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ABSTRACT

Genetic alterations contribute to the development and pathogenesis of several human
cancers. These mutations accumulate in a cancer tissue over the course of time due
to the instability of the cancer genome. Large-scale sequencing efforts have enabled
identification of an abundance of these somatic mutations, and the amount of data is
constantly increasing due to the improved accessibility of next-generation
sequencing technologies. From this multitude of cancer-associated somatic
mutations, a large majority are predicted to be inconsequential “passenger”
mutations, (i.e., mutations which do not confer a selective growth advantage to the
cancer cells); and only a handful have been validated as “driver” mutations (i.e.,
mutations playing a critical role in the development or maintenance of cancer). These
driver mutations also function as predictive markers for survival, therapeutic
efficacy, and often make the cancer cells susceptible to therapeutic intervention.

Identification of driver mutations is an integral part of biomarker discovery in
cancer research, and my thesis aimed to address this by developing a screening
platform and a database. The in vitro Screen for Activating Mutations (iISCREAM)
is a high-throughput screening workflow which was established with Epidermal
Growth Factor Receptor (EGFR) as a model. The screen was validated by detection
of known activating mutations like EGFR L858R. A previously known EGFR
variant of unknown significance (VUS), EGFR A702V, was discovered in the screen
and was functionally characterized to be an activating mutation. The iSCREAM
screening methodology was further used to systematically study ERBB4, another
gene in the EGFR family of receptor tyrosine kinases. We detected ERBB4 VUS
R687K, and E715K in the screen and identify them as activating mutations. The
ERBB4 mutations were characterized for their effect on ERBB4 phosphorylation,
their sensitivity to various tyrosine kinase inhibitors, and their tumorigenicity was
evaluated with in vivo allografts.

The Database Of Recurrent Mutations (DORM), was prepared by analyzing a
public registry of somatic mutations and preparing a catalog of the mutations
identified from genome-wide studies to recapitulate the “real-world” frequency of
all the recurrent (n > 1) somatic mutations. DORM allows limiting the scope of
search to 38 tissue types and supports advanced queries using regular expressions.
The easy-to-use database and its backend are written to be very responsive and fast
in comparison to contemporary public cancer databases.

Taken together, the findings and resources presented in this thesis establish
grounds for further studies with other tyrosine kinases and potentially enable
diversification into new niches.

KEYWORDS: EGFR, ERBB4, high-throughput screen, functional genomics,
activating mutations, cancer, database, recurrent mutations
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TIVISTELMA

Geneettiset muutokset vaikuttavat useiden ihmisen sy6pien syntyyn ja kehittymiseen.
Sydpakudokseen geenimutaatioita kertyy yhd enemmén ajan kuluessa syovén
genomisen instabiliteetin vuoksi. Laajamittaisten sekvensointihankkeiden avulla on
pystytty tunnistamaan paljon erilaisia somaattisia eli hankinnallisia mutaatioita ja
sekvensointitulosten médrd kasvaa jatkuvasti uuden sukupolven sekvensointi-
tekniikoiden (engl. next generation sequencing, NGS) paremman saatavuuden ansiosta.
Naistd lukuisista syopaén liittyvistd somaattisista mutaatioista suurin osa on potilaan
ennusteen kannalta merkityksettomid '"matkustajamutaatioita" (engl. passenger
mutation) eli mutaatioita, jotka eivéit anna valikoivaa kasvuetua syopésoluille. Vain
muutamia somaattisia mutaatioita on validoitu "ajajamutaatioiksi" (engl. driver
mutation) eli mutaatioiksi, joilla on kriittinen rooli syovén kehittymisessd tai
yllépitdmisessd. Namé ajajamutaatiot toimivat usein eloonjdéimisen sekd hoidon tehon
ennusteellisina markkereina ja usein my0s herkistdvit syopésoluja hoidoille.

Ajajamutaatioiden tunnistaminen on olennainen osa sydvidn biomarkkereiden
tutkimusta. Vaitoskirjatyoni tavoitteena oli kehittia ajajamutaatioiden seulonta-alusta ja
tietokanta. Aktivoivien mutaatioiden in vitro -seulonta (engl. in vitro Screen for
Activating Mutations, iSCREAM) on tehoseulontamenetelmd, jonka kehittdmistydssa
kéytettiin mallina epidermaalista kasvutekijareseptoria (EGFR) koodaavaa geenié.
iISCREAM-seulonnalla tunnistettiin jo tunnettuja aktivoivia EGFR-mutaatioita, kuten
L858R, mika validoi menetelmén toimivuuden. Seulontamenetelmalld tunnistettiin ja
karakterisoitiin myds uusi EGFR-geenin aktivoiva mutaatio, A702V, jonka oletettu
toimintamekanismi selvitettiin. iISCREAM-seulontamenetelmédd hyodynnettiin tissé
tyossd myos EGFR-reseptorityrosiinikinaasiperheen toisen geenin, ERBB4-geenin,
systemaattiseen tutkimiseen, jonka avulla 16ydettiin uusina aktivoivina mutaatioina
ERBB4 R687K ja E715K. Nididen ERBB4-mutaatioiden vaikutusta ERBB4:n
fosforylaatioon ja ladkeherkkyyteen erilaisille tyrosiinikinaasiestdjille karakterisoitiin, ja
niiden tuumorigeenisyys validoitiin in vivo -allografteissa.

Toistuvien mutaatioiden tietokanta (engl. Database Of Recurrent Mutations,
DORM) luotiin analysoimalla somaattisten mutaatioiden julkista rekisterid ja
laatimalla luettelo genominlaajuisissa tutkimuksissa tunnistetuista mutaatioista, jotta
kaikkien toistuvien (n > 1) somaattisten mutaatioiden "todellinen" esiintymistiheys
voitaisiin laskea. DORM mahdollistaa haun rajoittamisen 38:aan kudostyyppiin ja
tukee edistyneempié kyselyjd sdédnnollisten lausekkeiden (engl. regular expression)
avulla. Helppokéyttdinen tietokanta ja sen taustajérjestelmd kehitettiin hyvin
reagoivaksi ja nopeaksi nykyisiin julkisiin sydpétietokantoihin verrattuna.

Tdssd tyOssd esitetyt havainnot ja resurssit luovat yhdessd perustan
jatkotutkimuksille muilla tyrosiinikinaaseilla ja ovat mahdollisesti laajennettavissa
muillekin tutkimusalueille.

AVAINSANAT: EGFR, ERBB4, tehoseulonta, funktionaalinen genomiikka,
aktivoivat mutaatiot, syop4, tietokanta, toistuvat mutaatiot
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1 Introduction

Alterations in the genome are the fundamental cause of cancer. Advances in genomics
gave us tools to peer into cancer genomes and identify key alterations that drive the
initiation, maintenance, metastasis, and relapse of cancer. However, this process of
characterizing cancer genomes led to the accumulation of numerous variants in the
databases that have never been functionally characterized. These variants are referred
as Variants of Unknown Significance (VUS). There are primarily two reasons for the
apparent “neglect”: practical infeasibility of analyzing large number of variants, and
lack of representation in the global population (i.e., low frequency of prevalence in
the cancer samples analyzed with DNA sequencing). Together, they lead to several
scientists preferring simple economics over pure science, as the upfront costs of
characterizing a rare VUS outweighs the potential benefits it can have to the very
small number of patients who have the variant. This thesis focuses on these problems
of VUS and presents two tools that help in characterizing VUS of a gene/protein of
interest, and in fairly representing the true share of VUS in the domain of cancer-
associated somatic mutations.

The thesis presents the development of a high-throughput screen for gain-of-
function mutations in oncogenic kinases. The workflow was used to study EGFR and
ERBB4 which are members of the ERBB family of receptor tyrosine kinases. The
four ERBB receptors are transmembrane cell-surface proteins that receive
extracellular stimulus (by one of eleven ligands) and activate an assortment of well-
orchestrated intracellular signaling pathways in a context-dependent manner. These
proteins are an integral part of mammalian growth and development; however, genetic
alterations have been reported to cause aberrant ERBB signaling in several human
cancers. These findings led to the development of inhibitors of ERBB signaling and
their successful use in the clinic. The work in this thesis identified several activating
mutations in the ERBB receptors (EGFR and ERBB4) which were previously reported
to be VUS, thereby, improving the understanding about ERBB biology.

