemented with 10% v/v FBS (Life
Technologies) and 1% v/v penicillin/streptomycin mixture
(Lonza). Cells were incubated at 37°C in 95% humidity
atmosphere and 5% CO,, and grown to confluence at around
2 million cells/sample.

H1975 lung cancer adenocarcinoma cells (KRas wild-type
and EGFR L858R mutation) were routinely cultured in T-75

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

697

flasks with RPMI-1640 medium (Lonza) supplemented with
10% v/v FBS and 1% v/v penicillin/streptomycin mixture to
reach confluence at about 2 million cells.

Hcc827 lung epithelial adenocarcinoma cells (KRas wild-
type and EGFR E746-A750 deletion mutation) were grown in
supplemented RPMI-1640 medium (same as for H1975), un-
der the same conditions described above to reach confluence
at about 2 million cells.

The confluent cells were collected from T-75 flasks by
washing twice with Hank’s balanced salt solution (with-
out phenol red, calcium, and magnesium; Lonza) followed
by incubation with 0.02% w/v EDTA (Lonza) at 37°C for
15 min for cell detachment. Harvested cells were transferred
and centrifuged for 10 min at 200 x g. After aspirating the
medium/EDTA mixture, the pellets were resuspended in
2 mL lysis buffer containing 130 pL protease inhibitor cock-
tail. The samples were either immediately processed or stored
at —80°C till further analysis.

2.4 Cell lysis, immunoaffinity purification, and
proteolysis

2.4.1 Ras proteins

Proteins were extracted from about 3.5 and 3 million A549
and H1975 cells, respectively, with 2 mL modified RIPA lysis
buffer (50 mM Tris-HCI, 150 mM NacCl, 0.1% SDS, 0.5%
sodium deoxycholate, and 1% octyl B-D-glucopyranoside),
supplemented with protease inhibitor cocktail, and subjected
to three freeze/thaw cycles. Protein lysates were centrifuged
at 4°C at 20 000 x g for 30 min and the supernatant was
collected for enrichment using MSIA tips with protein A/G
beads. The MSIA tips were previously loaded with 5 pg of
anti-pan-Ras antibody according to the instructions of the
manufacturer. Extraction of the Ras proteins was performed
by 999 aspiration/dispense cycles of the cell lysates solution
through the MSIA tips. The tips were then washed with
300 pL of 2 M ammonium acetate buffer (pH 7.3) and thrice
with 150 pL of water. Bound proteins were eluted from the
MSIA tips in 50 pL of water acidified with formic acid (56
mM). Eluates were vacuum-dried and further resuspended
in 30 L of 50 mM ammonium bicarbonate buffer (pH 8.0).
Disulfide bonds were reduced with 5 wL of 50 mM DTT for 45
min at 50°C, followed by the alkylation of the free thiol groups
with 5 pL of 150 mM iodoacetamide for 30 min at room
temperature in the dark. Then, 0.05 g of trypsin were added
per sample and incubation was performed overnight at 37°C.
The activity of the trypsin was quenched by adding 0.5 nL
formic acid. Finally, samples were spiked with purified and
quantified isotopically labeled synthetic peptides (C-terminal
arginine, *Cg, Ny, Am = 10 u, C-terminal lysine, *Cg, Ny,
Am = 8 u; AQUA quantpro, Thermo Fisher) and directly
analyzed by fast LC-MS in PRM mode with an on-line
desalting onto the trapping column.
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2.4.2 EGEF receptor

Extraction and sample preparation of EGFR from the cell lines
A549, H1975, and Hcc827 similar to the protocol employed
for Ras analysis. However, a commercial RIPA lysis buffer
(Sigma-Aldrich) was used and the MSIA tips were loaded with
5 pg of anti-EGFR antibody directed against the extracellular
part of the EGFR. Proteins were eluted from MSIA tips using
an aqueous trifluoroacetic acid 0.4%, 33% ACN v/v buffer.
Ammonium bicarbonate was replaced by sodium phosphate
buffer (pH 7.8), and 0.4 pg of Glu-C protease was added
for the overnight digestion. Samples were spiked with heavy-
labeled peptides (combination of internal arginine, 1*Cg, ° Ny,
Am = 10 u; internal lysine, *Cg, ®N,, Am = 8 u; internal ala-
nine, ¥ Cs, °N, Am = 4 u; and internal leucine, *Cg, °N, Am
= 7 u; AQUA Quantpro ThermoFisher), desalted onto SPE
Sep-PakC18 cartridges (Waters), vacuum-dried, resuspended
in 25 pL of aqueous formic acid 0.1%, and analyzed by fast
LC-MS in PRM mode.

243 SAA

Four microliters of plasma from six lung cancer patients (two
males, four females, median age 60, stage IV), and six healthy
donors (male, median age 39), were obtained from IBBL.
Informed consent forms approved by the Comité National
d’Ethique de Recherche (CNER) were obtained from the pa-
tients prior to sample collection. Blood samples were pro-
cessed following the standard operating protocols of IBBL to
prepare aliquots of plasma. Plasma samples were diluted to
100 pL final volume with 10 mM PBS at pH 7.4. The sam-
ples were purified in duplicate using 500 aspiration/dispense
cycles on MSIA protein A/G tips previously loaded with an
anti-SAA antibody. The MSIA tips were washed with 10 mM
PBS and twice with water. Extracted proteins were then eluted
from the MSIA tips in 50 L 33% v/v ACN in water acidified
with 0.4% trifluoroacetic acid. After elution, the samples were
vacuum-dried, resuspended in 30 wL 50 mM ammonium bi-
carbonate buffer (pH 8.0), reduced with 5 pL 50 mM DTT for
45 min at 50°C, alkylated with 5 wL 150 mM iodoacetamide for
30 min at room temperature in the dark, and digested with
0.04 ug of trypsin overnight at 37°C. Samples were spiked
with heavy-labeled peptide standards (crude quality, Thermo
Fisher) and directly analyzed by fast LC-MS in PRM mode
with an on-line desalting onto the trapping column.

2.5 LC-MS configuration

The LC-MS system consisted of Proxeon NLC-1000 operated
in a column-switching setup. The mobile phases A and B

Proteomics Clin. Appl. 2015, 9, 695-705

consisted of 0.1% formic acid in water and ACN, respec-
tively. Samples were injected onto the trapping column
(300 pm x 5 mm, C8 pepmapl00, 5 pm) using the mo-
bile phase A delivered at a constant pressure of 600 bars.
The samples were then eluted from the trapping column
onto the analytical column (150 pm id x 45 mm, syncronis
C18, 1.7 pm, 100 A) at a flow rate of 1.5 pL/min by a lin-
ear gradient starting from 2% B/98% A to 40% B/60% A v/v
in 6 min. The MS analysis was performed on a Q-Exactive
Plus (Thermo Scientific) mass spectrometer equipped with
an EASY-sprayion source. The time-segmented PRM method
was performed with a quadrupole isolation window of 2 m/z
units (3 m/z for SAA peptides for co-isolation and analy-
sis of peptide isoforms with a close mass range in a sin-
gle MS event), an automatic gain control target of 1 x 10°
ions, a maximum fill time of 120 ms and an orbitrap resolv-
ing power of 35 000 at 200 m/z. Acquisition time windows
were manually defined with minimal overlap and in a way
to limit as much as possible the number of scan events per
MS cycle time. Collision energies were optimized for each
precursor.

2.6 Data processing

Fragment ion chromatograms, also called PRM traces, were
extracted from MS raw data, and peak areas were inte-
grated using the Skyline package [15]. This tool extracts, from
MS/MS spectra, the full signal detected within a window of
twice the estimated resolution at a given m/z. For an orbitrap
analyzer, the extraction window of chromatographic traces
is calculated using the following formula, with a resolving
power of 35 000 at m/z 200:

Width of the extraction window = 2 x M
35000 x /200
Fragment ions were selected for quantification according
to the accuracy of the mass measurement as well as the
co-elution and the similarity of the fragmentation patterns
between the endogenous and the respective isotope-labeled
standards. For each peptide, the ratio between the sum of
the PRM trace area of the endogenous peptide and the sum
of the respective area of the isotope-labeled standard were
calculated. For the screening of the SAA isoforms and vari-
ants, non-quantified internal standards were employed mak-
ing only a comparison between patients for the same isoform
or variant possible. For EGFR and KRas, quantified isotope-
labeled peptides were mixed with the samples and the endoge-
nous peptides were quantified by isotope dilution according
to the equation:

Concentration
cell

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

molecules\ (endogeneous/isotope labeled)Area ratio x internal standard concentration x Ny
concentration of cell
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Distribution of mutants and isoforms within a cell line pop-
ulation was then calculated from these concentrations.