This thesis also presents a database that was developed to exhibit the true
population (i.e., cancer samples that have been analyzed with DNA sequencing across
the globe and are aggregated by the COSMIC cancer registry (cancer.sanger.ac.uk))
frequencies of thousands of cancer-associated somatic mutations. The contemporary
databases are resource intensive and have a significant delay in processing a user’s
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query (article III, Figure 1) and have a strong bias (section 6.4, Table 6) towards a
selected set of genes and mutations (targeted-panel sequencing). The database
developed in this thesis circumvents these issues and is presented as a demonstrably
fast and easy-to-use webtool (article III, Figure 1).
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2 Review of the Literature

2.1 Genomic alterations are fundamental drivers in
human cancers

At the fundamental level, propagation of any terrestrial life relies on replication of
its genetic material by a nucleic acid polymerase. In case of mammalian cells, it is
carried out by a DNA polymerase that although has a very high fidelity, also has a
non-zero error rate (Loeb and Monnat, 2008). These natural errors introduce random
changes into the genome of a cell during cell cycle (in the S-phase) which are
interchangeably called DNA alterations or mutations. This imperfect, but,
completely natural process drives molecular evolution, and over geological
timescales may cause speciation (Wilson, 1985). Somatic evolution of cancer shares
the basic principles with natural evolution, but unlike natural evolution, the cancer
evolution happens within a short human life span. In humans, the DNA polymerase,
with an error-rate of < 1 incorrect base-incorporations per 150,000 nucleotides,
coupled with an exceptional DNA repair machinery creates less than one mutation
per cell division in non-malignant somatic cells (Araten et al., 2005; Cagan et al.,
2022; Korona et al., 2011; Roberts and Kunkel, 1988). The accuracy is phenomenal,
however when we factor in the billions of cells dividing every day in the human
body, the prospects of genomic integrity look bleak. Fortunately, a majority of these
accumulated alterations are inconsequential passengers, however, a remaining few
are drivers (i.e., DNA changes that play a critical role in the development and/or
maintenance of cancer) (Martincorena and Campbell, 2015; Vogelstein et al., 2013).
Pan-cancer analysis of whole genomes (PCAWG) revealed a tumor to contain an
average of 4-5 driver events (Campbell et al., 2020; Martincorena et al., 2017).
Origins of cancer at a cellular level are monoclonal in nature, however, over time,
it evolves polyclonally (Fearon et al., 1987; Greaves and Maley, 2012; Linder and
Gartler, 1965). The cellular clones, within a cancer tissue, harboring various driver
alterations undergo rounds of competitive selection to improve their survival fitness
by genetic and non-genetic mechanisms in a process called clonal expansion
(Burrell and Swanton, 2014; Gerstung et al., 2020; Greaves and Maley, 2012;
McFarland et al., 2014; Podlaha et al., 2012; Posada, 2015).
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2.1.1 Effect of DNA alterations on cellular biochemistry

As mentioned earlier, most of the acquired genetic alterations or mutations over the
course of time in a cancer tissue are predicted to be passengers (Vogelstein et al.,
2013), and this is (in part), due to the genomic context where a particular mutation
gets introduced. Proto-oncogenes are genes whose products are involved in normal
cell growth, proliferation, and differentiation. However, acquired activating mutations
can lead to loss of homeostatic regulation, which renders them oncogenic (Slamon,
1987). For instance, BRAF is a gene encoding the B-Raf proto-oncogene (BRAF), a
serine/threonine kinase, which regulates cell proliferation via the mitogen activated
protein kinase (MAPK) pathway. An acquired DNA change in codon 600 in exon 15
of BRAF (¢.1799T>A), creates a GTG > GAG change, which creates a single amino
acid substitution of valine 600 to glutamate (Val600Glu or V600OE). BRAF V600E is
the most frequently observed genetic alteration in patients with metastatic melanoma
(Greaves et al., 2013). In the clinic, patients harboring this somatic alteration benefit
from BRAF-inhibitors like vemurafenib (Chapman et al., 2011; Sosman et al., 2012;
Yang et al., 2010).

On the other hand, tumor-suppressor genes are often involved in regulation of cell
cycle and DNA repair. Acquired mutations often inactivate or destroy their
physiological function, thereby, compromising the integrity of the cellular genome
(Weinberg, 1991). For instance, BRCAI! and BRCA2 are genes encoding BRCA1
DNA Repair Associated (BRCA1) and BRCA2 DNA Repair Associated (BRCA2)
proteins that are critical in restoring the original DNA sequence at double-strand DNA
breaks by homologous recombination repair. Germline and somatic mutations in
BRCA1/2 have been reported in patients with breast and ovarian cancer (Berchuck et
al., 1998; Ford et al., 1995; Zhang et al., 2011). The deleterious BRCA gene mutations
disrupt their biological activity rendering the cells harboring them more susceptible
to acquiring mutations (Kinzler and Vogelstein, 1997; Venkitaraman, 2002; Welcsh
et al., 2000). Pharmacological inhibitors of Poly (ADP-Ribose) Polymerase 1 and 2,
called PARP inhibitors, pioneered the development of drugs based on the strategy of
Synthetic Lethality (Bryant et al., 2005; Farmer et al., 2005). The premise of Synthetic
Lethality is, that a defect in either of the two genes (and/or their gene products) alone
has little to no effect on cell survival, however, defects in both of the genes together
is lethal (Bridges, 1922; Kaelin, 2005; Lucchesi, 1968). In tumors harboring
BRCA1/2 alterations, PARP inhibitors stall the DNA replication fork, triggering a
DNA damage response. Homologous recombination repair (which involves BRCA1/2
proteins) is the optimal choice for repairing such lesions. However, these cells
deficient in BRCA1/2 activity resort to DNA repair mechanisms (e.g., non-
homologous end joining) which generate large-scale genomic rearrangements that
could be unfavorable for cell survival (Farmer et al., 2005; Lord and Ashworth, 2017).
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In addition to directly affecting the biological function of the cancer-associated
genes, the acquisition of mutations in the regulatory elements of the tumor-
suppressors and oncogenes, can alter the expression of their products thereby
impairing the regulation of cellular signaling (Elliott and Larsson, 2021; Khurana et
al., 2016; Weinhold et al., 2014).

2.2 Genetic alterations in human cancers
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Figure 1. Heterogeneity across primary tumors analyzed from genome-scale DNA sequencing
data. The y-axis shows similarity index between two cancer samples chosen randomly
from the pool of samples of the same primary site (x-axis). Similarity index is defined as
number of shared A) coding alterations in the same gene or B) exact same coding
alteration. The individual points show data for 10,000 random pairs of samples from the
same primary site (for cancers with more than 200 samples). Only non-zero values have
been plotted. (Source of data: COSMIC release v96, cancer.sanger.ac.uk)

Cytogenetic studies revealed the heterogenous nature of human cancers at
chromosomal resolution (Pathak, 1990; Wolman, 1986). Further characterization of
cancer tissues with genomics revealed that the collection of mutations accumulated
by a cancer tissue over the course of time serves like a unique fingerprint, and two
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tumors even from the same cancer type might only share a few mutations (Figure 1)
(Gerlinger et al., 2012; Mcgranahan and Swanton, 2017; Meacham and Morrison,
2013). The heterogeneity has been recognized for a long time (Huxley, 1958; Nervi
et al., 1982; Roberts and Tattersall, 1990) however, in depth characterizations and
mapping the clonal lineages have happened in the past decade (Jamal-Hanjani et al.,
2017; Mitchell et al., 2018; TRACERx Consortium et al., 2020). Furthermore, varying
degrees of heterogeneity has been observed between the primary and metastasized
tumor samples (Fidler, 1978; Nguyen et al., 2022; Priestley et al., 2019), sometimes,
even from the same individual (Naxerova et al., 2017). This is primarily because the
metastatic cell population(s) originate from the primary tumor, but as they are in a
perpetual state of molecular evolution, with time, they accumulate more changes in
their DNA (Turajlic and Swanton, 2016). Tumor evolution is a complex process and
is under active deconvolution, evidence exists of cases, where the overall genetic
diversity is higher in the primary tumor in comparison to tumors harvested from
metastases (Gundem et al., 2015; Woodcock et al., 2020).
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Figure 2. Major types of possible alterations in a DNA and their consequence on the protein
sequence. A) Point mutations creating missense or nonsense mutations (in addition to
synonymous changes). B) Insertions and deletions can span up to several codons
resulting in an altered reading frame. C) Translocation events swap large chunks of
genetic information between chromosomes. D) Loci of a chromosome getting altered by
insertion, deletion, inversion, and duplication events. (Source: original diagram, panel C-
D adapted from (Balachandran and Beck, 2020))

DNA replication and repair are complicated processes involving a large number of
proteins, but in principle the mutations can be categorized into three main categories
based on the size of the DNA fragment involved (Yates et al., 2017):

17



Deepankar Chakroborty

1) single nucleotide variants (SN'Vs): These are created when a nucleotide at a
position is changed to one of the other three nucleotides (Figure 2). If introduced in
a coding region, depending on the new codon, it can change the amino acid sequence
in the translated protein. e.g., BRAF V600E in melanoma (Yang et al., 2010), and
EGFR L858R in lung adenocarcinoma (Lynch et al., 2004; Paez et al., 2004; Pao et
al., 2004).

2) insertions or deletions (indels): These are incorporations or removal of
nucleotides, which are typically small (1-5 bp) and less frequently involve larger
fragments of DNA (100 bp - several kilobases) (Figure 2). If introduced within a
coding sequence, these alterations can cause anything from introducing/removing a
couple of amino acids up to removing some exons which can affect the translated
protein. e.g., EGFR exon 19 deletions in lung adenocarcinoma (Lynch et al., 2004;
Paez et al., 2004; Pao et al., 2004).

3) structural variants (SVs): These are changes in the orientation, location, or
number of copies of larger chunks of genomic DNA (Figure 2). These typically span
several kilobases and include gene deletions, duplications as well as larger
chromosomal rearrangements like translocations and inversions, and marker
chromosomes. e.g., EGFR amplification in glioblastoma multiforme (Libermann et
al., 1985), HER2 amplifications in breast cancer (Zeillinger et al., 1989), ALK-fusions
in lung cancer (Soda et al., 2007), and the Philadelphia chromosome translocation
[t(9;22)(q34;q11)] creating the BCR-ABL fusion in chronic myelogenous leukemia
(CML) (Nowell and Hungerford, 1960; Tough et al., 1961).

4) changes in cellular ploidy: These are aberrant changes in structure and number
of chromosomes in daughter cells after undergoing a cell division with improper
segregation of chromosomes. Aneuploidy results in changes in individual
chromosomes e.g., trisomy 12 in chronic lymphocytic leukemia (Losada et al., 1991)
and trisomy 8 in acute myeloid leukemia (Philip, 1975; Virtaneva et al., 2001).
Polyploidy refers to changes in entire sets of chromosomes. These phenomenon give
rise to somatic mosaicism in cancer (Atkin and Ross, 1960; Pellman, 2007; Storchova
and Pellman, 2004).

2.3 Identification of driver mutations

As mentioned earlier, driver mutations are the pathogenic alterations, which, in the
case of oncogenes, can prove to be potential vulnerabilities of the cancer tissues
(Garraway and Lander, 2013; Vogelstein et al., 2013). They have the potential to
unravel opportunities for developing targeted inhibitors (Chapman et al., 2011; Hong
etal., 2020; Miller et al., 2012) as well as uncovering interesting mechanisms of signal
transduction (Brewer et al., 2013; Duensing et al., 2004). Moreover, the detection of
driver mutations may help in selection of treatment modalities, improve the clinical
actionability and accuracy of prognostic predictions (Lievre et al., 2006; Wood et al.,
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2016; Zehir et al., 2017). These reasons are compelling enough to set up a search for
driver mutations among the abundance of the variants of unknown significance.

2.3.1 Characterizing cancer genomes with next generation
sequencing

The advent of next-generation sequencing (NGS) technologies and their
increasing affordability and accessibility enabled analysis of the genetic
alterations across large cohorts of cancer genomes (cancer genomes in the
magnitude of 10° have been characterized (source: gdc.cancer.gov, dcc.icge.org,
database.hartwigmedicalfoundation.nl, and jega-scc.jp) however annually there are
new diagnoses and cancer-associated deaths in the magnitude of 10° (Siegel et al.,
2022)). The large-scale sequencing efforts have helped identify large number of
cancer-associated mutations and helped establish precision medicine (Hyman et al.,
2017; Jameson and Longo, 2015). Among the large number of reported mutations in
a specific protein, a handful are observed significantly more than other mutations,
these are called hotspot mutations (Chang et al., 2016). However, in addition to these
hotspots, the next-generation sequencing data also contains millions of mutated
nucleotides reported from thousands of cancer genomes, which are classified as
infrequent non-hotspot mutations (Chang et al., 2016). Functional classification of a
majority of these mutations is incomplete without relevant clinical data and lacks pre-
clinical validation, thereby, creating an abundance of Variants of Unknown
Significance (VUS) (Dienstmann et al., 2015; “The future of cancer genomics,”
2015).

2.3.2 Computational prediction of the consequence of
mutations

With the accumulation of data over time, computational methods have been developed
to predict the consequences of mutations based on sequence alignment, evolutionary
conservation of amino acid residues and protein's structural information. Methods
such as Sorting Intolerant From Tolerant (SIFT), PolyPhen-2, and Protein Variation
Effect Analyzer (PROVEAN) have been around and in development for a little over
two decades (Adzhubei et al., 2010; Choi et al., 2012; Ng and Henikoff, 2001) with
consistent improvements by training the models with acquired information from the
clinic and functional data. However, for predicting effects of VUS and novel
mutations, these tools still lack the sensitivity and specificity needed for clinical
decision making (Ernst et al., 2018). More recently, the ‘protein folding problem’ (Dill
et al., 2008) was addressed with AlphaFold, a computational deep learning algorithm
that predicts the three-dimensional structure of a polypeptide (16 - 2700 amino acids
long) solely based on the sequence. For modelling a polypeptide, the algorithm
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incorporates homologous structures (when available), but can also predict structures
with atomic accuracy in cases where no homologous structural data is available
(Jumper et al., 2021). Further developments could enable accurate modelling of the
consequences of somatic mutations on a protein’s structure.

24 Functional genetics screens

A fundamental issue raised during the characterization of tumor samples by
sequencing, was the determination of the VUS. Scientists, having realized the
problem, resorted to conducting functional analyses to assign significance to
individual VUS (Farrugia et al., 2008). The idea, of performing a functional analysis
with variants of a protein generated by systematic mutagenesis dates back several
decades. An early example being the alanine-scanning mutagenesis of the human
growth hormone to identify residues that modulate its binding to the human growth
hormone receptor (Cunningham and Wells, 1989). Systematic mutagenesis required
the authors to pre-select which mutations are worth studying. Saturation mutagenesis,
on the other hand, is based on the principle of creating a library consisting of all the
possible mutations of particular regions in a protein (Figure 3) (Derbyshire et al.,
1986; Myers et al., 1985).
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Figure 3. Various approaches for generating libraries of mutations to perform a high-throughput
characterization of the variants using a functional genetics screen. (Source: original
diagram)

241 Pooled synthetic libraries

The wealth of mutational data generated by the next generation sequencing has made
it feasible to identify candidate mutations and perform functional screens using
synthetic pooled libraries to characterize variants (Berger et al., 2015; Ikegami et al.,
2020; Kohsaka et al., 2017; Nagano et al., 2018). Here, the expression library consists
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of cDNA constructs tagged with unique barcodes. These barcodes enhance the
reliability of detection for the individual mutations in the assays because the
recognition of a particular mutation is based on several (random) nucleotides of the
barcode. By contrast, calling point mutations from the individual cDNAs would be
based on mismatch at a single nucleotide. There have been efforts that aimed at
characterization of large number of selected mutations, such as the namesake "mixed-
all-nominated-mutants-in-one" assay, or the MANO-method (Kohsaka et al., 2017)
developed at the laboratory of Dr. Hiroyuki Mano. The screening protocol was used
to characterize 101 EGFR mutations (Kohsaka et al., 2017) and 55 ERBB2 mutations
(Nagano et al., 2018) which were transduced individually into cell models (Ba/F3 and
NIH-3T3) and pooled together to create a "cell library". This library of cells was
cultured in a competitive setting to evaluate the transforming potential, and the drug
sensitivity of the mutations included in the screen. Similarly, by colleagues at the
laboratory of Dr. Jesse Boehm, a pooled screen was carried out using 194 somatic
mutations identified in primary lung adenocarcinoma. Including the controls, 352
barcoded open reading frames (ORFs) were generated that were pooled into batches
of 70-80 ORFs, introduced into their cell model (SALE-Y cells, which are human
small-airway lung epithelial cells immortalized by an activating variant of Yesl
associated protein (YAP1)) injected subcutaneously into immunocompromised mice.
The tumors were studied for their genetic composition to unravel the changes in the
mutational composition of the pooled ORFs (Berger et al., 2015).