3 Results and discussion

3.1 Targeting driver mutations by fast LC-MS in PRM
mode

The aim of the present work was to demonstrate first the fea-
sibility of coupling a fast LC with a quadrupole-orbitrap mass
spectrometer operated in PRM mode. Then, immunoaffinity-
purified samples were analyzed on that platform for the de-
tection of protein mutations or isoforms as diagnostic cancer
markers (Supporting Information Fig. 1). EGFR, Ras, and

respectively.

SAA proteins (Fig. 1 and Table 1) were selected to demon-
strate, as a proof of a principle, the flexibility and performance
of such an analytical platform. Relative and absolute quantifi-
cation, performed by isotope dilution, were investigated as
well as alternatives to the classical tryptic digestion protocols.

3.2 Performance of fast LC-MS platform in PRM
mode isolated from the sample preparation

An evaluation of the quantitative performance of the
quadrupole-orbitrap mass spectrometer hyphenated with a
fast UHPLC system was performed. UHPLC chromatogra-
phy columns use sub-2 pm diameter particles as packing
material for a dramatically improved separation efficiency,

Table 1. List of signature peptides and precursor charge states of endogenous and SIL

Precursor
Protein Mutation Peptide Endogenous Internal standard
Ras wt LVVVGAGGVGK 478.30 (2+) 482.31 (2+)
G12S LVVVGASGVGK 493.31 (2+) 497.31 (2+)
KRas SFEDIHHYR 401.86 (3+) 405.19 (3+)
NRas SFADINLYR 549.78 (2+) 554.79 (2+)
HRas SFEDIHQYR 398.86 (3+) 402.19 (3+)
EGFR WT FGLAKLLGAEE 574.32 (2+) 577.83 (2+)
WT FGLAKLLGAEEKE 468.93 (3+) 472.94 (3+)
L858R FGRAKLLGAEE 595.83 (2+) 600.83 (2+)
L858R FGRAKLLGAEEKE 483.27 (3+) 486.94 (3+)
WT KVKIPVAIKE 375.58 (3+) 378.26 (3+)
del746-750 KVKIPVAIKTSPKANKE 463.54 (4+) 465.54 (4+)
SAA SAA total SFFSFLGEAFDGAR 775.87 (2+) 780.87 (2+)
SAA 2 total GPGGAWAAEVISNAR 728.37 (2+) 733.37 (2+)
SAA2 « LTGHGAEDSLADQAANK 566.61 (3+) 569.28 (3+)
SAA 2B GAEDSLADQAANK 645.30 (2+) 649.31 (2+)
SAA 1 total FFGHGAEDSLADQAANEWGR 726.66 (3+) 730.00 (3+)
SAA 1T« GPGGVWAAEAISDAR 728.86 (2+) 733.87 (2+)
SAA1B GPGGAWAAEVISDAR 728.86 (2+) 733.87 (2+)
SAA 1y GPGGAWAAEAISDAR 714.85 (2+) 719.85 (2+)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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leading to sharper peaks and better sensitivity. In this work,
short nanobore UHPLC columns (150 pm id x 45 mm),
packed with 1.7 pm particles were employed with rapid elu-
tion gradients of 6 min to facilitate the high-throughput anal-
ysis of large sample sets. Such a chromatographic system
elutes peptides into peaks of about 2- to 3-s duration at half
height. Under these conditions, the scanning speed of the
mass spectrometer becomes a critical parameter as around
8 data points must be acquired across a peak profile in or-
der to obtain a correct measurement of the peak area. A
quadrupole-orbitrap mass spectrometer operated in PRM ac-
quisition mode was used for detection, as it allows the rapid
recording of high-resolution MS/MS data. Such mass spec-
trometer traps ions before the scanning event in the orbitrap
and therefore requires an estimation of the ion flux to predict
fill times long enough to achieve high sensitivity without ex-
ceeding the capacity of the trap. This process is important, as
with the fast UHPLC setup the chromatographic peak width
is roughly ten times sharper than with standard LC and fast
variations of the ion flux can occur.

The performance evaluation of the fast LC-PRM platform
was investigated using dilution curves of quantified isotope-
labeled synthetic peptides added to a recombinant KRas pro-
tein tryptic digest. The Supporting Information Table 1 sum-
marizes the linearity range observed for two KRas wild-type
signature peptides. A linear relationship has been established
from 0.013 to 50 fmol/pL for LVVVGAGGVGK and from
0.033 to 50 fmol/pL for SFEDIHHYR. The inaccuracy on the
back-calculated concentration of calibrants and quality con-
trols, as well as the RSDs, is below 15%. The carry-over of the
LC system after an injection of 250 fmol onto the column is
about 0.5% of the original signal recovered in the next blank
injection and a background below the limit of quantification is
restored after two to three additional blank injections for these
peptides. This is an acceptable performance for a nanoscale
chromatographic system, usually prone to sample carry-over.
The RSD of elution times over the 60 injections of this exper-
iment was below 0.4%. Such elution time reproducibility is
a critical parameter for time-scheduled PRM experiments, as
narrower monitoring windows can be used without the need
of frequent adjustment of retention time windows.

3.3 Combining immunoaffinity purification with fast
LC-PRM

3.3.1 Ras family proteins

The Ras protein family includes three isoforms, KRas, Har-
vey rat sarcoma viral oncogene homolog (HRas), and neu-
roblastoma RAS viral oncogene homolog (NRas), which can
be discriminated by a signature peptide in positions 89-97
(Fig. 1A). Point mutations in KRas at position G12 or G13
(Supporting Information Table 2), which are detectable in
the tryptic peptides 6-12, predict the poor clinical outcome of
the therapies targeting EGFR [16].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ras proteins were purified from A549 (G12S KRas muta-
tion) and H1975 (wild-type KRas) cell lines using disposable
pipette tips packed with protein A/G beads (MSIA) previously
loaded with a pan-Ras antibody. The correlation between the
amount of the cell lysate loaded onto the MSIA tip and the MS
signal was found to be linear (Supporting Information Fig. 2).
The representative fast LC-MS PRM chromatograms of the
Ras signature peptides from the A549 cell line are illustrated
in Fig. 2A. The immunoaffinity purification dramatically re-
duced the sample complexity and unambiguous PRM traces
were recorded. The SIL acts as an identity confirmation tool
based on the co-elution of the chromatographic profiles as
well as on the similarity of fragmentation patterns.

The chromatographic peaks, of about 3 s wide (at half
height), were defined by 8-16 data points, depending on the
number of concurrent eluting precursors in a time window.
The RSD of the area ratios between the endogenous signature
peptides and their respective SIL PRM traces ranged from 11
to 30% indicating a good reproducibility between five repli-
cations of the complete sample preparation workflow, from
cell lysis to the LC-PRM analysis.

As expected, the G12S signature peptide was only detected
in the A549 cell line that contains the homozygous G12S
Kras mutation (Table 2). The wild-type version of the peptide
was also detected in A549 cells but was derived from the
homologous peptide sequence shared with NRas and HRas.

The total concentration of Ras proteins estimated from
either the sum of the concentration of the signature peptides
(6-16) or from the sum of the three signature peptides 89—
97 identical for the H1975 cell line. This is however not the
case for the A549 cell line where an excess of 1.6 times of
the 6-16 peptides was detected as compared to the sum of
the 89-97 peptides. Although we cannot explain this result,
similar observations can be found in literature. It can be
observed in results published by Wang et al. [13], where the
ratio of peptides 6-16 over peptides 89-97 is 1.8- and 1.4-fold
higher for the cell lines SW480 and Pa08C, which display high
expression levels of the mutation, whereas cell lines with low
expression levels of the mutation or those having wild-type
KRas display a ratio of about 1, as we observed for the H1975
cell line [13].

3.3.2 EGFR

For NSCLC, the presence of mutations in the tyrosine ki-
nase domain of the EGF receptor was found to be strongly
correlated to the response to the kinase inhibitors gefitinib
and erlotinib [10]. Two EGFR mutations account for the vast
majority of sensitizing mutations in lung cancer. EGFR exon
19 deletions are in-frame deletions occurring within exon 19
that encodes part of the kinase domain. This mutation oc-
curs with a frequency of approximately 48% in EGFR mutant
lung tumors [17]. The L858R mutation results in an amino
acid substitution at position 858 in EGFR. This mutation oc-
curs within exon 21 that encodes part of the kinase domain,

www.clinical.proteomics-journal.com
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Figure 2. PRM chromatograms of (A) Ras isoforms and mutant signature peptides detected in A549 cells, the equivalent of 3e5 cells has
been injected; (B) EGFR mutant signature peptides detected in Hcc827 and H1975 cells, the equivalent of 2e5 cells has been injected.

and occurs with a frequency of approximately 43% in EGFR

mutant lung tumors [17].