24.2 Untargeted saturation mutagenesis

One of the methods of constructing a saturation mutagenesis library is using mutator
strains of Escherichia coli like XL1-Red (Greener and Callahan, 1994), which are
deficient in three of the primary DNA repair pathways in bacteria (a mutated mutS
impairs error-prone mismatch repair (Radman et al., 1980), mutated mutD abrogates
3’-5’ exonuclease activity of DNA polymerase III (Scheuermann et al., 1983), and
mutated mutT incapacitates the bacteria to hydrolyze 8-oxo-dGTP (Cox, 1976)).
Propagating plasmids encoding proteins in these cells lead to misincorporations of
bases during DNA replication, which over time creates a mutation library. However,
there is limited control over mutation frequency, and the entire plasmid is subjected
to mutagenesis which can create unwanted biases during the functional screen.
Another relatively simple approach for saturation uses exposure of the cells
expressing the desired protein to the DNA-alkylating agent N-ethyl-N-nitrosourea
(ENU) which introduces random point mutations (Bradeen et al., 2006). Due to the
simplicity of the approach the method is used to identify secondary on-target
mutations that confer resistance to targeted therapeutics (Bradeen et al., 2006; Ercan
et al., 2015; Kobayashi et al., 2017; Kosaka et al., 2017; Tiedt et al., 2011). A similar
approach involves using cells with mismatch repair deficiency e.g., the HCT-116
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colon cancer cells, as a background for functional screens (Girdler et al., 2008;
Wacker et al., 2012). Both these methods share an undesirable drawback of not being
strategies of targeted mutagenesis, i.e., in their process both of the methods
indiscriminately mutate the target cells’ genomes thereby, compromising its integrity
(Glaab and Tindall, 1997; Russell et al., 1979).

24.3 Targeted saturation mutagenesis

In order to maintain the integrity of the host-cell’s genome and to ensure that only the
DNA sequence for the target protein is mutated several methods have been developed
for targeted-saturation mutagenesis. The simplest method for generating a mutation
library is error-prone Polymerase Chain Reaction (PCR) amplification of the target
cDNA (Cadwell and Joyce, 1994), which is an inexpensive and rapid way to generate
a mutation library. However, as various thermostable DNA polymerases have inherent
biases favoring certain types of DNA base substitutions, using cocktails of
polymerases like Mutazyme II which is a commercial blend of a novel mutant of 7aq
DNA polymerase and Mutazyme I (an exonuclease-deficient Pfu DNA polymerase)
which produces a less biased mutational spectrum (Cline and Hogrefe, 2000). Another
recent development has been the generation of a saturation mutation library by using
a mutated HIV Reverse Transcriptase containing the Met230lle point mutation which,
in comparison to the wild type enzyme, has a reduced replication fidelity and an
improved overall mutational bias (Yenerall et al., 2021).

However, as the mutations incorporated during the cycles of an error-prone PCR
or the viral replication are non-deterministic and random in nature, alternative
approaches were developed recently to better control the composition of the mutation
library. Methods like Deep Mutational Scanning (DMS) (Fowler et al., 2010; Fowler
and Fields, 2014) and Exceedingly Methodical and Parallel Investigation of
Randomized Individual Codons (EMPIRIC) (Hietpas et al., 2012) were pioneers,
which were soon followed by Mutagenesis by Integrated tiles (MITE) (Melnikov et
al., 2014), inverse PCR (Jain and Varadarajan, 2014), Programmed Allelic Series
(PALS) (Kitzman et al., 2015) and Precision Oligo-Pool based Code alteration
(POPCode) (Weile et al., 2017). These approaches differ in their biochemical
implementation and coverage strategy, but, for the incorporating mutations in the
library, all of them rely on using synthesized oligonucleotides of varying lengths, scale
of synthesis which influence the cost and complexity of designing the library. More
recently, advancements in gene synthesis have helped commercial production of
synthetic mutation libraries (Plesa et al., 2018).

In the recent years, several contemporary approaches have been developed which
leverage libraries built using targeted saturation mutagenesis to conduct functional
characterization of the variants. These methods are referred by the umbrella term
Multiplexed assays of variant effects (MAVE) (Starita et al., 2017). In practice, a
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library of mutated variants of a particular gene are synthesized, cloned into an
expression vector, and then introduced into the target cell model(s) where the encoded
protein carries out a function that has a phenotype (i.e., mutations have variation in
growth rate, drug response, fluorescence, biochemistry, etc.) which can be used to
select desired populations. This selection enriches the cells with certain variants and
may deplete other variants in the cell population. The cells are harvested, and the
mutation library is extracted from the initial and final populations to determine the
variant allele frequency of each mutation in the library using high-depth next-
generation sequencing (NGS). The fold changes in the frequency of each mutation
serves as an indicator of its function (Weile and Roth, 2018).

244 Ba/F3 cells as a model for kinase activity

The Ba/F3 cells are a murine Interleukin-3 (IL-3) dependent pro-B cells and have been
widely used to the study the biochemistry of kinases and kinase inhibitors. The cells
were derived in 1984 from an experiment aimed at isolating IL-3 dependent precursors
of B-cells from murine bone marrow. The derived cells were devoid of T-cell specific
markers and expressed B-cell lineage specific antigens, while lacking the expression
of IgM or kappa chains on the cell surface (Palacios et al., 1984). The cells were
characterized to be completely dependent on IL-3 for mediating growth and
proliferation (exogenous IL-3, or conditioned media of WEHI-3 cells were equally
good) and died when cultured in the absence of IL-3 (Palacios et al., 1984). The origin
of the Ba/F3 cells, however, is shrouded in a little mystery, as a discrepancy surfaced
in 2014 regarding their identity. A group performed single nucleotide polymorphism
(SNP) profiling of commonly used mouse strains and cell lines and discovered the
Ba/F3 cells to resemble the C3H mouse strain instead of the originally reported
BALB/c (Didion et al., 2014). These findings were recapitulated by the RIKEN
institute, which has been distributing the cell line since 1992, with a simple sequence
length polymorphism (SSLP) analysis (Nakamura, Yukio, 2020).

However, despite this controversy, their utility as an essential biochemical model
is widely-accepted due to their interesting properties that facilitate rapid high-
throughput quantitative experiments. Ba/F3 cells divide rapidly and grow in
suspension, in an inexpensive media formulation (RPMI-1640 supplemented with
serum, glutamine, antibiotics and conditioned media of WEHI-3 cells is sufficient)
(Palacios et al., 1984). They readily take foreign DNA by means of viral transductions
or a simple electroporation, and the variation in their cell proliferation serves an
immediate qualitative and quantitative readout. Furthermore, their acute dependence
on IL-3 was demonstrated, in 1988, to be surmountable by expression of BCR-ABL
tyrosine kinase (Daley and Baltimore, 1988). In addition to, characterizing the fusion
product of BCR-ABL (generated by the Philadelphia chromosomal translocation) as
an oncogenic alteration, this experiment also laid the foundation for using the Ba/F3
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transformation assays in studying kinases (Daley and Baltimore, 1988; Warmuth et
al., 2007). Ba/F3 cells have been extensively used in studying activating mutations in
tyrosine kinases and analyzing their sensitivity and resistance to various tyrosine
kinase inhibitors as their dependence on IL-3 can be compensated by activation
kinases (Adam et al., 2006; Bradeen et al., 2006; Ercan et al., 2015; Jiang et al., 2005;
Shimamura et al., 2006; Thress et al., 2015).