MS-based proteomics is typically an indirect approach,
as peptides generated by proteolytic digestion are measured
as surrogate of proteins. Trypsin is the most favored pro-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tease because it yields high digestion efficiency and generates

peptides with clear MS/MS fragmentation spectra. However,

to target localized changes in the sequence of a mutated pro-
tein, the surrogate peptide must cover the mutated part of the
sequence. For some cases, a tryptic peptide can be either too
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Table 2. Quantitative distribution of mutation G12S and KRas,
NRas, and HRas isoforms for the cell lines H1975 and
A549, and del 746-750 and L858R mutation of EGFR for
the cell lines H1975, A549, and Hcc827

H1975  Ab49 Hcc827

(%) (%) (%)

Ras G12S Mutant 0 66 -
wit 100 34 -

Isoforms KRas 31 50 -

NRas 58 34 -

HRas 11 17 -

EGFR del 746-750 Mutant 0 0 90
wt 100 100 10

L858R Mutant 50 0 0

wt 50 100 100

short or too long and thus cannot be properly separated by
reverse phase chromatography and fragmented under low-
energy CID. In such conditions, the alternative digestion pat-
terns of other proteases, including Glu-C, Asp-N, Lys-C, Arg-
C, and chymotrypsin can be investigated to produce peptides
with sufficient length and overall MS compatibility [18]. Al-
though for example, nonsynonymous mutations in KRas at
position amino acid 12 or 13 can be investigated after tryptic
digestion, such approach for EGFR will not result in suitable
peptides for MS analysis to describe the activating mutations
based on exon 19 deletions or the nonsynonymous mutation
L858R. For instance, the signature peptide of the deletion
746-750 mutant of EGFR contains five lysine residues and
this portion of the protein sequence is not covered by a clas-
sical trypsin digestion. This problem can be circumvented
using Glu-C protease that cleaves after glutamic (E) and aspar-
tic (D) acids, and results in peptides suitable for MS analysis
(Fig. 1B).

Using a similar workflow as for Ras but with trypsin sub-
stituted by Glu-C protease, three cell lines including A549
(wt), Hce827 (del 746-750), and H1975 (L848R) were inves-
tigated and the representative PRM chromatograms of the
signature peptides detected in cell lines Hcc827 and H1975
are presented in Fig. 2B. This experiment illustrates that Glu-
C peptides, despite carrying a significant number of charged
amino acids, can be properly separated by chromatography
and detected and quantified without ambiguity by MS. The
RSD of'the area ratios between the endogenous signature pep-
tides and their respective isotope-labeled PRM traces ranged
from 6 to 23% between five replications of the complete
sample preparation procedure. However, the Glu-C protease
seems prone to miss cleavages; the protease has been de-
scribed not to efficiently cleave an EE peptide bond [19],
which is the reason why the peptide FG(L/R)AKLLGAE is
not detectable. However, similar intensities for the peptides
FG(L/R)AKLLGAEE and FG(L/R)AKLLGAEEKE have been
observed and both peptides were monitored. The ratio of the
total concentration of the signature peptides, that cover the
deletion mutation over the total concentration of signature
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peptides covering the point mutation, is about 2.2 with an
RSD of 6% between the three cell lines. This indicates the
good consistency of the Glu-C proteolysis.

As expected, the exon 19 deletion mutation and the L858R
point mutation were detected in cell lines Hcc827 and H1975,
respectively. H1975 is heterozygous for the EGFR point mu-
tation, and an equal distribution of mutated and wild-type
peptides was observed in this cell line (Table 2). However,
although in Hcc827 the EGFR exonl9 deletion is also het-
erozygous, the EGFR genes have been in addition reported
to be amplified resulting in an increased sensitivity to EGFR
inhibitors [20]. This increased sensitivity toward kinase in-
hibitors can be attributed to the observed ninefold excess of
deletion mutant over wild-type EGFR in the Hcc827 cell line.
In addition the total EGFR concentration, calculated by ei-
ther the sum of KVKIPVAIKE and KVKIPVAIKTSPKANKE
peptides or by the sum of FG(L/R)AKLLGAEE/KE peptides,
was found to be 8 and 11 times higher (7% RSD) in Hcc827
cell line as compared to the H1975 and A549 cell lines, re-
spectively. These results correlate with the observations of an
overexpression of EGFR in Hcc827 cell [20].

3.3.3 Screening of SAA isoforms in human plasma

SAA1 and SAA2 belong to the acute-phase proteins secreted
from the liver in response to infections and tissue injury [21].
The newly discovered roles for SAA in innate immunity dur-
ing cancer progression [22,23] and in metastatic pathogenesis
of lung cancer [24] raised renewed interest. High levels of ex-
pression of SAA protein in plasma can be related to chronic
inflammatory states including lung cancer adenocarcinoma.
SAA1 and SAA2 are highly homologous and eight signature
peptides quantify the target proteins at three different levels:
(Fig. 1C) variant-specific (SAA 1a, SAA 1B, SAA 1y, SAA
20, SAA 2B), protein-specific (SAA1 or SAA2), and pan-SAA
(SAA1 and SAA?2) have been used to differentiate SAA1 and
SAA2, and their variants in lung cancer plasma samples as
described in a previous study using a standard LC-MS ap-
proach (Kim, Y.J. et al., 2014, Specific quantification of SAA1
and SAA2 isotypes in human plasma using parallel reaction
monitoring, submitted for publication.

The SAA isoforms were purified by immunoaffinity us-
ing 4 pL of plasma from six controls and six lung cancer
patients (stage IV), and the complete sample preparation was
replicated in duplicates. The RSD of the peptides measure-
ment between replicates ranges between 1 and 29%, indi-
cating a similar reproducibility as observed for Ras protein.
All peptides were fully discriminated by the fast LC-MS in
PRM mode with the exception of GPGGAWAAEVISDAR that
had a shoulder in the front due to GPGGAWAAEVISNAR
(Fig. 3A); this portion of the signal was excluded for the area
integration.

In our small sample set, total SAA and SAA1 isoform levels
do not seem to be specific as a marker for adenocarcinoma as
high levels can be found in both patient and control samples

www.clinical.proteomics-journal.com
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Figure 3. (A) PRM chromatograms of SAA protein isoforms extracted from human plasma. (B) Quantitative profiling of signature peptides
of SAA isoforms in control and lung cancer patients plasma. Bars represent the endogenous peptide/SIL area ratios normalized to the
highest value for each isoforms.
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(Fig. 3B). The ratios of SAA2a/SAA however are observed to
be higher in patients regardless of the total concentration of
SAA. Screening a much larger set of samples will however
be required to investigate this observation further. The fast
LC-MS method described in this paper would be very well
suited for such a screening task. It is of interest to note that
a single Caucasian patient was typed with the SAA1 gamma
variant. The occurrence of this variant is common in the
Asian population, but has a very low incidence (5.3%) in the
Caucasian population [25].

4 Concluding remarks

Antibody-based approaches for protein detection in tissues
comprise immunohistochemistry or RP protein array ap-
plications. However, mutation-specific antibodies are very
rare, making immunohistochemistry or RP protein array ap-
proaches unsuitable for the detection of cancer-specific driver
mutations in tumor tissues. ELISA (and variations hereof)
is the current standard in protein analytics for clinical ap-
plications and is based on the immunoaffinity recognition
and subsequent capture of the target protein followed by
a quantitative detection methodology. Such immunoassay
approaches typically do not differentiate the modifications
found at the protein level, such as mutations, insertions, and
deletions. MSIA was primarily developed to enable the detec-
tion and identification of peptides and proteins in biological
fluids [26], acting as an alternative to ELISA-based methods
and also relying on immobilized antibodies to isolate analytes
from a biological sample with a subsequent release of the
analytes and an MS-based analysis. MS assays in the form
of SRM can typically measure in a single analysis number
of preselected ions, known a priori to represent those pep-
tides that can contain driver mutations (amino acid changes,
deletions, or/and insertions). Recently, PRM, leveraging new
high-resolution and accurate mass spectrometers has been in-
troduced and high-sensitivity assays can be achieved in com-
bination with an immunoaffinity purification [27]. PRM is the
method of choice for the selective detection of specific driver
mutation as it fully records the MS/MS spectra, allowing for
unambiguous localization of the mutations. As the chemi-
cal background of the sample is dramatically reduced after
an immunoaffinity purification, the need of a long gradient
chromatography becomes obsolete and a fast LC becomes
more advantageous. This combination fits better the routine
screening of cancer mutations in a clinical setting. The analy-
sis can be performed from either cancer tissues obtained from
resections or biopsies, for example in the form of fine-needle
aspirates, or from bodily fluids as exemplified for the SAA iso-
forms. The fast LC-MS platform in PRM mode can perform
about 100 analyses/24 h with an overall sample preparation of
about 24-36 h including an overnight proteolysis, providing
a quick result for clinicians in the process of decision mak-
ing of therapeutic strategy based on the mutation status. The
sample preparation throughput can be further increased by
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multiplexed approaches using the 96-well plate format and
a fast digestion procedure [28]. In addition, the method can
be valuable in the stratification of patients before the start of
clinical trials for targeted therapies in an oncological setting
and other disease indications.
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Table S1 Quantitative performance of the Q-Exactive Plus hyphenated with
the fast LC system. The concentrations of quality controls injections are back
calculated using the linear regression of corresponding calibrants curves. The linear
regression is weighted (1/x?)

Accuracy (%) = 100x (measured concentration / theoretical concentration)

LVVVGAGGVGK calculated concentration accuracy precision
femtomole/pul std#tl stdit2 std#3 mean mean RSD %
50.00 52.88 46.40 51.99 50.42 101% 7%
20.00 22.28 23.94 22.53 22.92 115% 4%
8.00 8.55 9.12 8.63 8.77 110% 4%
3.20 3.01 2.93 3.11 3.02 94% 3%
E 1.28 1.26 1.11 1.22 1.20 94% 7%
§ 0.512 0.487 0.548 0.517 0.517 101% 6%
0.205 0.192 0.199 0.190 0.194 95% 2%
0.082 0.082 0.077 0.076 0.078 96% 4%
0.033 0.029 0.031 0.030 0.030 92% 3%
0.013 0.014 0.013 0.014 0.014 104% 1%
50.00 49.04 52.59 52.04 51.41 103% 4%
20.00 21.53 22.52 22.99 22.35 112% 3%
8.00 7.92 8.20 8.72 8.28 103% 5%
Tg 3.20 2.84 3.24 3.02 3.03 95% 7%
S 1.28 1.22 1.15 1.32 123 96% 7%
% 0.512 0.465 0.524 0.487 0.492 96% 6%
> 0.205 0.190 0.194 0.186 0.190 93% 2%
0.082 0.086 0.075 0.077 0.080 97% 7%
0.033 0.033 0.032 0.032 0.032 99% 2%
0.013 0.012 0.014 0.012 0.013 98% 7%
slope 0.249 0.242 0.245
intercept -0.00079 0.00004  -0.00024

R? (weighted) 0.99 0.99 0.99



SFEDIHHYR calculated concentration accuracy precision

femtomole/ul std#1 std#2 std#3 mean mean RSD %

50.00 45.03 41.93 43.07 43.34 87% 4%
20.00 20.20 19.42 20.16 19.93 100% 2%
8.00 8.32 8.08 7.72 8.04 101% 4%
T 3.20 3.25 3.47 3.35 3.35 105% 3%
_rg 1.28 1.34 1.33 1.38 1.35 106% 2%
2 0.512 0.533 0.554 0.536 0.541 106% 2%
0.205 0.198 0.205 0.212 0.205 100% 4%
0.082 0.079 0.079 0.078 0.079 96% 1%
0.033 0.034 0.033 0.033 0.033 102% 0%
50.00 46.05 46.47 42.87 45.13 90% 4%
20.00 19.12 19.62 18.55 19.10 95% 3%
= 8.00 7.42 7.94 7.67 7.68 96% 3%
‘CE) 3.20 3.33 3.43 3.39 3.39 106% 2%
:>). 1.28 1.35 1.38 1.35 1.36 106% 2%
§_ 0.512 0.512 0.564 0.550 0.542 106% 5%
0.205 0.215 0.213 0.212 0.213 104% 1%
0.082 0.077 0.084 0.078 0.080 97% 5%
0.033 0.036 0.038 0.032 0.035 108% 8%
slope 0.343 0.334 0.339
intercept 0.001 0.004 0.006

R? (weighted) 1.00 0.99 0.99



Table S2 Frequently occurring KRas mutations at G12 and G13 positions

precursor
protein mutation peptide endogenous internal standard
G13D LVVVGAGDVGK 507.30 (2+) 511.31 (2+)
G12s LVVVGASGVGK 493.31 (2+) 497.31 (2+)
G13s LVVVGAGSVGK 493.31 (2+) 497.31 (2+)
G13A LVVVGAGAVGK 485.31 (2+) 489.32 (2+)
Ras G12A LVVVGAAGVGK 485.31 (2+) 489.32 (2+)
Gl3C LVVVGAGCVGK 529.81 (2+) 533.81 (2+)
Gl2C LVVVGACGVGK 529.81 (2+) 533.81 (2+)
G12v LVVVGAVGVGK 499.32 (2+) 503.33 (2+)

G12D LVVVGADGVGK 507.30 (2+) 511.31 (2+)
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The use of proteases complementary to trypsin to probe

isoforms and modifications
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The wide diversity of proteins expressed in a cell or a tissue as a result of gene variants, RNA
editing or PTMs results in several hundred thousand distinct functional proteins called prote-
oforms. The large-scale analysis of proteomes has been driven by bottom-up MS approaches.
This allowed to identify and quantify large numbers of gene products and perform PTM profil-
ing which yielded a significant number of biological discoveries. Trypsin is the gold standard
enzyme for the production of peptides in bottom-up approaches. Several investigators argued
recently that the near exclusive use of trypsin provided only a partial view of the proteome and
hampered the discovery of new isoforms. The use of multiple proteases in a complementary
fashion can increase sequence coverage providing more extensive PTM and sequence variant
profiling. Here the various approaches to characterize proteoforms are discussed, including
the use of alternative enzymes to trypsin in shotgun approaches to expand the observable se-
quence space by LC-MS/MS. The technical considerations associated with the use of alternative
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1 Introduction

At the start of the human genome project in the late 90s, the
number of human coding genes was estimated to be around
100 000 [1]. That number has shrunk to around 20 000 due to
the refinement of predicting tools [2]. A gene, comprised of
introns and protein coding exons, is transcribed to precursor
mRNAs (pre-mRNA) that undergo processing in the spliceo-
some which joins the exons to generate a translatable tran-
script (mRNA). High-throughput sequencing studies suggest
that around 95% of human pre-mRNA sequences containing
multiple exons yield splice variant mRNAs [3, 4]. Therefore
a single gene produces several transcripts, hence multiple
protein sequences. The most abundant form is called the
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canonical form, while the alternatively spliced variants are
called isoforms. Recently, the term “proteoform” was in-
troduced to designate the distinct protein forms resulting
from post-transcriptional and post-translational modifica-
tions [5-7]. The number of alternative splicing events oc-
curring in humans is estimated at 100 000 [8]. The extent of
alternatively spliced mRNAs that undergo translation into
a protein is yet unknown [6]. Despite the many cases in
which discernible functional differences between splice vari-
ants have not been observed [8, 9], several studies proved that
alternative splicing can produce functionally distinct protein
isoforms [8, 10-17]. Splicing variants are therefore a major
source of protein diversity. Other factors also contribute to the
expansion of protein sequence diversity, including alternative
transcription start sites and alternative polyadenylation sites,
yielding shorter or longer proteins; and single nucleotide
polymorphisms (SNP) which result in single amino-acid

*Both authors contributed equally to this work.
**Colour Online: See the article online to view Fig. 7 in colour.
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mutations. The resulting isoforms are protein backbone se-
quence variants; they vary in length sharing common exons,
including variable exons, and amino-acid mutations. All this
combined with all possible PTMs expands the proteome to
hundreds of thousands of distinct proteoforms. It is the pro-
teoforms that are the primary regulators of the fate and func-
tions of the cells [18] mainly due to the PTMs that occur
on specific amino acids during or after translation. A large
number of possible PTMs remain largely unexplored. The
most common ones include phosphorylation (S, T, Y), gly-
cosylation (N, S, T), N-terminal acetylation, methylation (K,
R), formylation (K), ubiquitinylation (K) or SUMOylation (K).
The identification and characterization of PTMs in large-scale
studies often require enrichment techniques and particular
experimental settings rendering their study challenging.

During the last two decades, MS has driven the ad-
vancement of proteomics [19]. From an MS-centric point
of view, protein sequencing is performed through two dis-
tinct approaches, top-down and bottom-up [20]. Top-down
approaches consist in the MS/MS analysis of intact proteins
while bottom-up consist in the analysis of peptides generated
by chemical or enzymatic cleavage of proteins. Intrinsically,
top-down would be the method of choice to analyze prote-
oforms in their integrity. It allows for the identification of
the combinatorial pattern of different PTMs spread across
the protein backbone as well as sequence modifications. The
main challenges of top-down approaches are protein separa-
tion prior to MS analysis and MS? fragmentation. Top-down
has been limited for a long time to the analysis of single pro-
teins or very simple mixtures [21]. Fragmenting large proteins
and achieving comprehensive sequence coverage is also chal-
lenging. Electron transfer/capture dissociation (ETD/ECD),
collision induced dissociation (CID) as well as photon in-
duced dissociation (IR or UV) have been employed [22-26].
Recent developments in ETD contributed greatly to the effec-
tiveness of fragmentation of large proteins [27]. The combina-
tion of two or more fragmentation techniques can be used to
increase fragmentation efficiency and generate more product
ions hence increasing sequence coverage [26, 28]. Top-down
MS for large proteins has been mainly applied to the charac-
terization of purified recombinant proteins such as 150 kDa
monoclonal antibodies. It allowed for the assignment and
the identification of a significant number of PTMs including
glycosylation, C-terminal lysine clipping and N-terminal glu-
tamine cyclization [25,29, 30]. Protein separation techniques
have known a fast development in recent years allowing top-
down analysis of more complex biological samples including
whole cell lysates [21]. More than 5000 proteoforms corre-
sponding to 1220 unique proteins have been identified using
a combination of separation techniques and top-down MS
[31]. Recently, a consortium was established to promote this
approach and share the data [32]. It is clear that this approach
under development is very promising and will provide major
inputs to the understanding of protein and proteoform func-
tions. Several reviews have discussed and described top-down
approaches [18,20,21, 33, 34].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As LC-MS/MS analysis of peptides is straightforward
(compared to that of proteins), bottom-up approaches allow
for high-throughput proteome analysis and the identifica-
tion of several thousands of proteins in a single experiment
[35,36]. However, the digestion of proteins into peptides sacri-
fices the integrity of proteoforms and hence reconstituting the
different entities is very challenging. Nevertheless, bottom-
up proteomics is by far the most widely used technique for
the identification, characterization and quantification of pro-
teins in both simple and complex mixtures. The vast majority
of protein sequences in databases with expression evidence
at the protein level as well as PTM sites were identified by
bottom-up. Furthermore, the vast majority of data uploaded
in public proteomics data repositories were acquired through
this approach. Bottom-up MS relies largely on trypsin diges-
tion and protein databases for the identification of peptides,
and hence proteins; but this reliance does present drawbacks.