2.5 The Epidermal Growth Factor Receptor family

Kinases are cellular enzymes (Enzyme Commission group 2.7) that catalyze the
transfer of a phosphate moiety from adenosine triphosphate (ATP) to their respective
substrate which may be either proteins, lipids, carbohydrates, or cellular metabolites.
Out of more than 518 known protein kinases in the human genome, 90 are protein
tyrosine kinases (EC 2.7.10) and selectively catalyze the phosphorylation of tyrosine
(Tyr, Y) residues on their substates (Manning et al., 2002; Robinson et al., 2000).
From these, 55 are transmembrane receptors, referred as receptor tyrosine kinases
(RTKs) (EC 2.7.10.1), and are sub-categorized into 19 families (Lemmon and
Schlessinger, 2010; Robinson et al., 2000; Wheeler and Yarden, 2015).

2.5.1 ERBB receptors

The ERBB or Epidermal Growth Factor (EGF) Receptor family of RTKSs consists of
the eponymous receptor EGFR (Ullrich et al., 1984; Ushiro and Cohen, 1980), also
referred as ERBBI due to sequence homology to the retroviral oncogene v-erb-B
(Downward et al., 1984), and its three homologs ERBB2 (Coussens et al., 1985),
ERBB3 (Kraus et al., 1989), and ERBB4 (Plowman et al., 1993a). Additionally, these
are also referred in the literature as Human EGF Receptors (HER1, HER2, HER3 and
HER4). The ERBB receptors are transmembrane glycoproteins of approximately 180
kDa and consist of an extracellular segment with a ligand binding domain, a
transmembrane alpha helix, and an intracellular segment comprising of a bilobular
kinase domain which is followed by a C-terminal tail. These four parts, together,
facilitate the signal transduction with the transmembrane domain serving as a
membrane anchor for the receptors, the extracellular domain initiates the signal
transduction by binding an appropriate ligand and inducing receptor dimerization.
This brings the individual kinase domains in proximity, which starts the series of
phosphorylation events (subject to availability of ATP) on key tyrosine residues on
both molecules in the active dimer (Lemmon et al., 2014; Roskoski, 2014). In addition
to the dimerization of the extra-cellular domain, the activation of the ERBB-kinase
requires asymmetric dimerization of the kinase lobes (details in section 2.5.3). The
ERBB family members share the signaling modality mentioned above with two
noteworthy exceptions; a) the extracellular segment of ERBB2 is devoid of a ligand-
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binding domain and is constitutively in a conformation favoring receptor dimerization
(Cho et al., 2003; Garrett et al., 2003), and b) the intrinsic kinase activity of the
ERBB3 intracellular segment is heavily impaired due to the lack of key catalytic
residues (Guy et al., 1994; Shi et al., 2010).

25.2 Ligands of ERBB receptors
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Figure 4. The ERBB family of proteins are transmembrane cell-surface receptor tyrosine kinases.
Four ERBBs, and their 11 ligands are depicted and arranged by their specificity for various
ERBB receptors. The black arrows indicate the binding of the set of ligands binds to the
indicated ERBB receptor. ERBB2 does not have a ligand and is in a confirmation
favorable for dimerization with another ERBB receptor. Grey box indicates the impaired
kinase domain of ERBB3. (Created in Biorender, adapted from (Lemmon et al., 2014))

The four individual ERBB receptors are activated by the 11 EGF-like ligands (Figure
4) which are synthesized as transmembrane precursors and are released as soluble
ligands by undergoing proteolytic cleavage. Four of these ligands exclusively bind to
EGFR, namely EGF, amphiregulin (AREG), epigen (EPGN) and the transforming
growth factor alpha (TGFA) (Cohen, 1962; Riese et al., 1996b; Strachan et al., 2001).
Betacellulin (BTC), epiregulin (EREG), and heparin binding EGF-like growth factor
(HBEGF) can bind to both EGFR and ERBB4 (Elenius et al., 1997b; Riese et al.,
19964, 1998). Among the four neuregulins (NRG1, NRG2, NRG3, NRG4), the NRG1
and NRG?2 ligands can bind to both ERBB3 and ERBB4 (Carraway III et al., 1997;
Carraway et al., 1994; Chang et al., 1997; Plowman et al., 1993b), while the NRG3
and NRG4 ligands exclusively bind to ERBB4 (Harari et al., 1999; Zhang et al., 1997).
To date, no EGF-like ligands have been reported to bind ERBB2. This was clarified
by crystal structures showing that ERBB2 cannot bind ligands because it is in a pre-
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activated confirmation which primes it for dimerization with other ERBBs (Cho et al.,
2003; Garrett et al., 2003).

Despite a certain degree of apparent functional redundancy in the biological
responses induced by the ligands of ERBB receptors, they are known to induce
varying degrees of cell signaling responses of by the virtue of differences in their
receptor-bound confirmation, the affinity and duration of their binding to the receptor,
availability in various tissues, and their ability to induce various homo- and hetero-
dimeric configurations of the ERBB receptors (Freed et al., 2017; Macdonald-
Obermann and Pike, 2014; Singh et al., 2016; Sweeney et al., 2000; K. J. Wilson et
al., 2012).
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Figure 5. A schematic diagram showing activation of ERBB receptors. Two ligand-bound
extracellular domains of ERBB receptors dimerize and lead to the asymmetric
dimerization of the intracellular kinase domains. The N-lobe of the receiver kinase (R) and
the C-lobe of the activator kinase (A) interactions stabilize the receiver kinase which then
transactivates the activator subunit. Subsequently, several tyrosine residues on both the
receiver and activator unit are phosphorylated which enables recruitment of molecules
facilitating downstream signaling. (Source: original diagram based on Chakroborty et al.,
2022; Kurppa et al., 2016.)

Under physiological conditions ERBB receptor activation is mostly dependent on
availability of ligands in extracellular space, because, with the exception of ERBB2,
all ERBB proteins exist in a closed autoinhibitory confirmation concealing the
dimerization arm (located in subdomain II) (Cho and Leahy, 2002; Garrett et al.,
2002). Ligand-binding to subdomains I and III induces major confirmational changes
resulting in a stabilized active form of the receptor. These changes uncover the
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dimerization arm and prime the receptor for interacting with another ERBB receptor
in the active confirmation (Garrett et al., 2002; Liu et al., 2012; Ogiso et al., 2002).
The dimerization of two extracellular domains leads to activation of the intracellular
kinase domains by the formation of a head-to-tail asymmetric dimer (Figure 5)
(Endres et al., 2013; Qiu et al., 2008; Zhang et al., 2006). This phenomenon is in
contrast to the mechanism of activation of most protein kinases, where the
phosphorylation of the activation loop is known to enhance kinase activity (Cargnello
and Roux, 2011; Russo et al., 1996; Taylor and Kornev, 2011). ERBB receptors do
not require the phosphorylation of activation loop and are activated by the allosteric
dimerization of two ERBB kinase units (Jura et al., 2011). Here, one serves as an
allosteric "activator kinase", the N-terminal lobe of which comes in contact with the
C-terminal lobe of the other kinase unit (referred as "receiver kinase") (Figure 5).
These interactions are essential for stabilizing the active confirmation of the receiver
kinase, which phosphorylates the activator kinase in trans and leads to a cascade of
trans- phosphorylation events on the C-terminal tails of the receptors. This allosteric
mechanism of activation does not require kinase activity, and while underscoring the
diversity of heterodimeric configurations of ERBB proteins, it also explains how
ERBB3 (deficient in intrinsic kinase activity) forms functional heterodimers
exclusively with other ERBBs (Aertgeerts et al., 2011; Endres et al., 2013; Jura et al.,
2011, 2009a, 2009b; Qiu et al., 2008; Zhang et al., 2006).

254 Signal transduction pathways

The active ERBB RTK has phosphorylated intracellular domain and C-terminus tail
and these phosphorylated tyrosine residues create docking sites for various cell
signaling molecules containing the Src Homology 2 (SH2) or phosphotyrosine-
binding (PTB) domains. This allows the ERBB receptors to mediate signaling
initiated by an extracellular stimulus (ligand binding) towards the cell's nucleus. The
recruited proteins are either phosphorylated by ERBB kinase or by their own intrinsic
kinase activity which leads to the activation of specific signal transduction pathway
(Lemmon and Schlessinger, 2010). The C-terminal tails of the four ERBB family
members are the least homologous region among the four RTKs and harbor unique
sets of motifs that enable recruitment of various cell signaling and adaptor molecules,
thereby, inducing a diverse cellular response (Schulze et al., 2005). Moreover, the
ability of the ERBB family of proteins to form homo- and heterodimers further
diversifies the qualitative and quantitative nature of the signaling that is mediated by
these proteins (Olayioye et al., 2000, 1998; Riese et al., 1995). The majority of
canonical ERBB-mediated signal transduction occurs via these pathways, namely
mitogen activated protein kinase (MAPK) pathway, the phosphatidyl inositol 3-kinase
(PI3K) pathway, the phospholipase-C gamma (PLC-y) pathway and the signal
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transducers and activators of transcription (STAT) pathway (Olayioye et al., 1999)
(Figure 6).

For activating the MAPK signaling, either of the adaptor proteins growth factor
receptor-bound protein 2 (GRB2) or Src Homology 2 Domain-Containing (SHC), can
recruit son of sevenless (SOS) to the cell membrane. SOS activates small GTPases of
the Ras-family which in turn activate the chain of phosphorylation events down the
chain of serine-threonine kinase starting at Raf (MAPK kinase kinase), then MEK
(MAPK kinase), and terminating at extracellular signal-regulated kinases (ERK or
MAPK). ERK then translocates to the nucleus and activates several downstream
transcription factors (McKay and Morrison, 2007; Schulze et al., 2005; Yarden and
Sliwkowski, 2001).
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Figure 6. Signaling pathways activated by ERBB receptors. Dashed line shows direct recruitment
of PI3K by the YXXM motif of ERBB3 and ERBB4. (Created in Biorender, adapted from
(Yarden and Sliwkowski, 2001)).

The ERBB3 and ERBB4 receptors also harbor YxxM motif (where x can be any
amino acid) in their C-terminus tail, and on tyrosine phosphorylation it can recruit the
p85 regulatory subunit of PI3K via its SH2 domain and invoke the activation of PI3K-
protein kinase B (AKT) pathway. The PI3K complex phosphorylates
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phosphatidylinositol-4,5-phosphate (PIP2) to phosphatidylinositol-3,4,5-phosphate
(PIP3) which recruits 3-phosphoinositide dependent kinase 1 (PDK1) and AKT to the
plasma membrane. PDK1 activates AKT by phosphorylation which subsequently
phosphorylates its downstream targets regulating cell survival, apoptosis, and cell
migration (Fruman and Rommel, 2014; Schulze et al., 2005; Sepp-Lorenzino et al.,
1996; Soltoff et al., 1994). In addition to direct recruitment, ERBB receptors can also
invoke the PI3K-AKT pathway by direct activation of the p110 subunit via a GTP-
bound RAS (Rodriguez-Viciana et al., 1994).

The phosphotyrosine residues on ERBBs can be recognized by phospholipase C
gamma (Margolis et al., 1989; Peles et al., 1991; Vecchi et al., 1996) which catalyzes
breakdown of PIP2 into two second messengers, diacylglycerol (DAG) and inositol
triphosphate (IP3). DAG activates Protein Kinase C (PKC) whereas, [P3 stimulates
the release of calcium (Ca®") from smooth endoplasmic reticulum. The PLC-y
pathway regulates cell migration, proliferation and survival (Owusu Obeng et al.,
2020; Yang et al., 2013).

The ERBB receptors can activate STAT transcription factors by activating Janus
Kinases (JAK), which then phosphorylate the STATSs proteins enabling them to dimerize
via their SH2 domains. Among the ERBB family, EGFR activates STAT1, STAT3,
STAT5a and STATSb, while ERBB4 activates STATS5a and STATSb (Olayioye et al.,
1999; Schulze et al., 2005). Phosphorylated dimeric STATs translocates to the cell
nucleus activates transcription of genes mediating cell proliferation, apoptosis and
differentiation (Quesnelle et al., 2007; Rawlings et al., 2004).

2.5.5 Alternative splicing of ERBB4

A peculiar feature about ERBB4 is that under normal physiological conditions, it is
the only ERBB gene to be processed by alternative splicing producing four distinct
isoforms. Two isoforms are created by inclusion of either exon 16 (23 aa) or 15 (13
aa), creating Juxtamembrame-a (JM-a) or JM-b isoforms (Elenius et al., 1997a). The
differences in the protein sequences enable only the JM-a isoform to undergo
regulated intramembrane proteolysis (RIP), allowing the ectodomain to be shed and
the release of a soluble Intracellular domain (ICD). The process of RIP involves two
sequential proteolytic cleavage events performed by tumor necrosis factor-o-
converting enzyme (TACE) followed by y-secretase complex (Elenius et al., 1997a;
Rio et al., 2000). The cleaved and solubilized ICD can translocate to the nucleus,
owing to the presence of a nuclear localization sequence, and has been shown to
regulate transcription (Komuro et al., 2003; Ni et al., 2001; Paatero et al., 2012; Sardi
et al., 2006; Sundvall et al., 2010; Williams et al., 2004).

The two cytoplasmic (CYT) isoforms are created by either inclusion (CYT-1) or
exclusion (CYT-2) of exon 26 (16 aa) which encodes the CYT-1 specific region
(Elenius et al., 1999). The CYT-1 amino acid sequence contains a YXXM motif,
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which constitutes a direct binding site for PI3K (Elenius et al., 1999), and includes an
additional PPxY motif (where x can be any amino acid), serving as a binding site for
WW domain-containing ubiquitin ligases (Sundvall et al., 2008b). Thus, through the
combination of two JM- and two Cyt- sequences, these four ERBB4 isoforms are
created, namely, ERBB4 JM-a CYT-1, JM-b CYT-1, JM-a CYT-2, or JM-b CYT-2
(Elenius et al., 1999, 1997a; Junttila et al., 2000).

These four isoforms also exhibit differences in their expression and function in
various tissues. The JM-a isoforms are abundant in epithelial tissues like kidney,
salivary gland and testis, while skeletal muscle and heart tissue predominantly
expresses the JM-b isoforms (Junttila et al., 2005; Veikkolainen et al., 2011). In the
brain tissue, the two JM- isoforms are expressed in different brain regions (Elenius et
al., 1997a; Junttila et al., 2005; Veikkolainen et al., 2011). The CYT isoforms on the
other hand do not exhibit preferential expression between tissues, and have been
reported to be co-expressed, albeit at different levels (Junttila et al., 2005;
Veikkolainen et al., 2011).

2.6 Aberrant ERBB signaling in human cancers

The initial reports of nucleotide sequence homology between ERBBs and oncogenes
i.e., EGFR and avian v-erbB (Downward et al., 1984), and ERBB2 and murine neu
(Schechter et al., 1984) suggested an involvement in tumorigenesis. Over the years,
scores of investigations have discovered and characterized the involvement of the
ERBB RTKs and their ligands in the development and maintenance of human cancers
of epithelial origin. Aberrant ERBB signaling manifests by means of a multitude of
mechanisms, most common being overactivation of the pathway due to receptor
and/or ligand overexpression, activating mutations, and gene amplification events. In
addition to being driving alterations, these aberrant changes in ERBB signaling
network serve as therapeutic vulnerabilities and predictive biomarkers in several
cancer types (Hynes, 2016; Kiavue et al., 2020; Lucas et al., 2022; Segers et al., 2020;
Uribe et al., 2021; Yarden and Pines, 2012).

2.6.1 EGFR in cancer

A well-studied case of aberrant EGFR signaling is of the non-small cell lung cancer
(NSCLC) patients (Figure 7) harboring activating mutations in the intra-cellular
domain of the EGFR RTK. The most-well studied of these are the exon19 deletions
(Aex19) and the EGFR Leu858Arg (L858R) missense substitution. These mutations
were initially discovered to be predictive of clinical response to EGFR-targeted
therapy in NSCLC and were later shown to constitutively activate the EGFR tyrosine
kinase (Lynch et al., 2004; Paez et al., 2004; Pao et al., 2004). Over time, several other
EGFR mutations in the exon 18 — exon 21 have been proven to be driving alterations
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in NSCLC (Beau-Faller et al., 2014; Kobayashi et al., 2015; Kobayashi and
Mitsudomi, 2016). These mutations often produce the same qualitative phenotype of
activating MAPK and PI3K-AKT pathways, but are also, predictably, different in
many ways, including their sensitivity to EGFR-targeted Tyrosine Kinase Inhibitors
(TKIs) (Kobayashi and Mitsudomi, 2016). Several TKIs have been approved by the
United States Food and Drug Administration (FDA) and European Medicines Agency
(EMA) for treating patients with NSCLC harboring the predictive mutations (see the
details in section 2.6.4). In gliomas, EGFR amplifications are common (Figure 7), and
are often accompanied by chromosomal arrangements that result in generation of in-
frame deletion variants of EGFR, EGFRVIII (lacks exons 2 — 7) being the most
frequently observed (An et al., 2018; Libermann et al., 1985). EGFRvIII, which lacks
the key residues (aa 6 — 273), is a driving alteration in over 30% of gliomas. This
region is essential for ligand binding and causes EGFRVIII to adopt a constitutively
active confirmation (An et al., 2018). EGFR is also a therapeutic target in metastatic
colorectal cancer (CRC) and head-and-neck squamous cell carcinoma (HNSCC)
where anti-EGFR therapeutic monoclonal antibodies have shown clinical efficacy
(Bonner et al., 2006; Cunningham et al., 2004).