The protein databases are by far not exhaustive and do
not contain all possible splice variants and other sequence
isoforms. The high-quality database for human proteins,
NeXtprot, comprises 20060 canonical sequences among
which only 10520 are presented with one or more alterna-
tive sequences, mainly splice variants. Therefore 9540 en-
tries contain only a canonical sequence. The total number of
sequences reported (canonical plus alternative) is currently
41 980. The actual number of isoforms is much larger, espe-
cially if SNPs and other variants are taken into account. The
proteogenomic approaches, in which MS spectra of peptides
are mapped against protein coding genes, are better suited
for the discovery of new sequence variants. Gene - expressed
sequence tags (EST), and transcript databases are used to map
peptides to gene or RNA sequences [37]. Blakeley et al. used
the coding DNA sequences/exon genomic coordinates from
the Ensembl database and mapped peptides to them. Intron
spanning peptides, i.e. peptides that are on the junction of
two exons confirm the exonic order. Peptides can be shared by
all or a part of possible isoforms or be specific to certain iso-
forms. These authors suggested using targeted approaches to
analyze isoform-specific peptides and unambiguously iden-
tify isoforms. They also proposed using multiple databases
to account for the different annotation qualities and coverage
of alternative splicing events [38]. Another elegant approach
is to collect RNA- sequences and proteomics data from the
same cell population. Sheykmann et al. developed a bioin-
formatics pipeline that detects splice junctions and translates
them to amino acid sequences to be used for proteomics data
search. This allowed the identification of 57 new splice junc-
tion peptides not present in the Uniprot/TrEMBL database
[6]. Several recent publications have reviewed the proteoge-
nomic approaches [39-41].

Trypsin provides peptides suitable for MS that allow the
highest sequence coverage and the largest number of identi-
fications in a complex biological sample making it the gold
standard protease for LC-MS/MS analysis of digests. How-
ever, some parts of protein sequences are not accessible to
trypsin due to an uneven distribution of their cleavage sites

www.proteomics-journal.com
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(Iysine and arginine). These missing sequences can contain
important information such as PTMs, mutations, etc. Other
enzymes have been described and were used to supplement
the trypsin protein sequences. Several studies and reviews
argue correctly that this dominance of trypsin has a negative
outcome on proteomics analysis as it only provides a partial
view of the proteome as stated by Heck and colleagues [42],
leaving behind valuable information that would help iden-
tify new proteins and isoforms, more PTMs and of course
achieve better sequence coverage [38, 42-47]. Furthermore,
alternative digestions would provide proteotypic peptides to
distinguish splice variants or other sequence variants. All
these studies plead in favor of using alternative enzymes in
addition to trypsin to address these issues and increase the
proteome coverage. Recently, Guo et al. described the use of
various enzymes and multiple enzyme digestions (48 differ-
ent independent digestions) to increase the sequence cover-
age of the HeLa cell proteome. To estimate the total sequence
coverage and digestion complementarity, they measured the
“proteome amino acid coverage” (PAAC). While the combina-
tion of multiple digestions did not increase significantly the
number of protein groups identified, it increased the PAAC
by threefold compared to the sole use of trypsin. They also
showed that in some cases, non-tryptic peptides may yield bet-
ter response in SRM experiments, allowing better sensitivity
[43].

A discussion on the input of complementary enzymes and
an assessment of their effect on the experimental workflow
of the analysis is presented here.

2 Bottom-up proteomics approaches

Two major bottom-up approaches emerged throughout the
development of MS-based proteomics: discovery and targeted
approaches [19]. Discovery proteomics experiments are com-
monly carried out using a shotgun method, which is based on
data-dependent acquisition (DDA) [48,49]. It has long been
employed in the early stage of biomarker discovery includ-
ing comparative studies. It allows the identification and the
quantification of a large number of proteins (up to 100 00
in recent studies [35,36]) in complex biological samples. How-
ever, the heuristic nature of precursor ion sampling affects
reproducibility [50-52] and generally introduces biases to-
ward abundant proteins. These biases are exacerbated due
to the enormous dynamic range and complexity of biological
samples that exceed the peak capacity and the sampling rates
of LC-MS platforms. Data independent acquisition (DIA) is a
more recent discovery approach that consists in fragmenting
all ions, thus generating a comprehensive product ion map.
It can be performed using sequential isolation windows (typ-
ically 10-50 Th) [53, 54] or with no isolation window [55-57]
to generate the complex fragmentation spectra. However, the
co-fragmentation of precursor ions leads to mixed product
ions spectra, challenging data analysis and affecting selec-
tivity [58, 59]. The elution and spectral matching against a

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reference spectral library are generally used to link the pre-
cursors to their product ions. Quantification is performed
based on peak integration of the selected fragment ion chro-
matographic traces. The acquisition of a full product ion map
of all present peptide ions allows reanalysis in a targeted way
using a predefined set of peptides for which specific spectra
and traces can be extracted.

On the other hand, targeted quantification approaches
such as selected reaction monitoring (SRM) [60] have be-
come the gold standard for accurate quantitative analysis with
greater sensitivity. More recently, parallel reaction monitor-
ing (PRM) [61] was shown to dramatically improve the se-
lectivity of measurements. Targeted proteomics consists in
the monitoring of proteotypic peptide ions and a selected
number of their product ions. It is generally used for precise
and accurate protein quantification but has also been imple-
mented for the measurement of a larger number of targeted
peptides with less emphasis on the quantification accuracy.
The latter has significantly increased the proteome coverage
of targeted experiments [62]. Targeted protein quantification
allows for higher sensitivity, wider dynamic range and greater
reproducibility of measurements.

While shotgun approaches allow the greatest scale for anal-
ysis, their bias toward high abundance proteins could penal-
ize the detection of splice variants that would generally be
present in low abundance. DIA would circumvent this limi-
tation as detection is not biased by abundance. However the
spectral libraries needed for the unambiguous identification
and quantification of these peptides are generally obtained
using shotgun DDA data from data repositories thus hav-
ing the same limitation. Targeted proteomics would allow to
target the proteotypic peptides of isoforms. This renders a
full quantitative approach using SRM or PRM possible [38].
Synthetic peptides can be used to optimize LC and MS pa-
rameters and as internal standards. These synthetic peptides
also allow generating spectral libraries used for identification
by spectral matching (for PRM and DIA).

3 Protein digestion and proteases in
proteomics

Proteolytic cleavage after basic amino-acid residues is gener-
ally preferred to generate peptides in a bottom-up proteomics
strategy. Peptides with a basic residue at their C-termini typ-
ically show an increase in the ionization efficiency during
proton adduct electrospray ionization and yield fairly pre-
dictable fragmentation patterns. Such peptides would there-
fore include at a minimum two basic moieties, the N-terminal
a-amino group and the guanidinium group (Arg) or e-amino
group (Lys) at their C-termini, and therefore at least two pro-
tonation sites. The three basic amino-acid residues present
in proteins are lysine, arginine and histidine. To date, no pro-
tease is known to cleave at histidine residues. When the his-
tidine residue is preceded by a threonine or a serine, cleavage
at the histidine residue can be performed with low specificity

www.proteomics-journal.com
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using copper II. The cleavage at other histidine sites is 10—
100-fold slower [63]. Cleavage at lysine and arginine residues
can be achieved with several enzymes. Trypsin cleaves specif-
ically at the C-terminus of both residues while Lys-C and
Arg-C are specific to lysine and arginine residues, respec-
tively. However, when a proline occurs at the C-terminus of
Lys or Arg, the bond is almost completely resistant to trypsin.
Lys-N has been described more recently and cleaves at the
N-terminus of lysine residues [64] while LysargiNase cleaves
at the N-terminus of both Arg and Lys residues [65]. Peptides
generated by Lys-N and LysargiNase have shown a propensity
to produce more b type ions in CID and c ions in ETD [66]
when compared to enzymes that cleave at the C-terminus of
basic residues. The amino acid composition of proteins varies
depending on their function and localization. For example, ly-
sine occurrences range from 6 to 8% in extracellular, nuclear
and cytoplasmic proteins to only 4.4% in membrane proteins.
Arginine mean occurrences range from 4 to 5% in all protein
classes, except for nuclear proteins where it reaches 8.7% [67].