2.6.2 ERBB2 and ERBB3 in cancer

Amplification of ERBB2 leading to its overexpression was initially reported in a
subset of breast carcinomas (Figure 7). These findings lead to the development of anti-
ERBB2 monoclonal antibody (mAb) trastuzumab. Since then, these alterations have
also been detected in gastric, colorectal, esophageal, endometrial and some ovarian
cancer samples. Furthermore, mutations in the ERBB2 kinase have also been
identified in a small number of NSCLC patients as well as lung squamous cell
carcinoma (Figure 7). ERBB2-targeting TKIs and mAbs are approved for clinical use
in breast cancer patients with ERBB2 amplification.

ERBB3 has recently been under the spotlight for its role in cancer and is known
to function as a favored co-receptor to oncogenic ERBB2 (Kiavue et al., 2020;
Sithanandam and Anderson, 2008). It has been demonstrated in several models that
ERBB3 facilitates neuregulin mediated resistance (Hegde et al., 2013; Miyake et al.,
2020; T. R. Wilson et al., 2012; Kimio Yonesaka et al., 2015; K Yonesaka et al.,
2015). ERBB3 over expression and mutations have also been reported in several types
of cancers (Figure 7) (Mota et al., 2017), but, despite preclinical data showing their
oncogenic properties, attempts of inhibiting ERBB3 mutations with neratinib, a pan-
ERBB tyrosine kinase inhibitor, was unsuccessful in patients with ERBB3 mutations
(Hyman et al., 2018). The rationale for using a pan-ERBB inhibitor against the
ERBB3 pseudokinase, was inhibiting the other ERBB receptors that heterodimerize
with an active ERBB3. However, unaffected by these findings, ERBB3 remains a
target for investigation with active clinical and pre-clinical development (Kiavue et
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al., 2020) with anti-ERBB3 (a-ERBB3) patritumab being granted a breakthrough drug
designation in December, 2021 (fda.gov).

2.6.3 ERBB4 in cancer

The role of ERBB4 in cancer is ambiguous with reports demonstrating its role, in
different cellular contexts and experimental settings, as a typical oncogene (Kurppa et
al., 2016; Nakamura et al., 2016; Prickett et al., 2009; Tvorogov et al., 2009), or akin to
a tumor suppressor (Mill et al., 2011; Penington et al., 2002; Vidal et al., 2007; Williams
et al., 2003). ERBB4 is expressed in several types of human cancers (Hollmén and
Elenius, 2010), and alterations in ERBB4 are common in melanoma and bladder cancer
(Figure 7). ERBB4 expression associates with favorable prognosis in well
differentiated, estrogen- and progesterone receptor-positive and ERBB2 negative breast
cancer (Bacus et al., 1996; Kew et al., 2000; Knowlden et al., 1998; Sundvall et al.,
2008a). On the other hand, activation of ERBB4 in glioblastoma patients, and increased
expression of ERBB4 in triple negative breast cancer patients associates with poor
prognosis (Donoghue et al., 2018; Kim et al., 2016). ERBB4 expression has also been
shown to be elevated in some colorectal cancer (CRC) tumors, and overexpression of
ERBB4 was shown to enhance growth of CRC xenografts (Williams et al., 2015).
ERBB4 has also been linked to chemotherapeutic resistance in NSCLC, sarcomas and
in ovarian cancer (Merimsky et al., 2002, 2001; Saglam et al., 2017). Inhibition of
ERBB4 signaling, by blocking its ligands, has been shown to improve response to
chemotherapy in in vitro models of NSCLC (Hegde et al., 2013). Furthermore, ERBB4
has been shown to mediate acquired resistance to ERBB2 inhibition in breast cancer
cells and in MMTV-Neu transgenic mice (Canfield et al., 2015).

There are a limited number of studies that take the ERBB4 splice variants
(discussed in 2.5.5) into consideration. For instance, in medulloblastoma and serous
ovarian cancer, the JM-a CYT-1 isoform was associated with unfavorable survival
(Ferretti et al., 2006; Paatero et al., 2013). While the JM-a CYT-2 isoform was the
dominant form expressed in glioblastoma patients but did not have prognostic
significance (Donoghue et al., 2018). Taken together, it is evident that the function of
ERBB4 in cancer is highly nuanced and context-sensitive (Segers et al., 2020).

» Figure 7. Prevalence of cancer-associated somatic alterations among the ERBB family of
receptors (four panels), in various cancer datasets. The y-axis indicates the percentage
of samples with alterations; the x-axis lists the primary histology of the dataset and the
total number of altered cases within parentheses. Samples with amplification and
deletion events are shown in red and blue respectively. Samples with small mutations
are shown in green, and samples with more than one type of alteration are shown in
grey. NSCLC = non-small cell lung cancer. Heatmap (inset) shows total number of
samples with alterations in indicated ERBBs across the indicated primary sites. White
color indicates absence of reported genetic alterations. (Source: original analysis and
figure; data from cBioportal / 03.05.2022).

32


https://fda.gov/

Review of the Literature
alterations

multiple

homozygous
deleletion

| Type of alteration W mutation W amplification W

B
c 5 9
E o 2 %
~ 6 @ H ¥
G o= X 2 %.
© ] = BlgR
= 2 O < © 5] © 2,
o iy B P-] 5 & {4 o
<] B8 89 T o Yu, o 5 & Q0
Tp..FuBE. EE 5B g i, %
V@txe 280 > gy, [ faa]
508558003 5 LldREEY 5898 82 §
- =09 Uecm A Lt =
280523825525 25585S805EE8 B Lo
BBAVOLVVIXTIZZO0aaarnndD 7 ©
Ny 8
al
A3 5
Yy T
Y9y a

33

75%

e x
R R o B
sajduis paaayy sajdus pa.oypy sajdus pasagy sapduns paaag]y



Deepankar Chakroborty

2.6.4 ERBB inhibitors

Imatinib was the first ever small-molecule tyrosine kinase inhibitor approved by the
FDA for use in patients with Philadelphia chromosome-positive leukemia (Kantarjian
et al., 2002; Sawyers, 2002). It was soon followed by the approval of the first EGFR-
targeted TKI, gefitinib in 2003 and then erlotinib in 2004 (fda.gov) (Figure 8).
Gefitinib was withdrawn from the market in 2005, following a of lack of statistically
significant benefit in survival compared to best supportive care (Thatcher et al., 2005).
Around the same time, on-target sensitizing mutations were identified in EGFR,
which, in addition to being oncogenic drivers, also conferred sensitivity to these TKIs
(Lynch et al., 2004; Paez et al., 2004). Subsequent phase 3 trials with these inhibitors
employing patient selection based on EGFR mutation status, demonstrated
significantly longer progression-free survival in patients harboring activating EGFR
mutations in exon 21 (L858R) or exon 19 deletions (Mok et al., 2009; Rosell et al.,
2012). The clinical indications for the two inhibitors were eventually revised to
incorporate this information. Lapatinib, a dual EGFR and ERBB2 inhibitor, was
approved for combination therapy in patients with advanced breast cancer (Geyer et
al., 2006). These molecules were reversible inhibitors competing for the ATP-binding
pocket in the ERBB catalytic site.

osimertinib (L)
necitumumab (L)

imatinib  gefitinib (L) lapatinib (B) afatinib (L) : neratinib (B) mobocertinib (L)
2001 2003 2007 2013 2015 2017 2021
® ? he 1 b b i b ? 1 b 1 b ’
s $ é 4 [ [y [y ) 4 s [} [} )
1 9'98 20'04 2q06 20,1 2 Zq‘l 8 2020 2022
trastuzumab (B, G) erlotinilb L) p(zlmirumumab ©) pertuzumab (B) dacomitinib (L) §
cetuximab (C, HN) tucatinib (B)

margetuximab (B)

Figure 8. Timeline of FDA approval for indicated ERBB tyrosine kinase inhibitors approved for
EGFR (red) and ERBB2 (blue). The monoclonal antibodies are italicized. Pan-ERBB TKls
are shown in bold. The clinically relevant cancer type is indicated in parentheses where
B = breast cancer, C = colorectal cancer, G = gastric cancer, HN= head and neck cancer
and L = non-small cell lung cancer. Imatinib (grey) is shown to anchor the timeline in the
context of tyrosine kinase inhibitors in clinical oncology. (Source: original diagram, data
from fda.gov).