In contrast to basic amino acid residue cleavage, enzymes
like Glu-C and Asp-N cleave at acidic residues. Glu-C cleaves
preferably to the C-terminus of glutamic acid; however, cleav-
age after aspartic acid also occurs. Conversely, Asp-N has a
cleavage preference at the N-terminus of Asp with occasional
cleavage at the N-terminus of Glu residues. Glu and Asp
mean occurrences are around 5.5 and 5%, respectively [68].
Other enzymes cleave at aromatic or hydrophobic residues,
which can be interesting for the analysis of membrane pro-
teins. These enzymes include chymotrypsin and the less spe-
cific pepsin that cleave preferably at the C-terminus of Trp,
Tyr, Phe and Leu. Recently, Meyer et al. described two pro-
teases that cleave at aliphatic residues: wild-type a-lytic pro-
tease (WaLP) and its active site mutant (MaLP) [69]. Enzymes
like SAP9 [70, 71] and OmpT [72] were introduced for ex-
tended bottom-up or middle-down proteomics as they gener-
ate larger peptides than the previously mentioned proteases.
They cleave preferably at dibasic sites.

Some proteases are conformation specific and are used for
particular digestions in native conditions such as papain [73]
and IdeS [74,75] that cleave above and below the hinge region
of immunoglobulin Gs (IgGs), respectively. Lys-C and pepsin
are also known to cleave the hinge region of IgGs in nonde-
naturing buffer conditions. These proteases are frequently
used for IgG and antibody drug conjugates characterization
[76-78]. In general, the specificity and activity of proteases
require particular buffer and pH conditions. In a recent re-
view, Tsiatsiani and Heck discussed the different proteases
employed in large scale proteomics experiments [42].

4 Complementarity and orthogonality

While trypsin allows the highest proteome coverage among
all proteolytic enzymes, the trypsin non-accessible part of the
proteome remains significant due to the uneven distribution
of trypsin cleavage sites (lysine and arginine residues) across

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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protein sequences resulting either in very short or very long
peptides not suited for conventional LC-MS analyses. More
specifically, peptides shorter than five to seven amino acids
are mainly redundant and cannot be assigned to a unique pro-
tein sequence, while peptides larger than 5 kDa tend to have
an adverse behavior in classical LC-MS settings and require
high-resolution MS measurement for the correct assignment
of precursor and product ions charge states. Furthermore,
most commonly used database search engines are not effi-
cient for the analysis of these large peptides that are gen-
erally highly charged (4+ and higher). For targeted protein
quantification, protein-specific peptides in the 8-25 amino-
acid residue range are generally selected [79]. However, the
trypsin inaccessible sequences can be of considerable inter-
est, especially in cases where particular isoforms or PTMs
are of biological significance. In these scenarios, enzymes
alternative to trypsin may be complementary to trypsin in ac-
cessing those sequences, provided they produce appropriate
peptides.

In order to estimate the orthogonality of alternative en-
zymes, an in silico digestion of the whole human proteome
(NeXtProt version 2014-05-27) using trypsin and a set of the
commonly employed enzymes (Lys-C, Lys-N, Asp-N, Arg-C
and Glu-C) was performed. Glu-C has a particular behavior
as its specificity depends on digestion conditions. As Glu-C
cleaves at a slower rate after Asp and Asp-N cleaves ata slower
rate before Glu [80], partial cleavage is more often observed
with these two enzymes. Figure 1 and Supporting Informa-
tion Table SI-1 compare the number of peptides obtained by
several enzymes in the 8-25 residues range. The same cal-
culations for peptides in the 5 residues—5 kDa range can be
viewed in Supporting Information Table SI2 and Supporting
Information Fig. SI-1.

Peptides shorter than eight residues are mostly redundant
regardless of the enzyme used. Roughly, only 20% (most of
them including five to seven residues) are unique. However,
trypsin and Asp-N produce twice the amount of these short
uninformative peptides than enzymes that cleave only at one
residue (Lys-C, Arg-C).

The primary interest of proteases alternative to trypsin is
the accessibility to otherwise unreachable sequences of the
proteome. Lys-C/N and Arg-C cleave specifically at lysine or
arginine, respectively. These enzymes can typically provide
access to sequences rich with R or K, otherwise segmented
in small peptides when digested by trypsin. On the other
hand, Glu-C and Asp-N proteases bring new levels of or-
thogonality as they cleave at different amino acid residues.
To estimate the capacity of these two categories of enzymes
to access distinct areas of the proteome, the sequence cov-
erage of the human proteome using peptides in the 8-25
residues range and three different enzymes was modeled
(Fig. 2A).

The simulation shows that Glu-C digestion adds 18.6%
sequence coverage to that of trypsin which corresponds to
37% of the amino acid sequences originally not accessible
by standard tryptic digestion (the 49.9% missed by trypsin),
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Figure 1. (A) Distribution and number of peptides generated by in silico digestion of the human proteome using seven different enzymes
in the 8-25 amino acid (aa) residues range. (B) Average and median molecular mass (MM) (left Y axis) and average and median number
of amino acid residues (right Y axis) in the 8-25 amino acid residues range.

whereas Lys-C can potentially add 7.5% of sequence coverage.
This observation indicates a higher degree of orthogonality
between Glu-C and trypsin than between Lys-C and trypsin.
To experimentally evaluate the orthogonality of alternative
enzymes in accessing different parts of protein sequences,
an equal amount of a standard equimolar protein mixture
(UPS1) containing 48 human proteins was digested in parallel
with trypsin, Lys-C and Glu-C prior to analysis by LC-MS/MS
in aregular DDA top 15 experiment (see Materials and meth-
ods in Supporting Information). Searches were performed
against a restricted database containing solely the UPS1 pro-
teins using the search engine MASCOT. All 48 UPS1 pro-
teins were identified for all evaluated digestion proteases.
Only peptides without any missed-cleavage were used to de-
termine protein coverages. The pie chart (Fig. 2B) represents

A
Trypsin only
50.1%
Lys-C only . +25.1%
32.4% b From Glu-C SHIEC onby

39.3%

the overall protein coverage obtained for the standard protein
mixture digested with trypsin, Lys-C and Glu-C (considering
only the cleavage after glutamic acid residues). As expected,
the highest protein coverage (62.5%) was obtained with the
tryptic digestion while 57.9 and 41.5% of sequence coverage
were achieved with Lys-C and Glu-C, respectively. The lower
proteome coverage obtained with Lys-C and Glu-C is consis-
tent with our simulation and other studies [43]. Moreover,
the search engines for peptide identification are generally op-
timized for tryptic peptides and non-tryptic peptides tend to
have lower scores [42]. By merging all the identification in-
formation obtained for the three enzymes, the global protein
coverage of the UPS1 mixture rose to 81.1%. In this case, the
use of alternative enzymes enabled to recover 49.5% of the
sequence parts that were not covered by trypsin.

Uncovered
18.9%

Trypsin Only
10.4%

Lys-C only
6.1%

Shared Lys-C/Glu-C
4.6%

Shared Tryp/Lys-C/Glu-C
24.1%

Glu-C only
7.9%

Shared Tryp/Lys-C
23.1%

Total Trypsin Coverage
62.5%

Figure 2. (A) Amino acid coverage of the human proteome with peptides in the 8-25 residues range using multiple in silico digestions. (B)
Experimental amino acid coverage of a standard protein mixture (universal protein standard (UPS1)), using trypsin, Lys-C and Glu-C (E).
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Figure 3. An illustration of complementarity provided by alternative digestion. Using trypsin alone, the second PTM and the splice variant
would be missed. The alternative enzyme allows the identification of the splice variant junction and the second PTM but misses the first
PTM and other parts of the sequence. Hence, using both enzymes gives access to complementary sequence information.

The propensity of Lys-C and Glu-C to reveal parts of the pro-
teome inaccessible by trypsinization can be exploited to char-
acterize isoforms or mutated sequences or to produce more
proteotypic peptides to target more proteins. In a landmark
study, Swaney et al. identified three times more unique pep-
tides in yeast using multiple proteases compared to trypsin
alone. This allowed the identification of 595 additional pro-
teins as compared to just a trypsin digestion (3313 proteins)
and the sequence coverage was also increased by nearly three-
fold [44]. Lesur et al. employed a Glu-C digestion to character-
ize at the peptide level the somatic EGF receptor’s 746-750
deletion mutation [81]. In this particular case, tryptic prote-
olysis did not generate acceptable signature peptides for the
unambiguous characterization of the mutation. The larger
peptides produced by Lys-C and Arg-C have a better chance
of spanning an intron as reported by Blakeley et al. (Arg-C
and Lys-C can provide 27.2 and 25.5% of intron spanning pep-
tides, respectively while trypsin and Glu-C only provide 20.4
and 17.9%) [38]. A 72% increase in the number of detected
phosphopeptides was enabled by the parallel use of Lys-N and
trypsin compared to trypsin alone [46]. For the characteriza-
tion of protein N-termini, the presence of an arginine or a ly-
sine near the N-terminal residue would prevent its identifica-
tion. Alternative enzymes like Asp-N and chymotrypsin pro-
vided well-suited peptides for the identification of N-terminal
heterogeneities in therapeutic monoclonal antibodies result-
ing from misprocessed signal peptide cleavage sites [82]. Asp-
N in conjugation with trypsin allowed for the correction of
erroneously predicted transit peptide cleavage sites of mi-
tochondrial proteins [83]. In hydrogen/deuterium exchange
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approaches, trypsin is unsuited as a digestion enzyme since
digestion has to be performed at low pH and temperature to
inhibit the back exchange of deuterium to hydrogen; there-
fore pepsin is generally used [84]. Combining pepsin with
other proteases active at acidic pH such as protease XIII from
Aspergillus saitoi and protease XVIII from Rhizopus was sug-
gested to increase sequence coverage [85, 86]. Nepenthesin
from monkey cups (Nepenthes) has also been described as
an alternative to pepsin in hydrogen/deuterium exchange
experiments [87]. For deamidation assessment, Sap9 was
found to be more reliable than trypsin as it cleaves faster at a
lower pH preventing artifactual deamidations [71]. Figure 3
illustrates how an alternative enzyme can provide access to
the sequences left behind by trypsin providing complemen-
tary proteotypic peptides to identify and quantify PTMs and
sequence variants.

5 Technical considerations
5.1 Sample preparation

Trypsin digestion protocols have been optimized to ensure di-
gestion efficiency and specificity. In general, the proteomics
grade commercial trypsin is a modified version of the en-
zyme with limited autolytic activity that has also been treated
to eliminate residual contaminating chymotrypsin activity.
This modified trypsin has optimal activity in the pH range
7.8-8.7 and is resistant to up to 1 M urea. Several digestion
buffers have been used, most often ammonium bicarbonate
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or Tris-HCl. Prior to digestion, proteins are generally de-
natured in high concentrations of urea (up to 8 M), then
disulfide bonds are reduced using dithiothreitol (DTT) or
tris(2-carboxyethyl)phosphine (TCEP). The free thiol groups
of cysteines are then alkylated using iodoacetamide. The urea
concentration is subsequently reduced before adding the en-
zyme. Digestion is generally performed at 37°C. This protocol
is, with some considerations, suitable for a number of alter-
native enzymes such as Lys-C, Lys-N, LysargiNase, Arg-C,
Asp-N, Glu-C and chymotrypsin. The most significant partic-
ularities and considerations to be aware of are discussed in
the following paragraph.

As stated earlier, trypsin cleavage is blocked at Arg or
Lys residues located at the N-terminus of a proline. It is
also slowed at multiple adjacent cleavage sites. Lys-C and
Lys-N are more resistant to chemical denaturation and are
active in urea concentrations exceeding 4 M and highly
basic environments (up to pH 9.5). Lys-N is also tolerant
to temperatures up to 70°C. Furthermore, digestion with
Lys-C (and Arg-C) is not affected by the presence of pro-
line. This has been exploited to enhance the generation
of tryptic peptides: Lys-C digestion is often performed at
high urea concentration (46 M), then urea is diluted to
0.8 M followed by trypsin digestion. This allows reducing
the occurrence of miscleavages and increasing the digestion
efficiency [88].

Arg-C is a cysteine protease active in reducing environ-
ments (presence of DTT, cysteine and calcium chloride).
Oxidative agents and heavy metals inhibit its activity, hence
EDTA is generally added to the digestion buffer. LysargiNase
is most active at pH 7.5 and tolerant to temperatures up to
55°C. However, it is less tolerant to chaotropic agents and
starts to lose activity at 0.3 M urea. TCEP reduction is pre-
ferred to DTT as the latter affects the efficiency of LysargiNase
[65].

The activity and specificity of Glu-C are dependent on the
pH and buffer used. This protease preferentially cleaves glu-
tamyl bonds in ammonium acetate pH 4.0 or ammonium
bicarbonate pH 7.8 whereas in phosphate buffers (pH 7.8)
it cleaves both glutamyl and aspartyl bonds. AspN requires
small quantities of zinc (0.5 mM zinc acetate) to enhance its
activity. The a-lytic proteases WaLP and MaLP are less tol-
erant to urea than trypsin; therefore, sodium deoxycholate at
0.1% is preferred as chaotropic agent [69]. All enzymes do
present non-specific and partial cleavages. Even with trypsin,
which is reputed for offering the best cleavage specificity and
completeness, miscleavages and non-specific cleavages are
not uncommon [88-90)]. This can be a source of bias in quan-
tification experiments. Protein digestion is a major source
of variability in peptide abundances. However, digestion per-
formed in controlled conditions is reproducible and hence
relative quantification remains achievable. Nevertheless, di-
gestion specificity and completeness need to be controlled for
absolute quantification. Isotope-labeled peptide concatemers
and protein standards are to date the main tools that allow
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assessing and accounting for biases introduced by digestion
[91-94].

5.2 Complexity reduction and impact on LC-MS ion
density

As shown in Tables 1 and Supporting Information SI-1,
trypsin generates nearly twice the amount of peptides com-
pared to Lys-C, Lys-N or Arg-C and a significant number of
those are shorter than five amino acid residues. Lys-C/N and
Arg-C peptides are on average 1.45 and 1.51 times larger
than tryptic peptides, respectively. In addition to increasing
the chance of identifying combinations of PTMs, generat-
ing a smaller number of larger peptides can have benefi-
cial effects during LC-MS analysis. The lower sample com-
plexity is expected to translate into a better separation of
the digest components or conversely to allow for the us-
age of shorter/faster gradients. Moreover, a less complex
digest may lead to a reduction in the occurrence of inter-
ferences in targeted analysis, hence an increase in quantifi-
cation accuracy. The hydrophobicity factors (HF) of the three
different proteome digests were calculated and a bar chart of
the number of peptides observed in different hydrophobicity
factor bins was produced (Fig. 4). Trypsin, which generates
the largest number of peptides, exhibits in the medium hy-
drophobicity range [12-38 HF factor] more than 1.6 times
more peptides than Arg-C or Lys-C. Interestingly, the Lys-
C and Arg-C digests are, in contrast to a general belief,
only marginally enriched with hydrophobic peptides com-
pared to trypsin digests, and 18.4% of Lys-C peptides and
17.6% of Arg-C peptides are highly hydrophobic compared
to 14.8% of tryptic peptides. However, the overall num-
ber of hydrophobic peptides is higher for trypsin (93 482)
when compared to Lys-C (69225) and Arg-C (73881)
peptides.

In order to further assess the simulation results, a depleted
human plasma sample was digested with trypsin and Lys-C
and the digests were analyzed with LC-MS using the same
gradient (see Materials and methods in Supporting Informa-
tion). The left panels of Fig. 5 present the heat maps of the
intensity of measured ions across the chromatographic sepa-
ration and the m/z range for the two digests. As expected, the
trypsin digest occupies most densely the space, especially in
the 10-50 min range. Similarly to the results obtained by hy-
drophobicity factor calculations, the Lys-C digest, which con-
tains larger peptides on average compared to trypsin, does
not present a denser area at the end of the gradient which
suggests that Lys-C does not significantly produce more hy-
drophobic peptides than trypsin. The panels on the right side
of Fig. 5 represent a three-dimensional visualization for the
two ranges delimited by the dashed rectangles in the heat
maps of depleted plasma (left panels). The reduced number
of species in the Lys-C digest decreases the number of ions
that fall in the isolation window of the quadrupoles when
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Figure 4. Hydrophobicity factors of all peptides in the 5 residues- 5 kDa range generated by trypsin, Arg-C and Lys-C in silico digestion of
the human proteome and calculated using the SSRcalc algorithm [95,96]. The inset tables show the percentage and number of peptides
for each enzyme in three ranges: very hydrophilic (HF < 12), very hydrophobic (HF > 38) and the range in between.

targeting a specific peptide which may result in decreased
signal interferences due to co-isolation.

5.3 Collision energies, fragmentation
and complexity of MS2 spectra

Non-tryptic peptides often contain internal basic amino acids
which influence their MS properties, including their ioniza-
tion (leading to higher charge states), and their fragmentation
patterns. Previous studies [60] aiming at the evaluation of the
influence of the parameters affecting the CID fragmentation
of peptides in the collision cell (in triple quadrupole mass
spectrometers or in the HCD cell of Orbitrap instruments)
showed that the collision energy was the main driving factor.
The collision energy value, generating the highest intensities
of fragment ions, is related to the peptide sequence (includ-
ing the presence of amino acids promoting facile cleavages
such as at proline residues, the number of basic amino acid
residues, or the charge state of the precursor ion). The effect of
the collision energy on the fragmentation pattern of peptides
is best evaluated by generating pseudo-breakdown curves,
where the composite (SRM) or full (PRM) MS/MS spectra
of peptides are acquired while varying the collision energy to
capture the intensity of the product ions. In the present ac-
count, the pseudo-breakdown curves of 61 stable isotopically
labeled (SIL) tryptic peptides corresponding to eight proteins
(osteopontin, endoplasmin, glucose-6-phosphatase dehydro-
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genase, transaldolase, lactate dehydrogenase, alpha actinin 1,
filamin A and zyxin), previously identified as non-small-cell
lung cancer (NSCLC) biomarker candidates [97], were gener-
ated by PRM analysis (see Materials and methods in Support-
ing Information). For “typical” tryptic peptides, i.e. doubly
charged peptides comprising 10-16 amino acids, two main
scenarios can generally be distinguished. In the first one,
illustrated in Supporting Information Fig. SI-2A for the pep-
tide EEASDYLELDTIK (m/z 767.374, z = 2+), the abundance
of most of the main fragment ions progressively increases
with the collision energy to reach a maximum value at nCE 20
(27.63 eV) and then decreases for higher collision energy val-
ues. In the second case, more frequently observed, the main
fragment ions have various distinct optimum collision en-
ergy values. This is illustrated in Supporting Information Fig.
SI-2B displaying the pseudo-breakdown curves of the peptide
AEAGVPAEFSIWTR (m/z772.393, z= 2+4) showing one first
optimum collision energy value in the lower range (around
nCE 15 (20.85 ev)) for two complementary b- and y- type frag-
mentions generated by facile N-terminal cleavage to a proline
residue. These fragments undergo secondary dissociation at
higher collision energy while a second optimum value is ob-
served for another set of fragment ions. Although related to a
larger number of fragment ions, the second optimum value
induces lower overall fragment ion intensities. The evaluation
of the impact of the collision energy on the fragmentation
pattern of 98 synthetic non-tryptic peptides (including Lys-
C, Arg-C, Asp-N and Glu-C peptides) representing the same
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Figure 5. LC-MS heat map of depleted human plasma digested with trypsin (A) and Lys-C (B). The right panels are 3D representations of
the peak density in the rectangles delimited by the dashed lines in the left panels.

proteins was performed and resulted in a similar observa-
tion. This is illustrated in Supporting Information Fig. SI-2C
and D displaying the pseudo-breakdown curves generated for
the peptides SILFVPTSAPRGLFDEYGSK (m/z 731.388, z =
3+) and ARVSSGYVPPPVATPFSSK (m/z 489.517, z = 3+)
indicating the presence of one or several optimum collision
energy values, respectively.

The design of advanced targeted acquisition methods
would benefit from optimized fragmentation conditions. In
selected reaction monitoring analysis, where each transition
can be measured independently using a distinct collision en-
ergy value, the optimization of the method is straightforward.
For each peptide, the transitions exhibiting the highest inten-
sities are selected and measured using their individual opti-
mum collision energy, which can have a common value for
the fully selected set or not. By contrast, in parallel reaction
monitoring analysis, only a single collision energy value is
used to measure each peptide. PRM experiments are gener-
ally carried out by applying to the entire set of targeted pep-
tides a unique value of “normalized” collision energy (nCE).
A default value of nCE from 25 to 30 has been widely used, as
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derived from data dependent acquisition (DDA) experiments
where it was shown to provide the highest number of pep-
tide identifications by conventional database searching algo-
rithms [98-100]. Although it represents a simple approxima-
tion, and these values were primarily used for identification,
i.e. generation of a wide fragmentation pattern, quantitative
assays would benefit from fewer but more intense fragments.
In fact, the MS/MS spectra being associated with a peptide
sequence along with the highest MASCOT ion scores do not
systematically correspond to those where the main fragment
ions are measured with the highest intensities, as illustrated
in Fig. 6. Figure 6A represents the pseudo-breakdown curves
of the peptide AIPVAQDLNAPSDWDSRGK (m/z 683.348,
z = 34) together with the MASCOT ion score as a function
of the collision energy applied. For this peptide, at low col-
lision energy (CE 17 ev), a few number of multiply charged
fragment ions are produced (intense y;;> and in smaller pro-
portions yy;2* and y;52*) (Fig. 6B). It was identified with a low
peptide MASCOT ion score of 22 due to the small number of
assigned fragment ions. By increasing the collision energy,
the peptide MASCOT ion score rises progressively with the
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Figure 6. Pseudo breakdown curves of the AIPVAQDLNAPSDWDSRGK peptide. Fragment ion intensity in function of the collision energy
applied and MASCOT ion score for each collision energy (A). MS2 spectrum at CE 17 ev (nCE 10) (B) and at CE 35 ev (nCE 30) (C).

increased number of fragments assigned, in spite of lower
overall intensity, until a maximum of 86 is obtained for a CE
of 35 ev (Fig. 6C).

A “normalization” procedure relying only on the mass-to-
charge ratio and charge state of the peptides is far too re-
strictive to really reflect the specificities of the fragmentation
process of each peptide. The sensitivity of PRM experiments
benefits from a more refined peptide-specific tuning of the
collision energy, leveraging the pseudo-breakdown curve in-
formation.

In the present account, the determination of the optimum
collision energy for PRM analysis of the 159 tryptic and non-
tryptic synthetic peptides mentioned above was based on their
pseudo-breakdown curves. For each peptide, the intensity of
the most intense fragment (base peak) ion across the six eval-
uated nCEs was compared to that measured at a normalized
collision energy of 25 to determine the gain in sensitivity
resulting from the fine tuning of the collision energy. The
results of this evaluation were grouped by peptide types and
are presented in Fig. 7A. Figure 7B shows that for the ma-
jority of these 159 peptides, the normalized collision energy
generating the most intense MS/MS base peak is lower than
the generally used nCE 25.

Such a peptide-specific optimization of collision energy re-
sults in a clear benefit for the sensitivity of measurement
in PRM quantification experiments. The gain can be sig-
nificant (up to 3-10 fold, especially for multiply charged
precursors containing additional basic amino acids). All
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categories combined, for more than a half of the peptides,
a minimum gain of sensitivity of twofold was observed.

6 Conclusion

Proteomics approaches based on multiple protease diges-
tions provide a more complete view of the proteome. The
increased sequence coverage resulting from complementary
digestions is in demand, as it allows accessing information-
rich sequences lost by trypsin digestion. This is crucial when
targeting specific proteoforms in which PTMs, single amino-
acid substitutions or alternative splicing are not accessible
using trypsin for identification as well as for quantification.
Furthermore, enzymes cleaving at a single site (such as Lys-C
or Arg-C) have a significantimpact on ion density in LC-MS as
illustrated with the digest of human plasma samples. More-
over, Lys-C and Arg-C provide more intron spanning unique
peptides that help identifying splice variants. The almost ex-
clusive use of trypsin in shotgun LC-MS approaches has re-
sulted in a certain undercoverage of isoforms. Also, databases,
search engines and other data analysis tools are almost
exclusively trypsin-centric and tend to underperform with
non-tryptic peptides. Moreover, only limited effort has been
devoted to date toward building proteoform centric reposi-
tories, which would then allow systematic identification of
isoforms. Targeted proteomics approaches are well suited
to identify and quantify sequence variants and PTMs, by
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Figure 7. (A) Gain in sensitivity (log scale) of 159 peptides cate-
gorized by peptide structure. Based on the breakdown curves of
each peptide, the gain was defined as the ratio of the intensity
of the most intense fragment ion across the six evaluated nCEs
compared to that measured at the “regular” normalized collision
energy of 25 nCE. Dashed lines represent the median value and
solid lines represent the upper quartile value. (B) Distribution of
the optimum nCE for the 159 peptides.

targeting proteotypic peptides of the proteoforms of inter-
est. The recent development of high-resolution MS platforms
to perform quantitative studies allow analyzing isoforms and
modifications with a higher degree of selectivity and sensi-
tivity. The use of a default collision energy, even though pro-
viding higher identification scores during database searches,
was shown to have limitations in product ion based quantifi-
cation. Contrary to DIA, PRM allows using the optimal col-
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lision energy for each precursor. The sensitivity of targeted
quantification assays can be improved by optimizing the colli-
sion energy to produce a few intense product ions rather than
a high number of fragments as it is done for identification.
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