The early reports of acquired resistance to the 1° gen inhibitors, which happened
primarily by the acquisition and emergence of EGFR T790M gatekeeper-mutation,
(Kobayashi et al., 2005), promoted the development of several covalent
(irreversible) ATP-competitive inhibitors like the FDA-approved afatinib,
dacomitinib, and neratinib. These 2" generation TKIs covalently attach to the EGFR
Cys 797 (and homologous residues in other ERBBs) within the catalytic site of the
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kinase domain (Li et al., 2008; Rabindran et al., 2004; Solca et al., 2012). These
inhibitors, although designed for EGFR, exhibit a potent pan-ERBB inhibition
(Davis et al., 2011) and are thus referred as pan-ERBB inhibitors. However, despite
pre-clinical evidence, these inhibitors were ineffective in the clinic for treating
patients developing resistance due to EGFR T790M, largely due to the compounds
possessing a high affinity for wild-type EGFR (Solca et al.,, 2012) and the
requirement of higher concentrations of the TKIs to effectively block EGFR T790M
(Kim et al., 2012). These findings lead to the development of the third generation of
EGFR TKIs, like the mutant-selective osimertinib which is effective in blocking
EGFR L858R/T790M and exon19del/T790M while sparing the wild-type EGFR
(Cross et al., 2014). However, as covalent binding to the EGFR Cys 797 residue is
a key part of its efficacy, resistance eventually emerges on therapy progression with
the acquisition of mutations in this particular residue, abrogating the TKI activity
(Thress et al., 2015).

Decades ago, during the infancy of targeted oncology, efforts were being made to
block ERBB signaling using engineered antibodies which were good at blocking
ligand binding (for EGFR), preventing dimerization, as well as in triggering an
immune response (Hudziak et al., 1989; Saleh et al., 1999, p. 225). Trastuzumab (o-
ERBB2) (Cobleigh et al., 1999; Slamon et al., 2001) received FDA-approval in 1998
and was followed by EGFR-targeting monoclonal antibodies by the FDA in 2006,
namely, panitumumab (anti-EGFR or a-EGFR) (Van Cutsem et al., 2007), cetuximab
(a-EGFR) (Bonner et al., 2006; Cunningham et al., 2004). These mAbs were followed
by the a-ERBB2 pertuzumab and margetuximab, and the a-EGFR necitumumab
being approved for clinical use over the years (Figure 8).

In the recent years, the focus has been to block mutations against which the FDA-
approved drugs are ineffective, such as the insertions in exon 20 of EGFR and ERBB2.
Mobocertinib, was granted the FDA approval in 2021 for NSCLC harboring EGFR
exon 20 insertions, and currently poziotinib is under consideration by the FDA after
promising phase II results in NSCLC patients harboring ERBB2 exon 20 insertions
(Elamin et al., 2022; Le et al., 2022). Another frontier has been exploring the efficacy
of the ERBB TKIs in genomically-selected “basket” trials, where the treatment is
guided by genomic biomarkers in cancers of different histology (Hyman et al., 2018;
Lopez-Chavez et al., 2015). Single-agent EGFR and ERBB2 blockade has been
effective in the clinic, however, addressing the ambivalence in the validity of ERBB3
and ERBB4 as clinical drug targets warrants more pre-clinical characterization and
subsequent exploratory clinical studies. The ERBB TKIs are an active domain of
research and development in oncology with new molecules and several combination
therapies undergoing clinical investigation (clinicaltrials.gov).
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2.7 Databases of cancer-associated somatic
mutations

Large-scale projects aiming at comprehensive genomic characterization of cancer
tissues e.g., The Cancer Genome Atlas (TCGA), the International Cancer Genome
Consortium (ICGC), and the targeted sequencing efforts, such as the cohorts analyzed
by the MSK-IMPACT protocol (Cheng et al., 2015) at the Memorial Sloan Kettering
Cancer Center generate large amounts of data. The art of efficient dispersal of
information relies on the sequential process of data aggregation, integration, and
presentation. The goal is to facilitate data exploration and analysis by the end-user,
which in the case of data generated by cancer genomics, are scientists and clinicians
who often lack an expertise in scripting. To resolve this, several efforts have been
made with the most prominent and internationally acclaimed ones being the
cBioPortal for Cancer Genomics (https://cbioportal.org) (Cerami et al., 2012; Gao et
al.,, 2013), the Catalogue Of Somatic Mutations In Cancer (COSMIC) database
(Forbes et al., 2017; Tate et al., 2019), the ICGC data portal (Zhang et al., 2011) and
the data portal from the American Association for Cancer Research for the project
Genomics, Evidence, Neoplasia, Information, Exchange creating the AACR-GENIE
data portal (The AACR Project GENIE Consortium, 2017). These data portals provide
rich access to the relevant information and often provide a set of tools for performing
some data analysis (Cerami et al., 2012; Gao et al., 2013).
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3 Aims of the Study

Comprehensive genetic characterization of cancer tissues was enabled with the advent
of next-generation sequencing technologies. This has opened up a gateway for peering
into the cancer genomes, and in the process, improved the understanding about the
molecular players and the driver events involved in the life cycle of a cancer. In
addition to generating a small list of driver mutations, the large-scale sequencing
efforts generated a long “tail” consisting of “variants of unknown significance”
(VUS), which are cancer-associated somatic mutations with uncharacterized
functional significance.

These VUS have largely been overlooked amid the gold rush of finding hotspot
activating mutations and producing pharmaceuticals for blocking them. However,
studies revealed the occurrence of several mutations, that even though are infrequent
in the population, are in fact, activating mutations. The problem of identification of
driver mutations is further complicated by the fact that most of the cancer-associated
somatic mutations are predicted to be non-functional “passengers”. Together, these
facts motivated the development of a screening workflow that is based on creating an
environment that allows an unbiased competition among all the coding variants of a
transgene.

On the other hand, the large volumes of data have created a different problem
which is analogous to finding a needle in the haystack. Contemporary databases
enabling access to the abundance of cancer genomics data suffer from being slow,
consume significant bandwidth, and require multiple steps to get to key pieces of
information. Discussions in molecular tumor boards, for instance, do not benefit from
comprehensive data about one-off cases; they require well-summarized information
to steer the decision-making process. Furthermore, inclusion of substantial
proportions of data from targeted sequencing panels skews the apparent distribution
of mutation frequencies away from reality. Therefore, there was a need for a database
that would evade this inherent selection bias of targeted screens, and to enable fast
and easy access to information about realistic mutation frequencies in human cancers.

The specific aims of this thesis were as follows:

1. To establish an unbiased high-throughput functional genetics screen for
activating mutations.
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To validate the workflow using a library of Epidermal Growth Factor
Receptor (EGFR) mutations.

To utilize the screening workflow and study libraries of ERBB4 mutations,
a receptor tyrosine kinase in the EGFR family.

To develop and deploy a fast and easy-to-use database that lists recurrent
cancer-associated somatic mutations.



4 Materials and Methods

4.1 Expression Plasmids

The cDNA pieces encoding wild-type human EGFR, ERBB4 JM-a CYT-1, and ERBB4
JM-a CYT-2 were cloned individually into pPDONR221 (Tol2Kit (Kwan et al., 2007))
with the Gateway recombination cloning strategy by using the BP clonase II mix
(Invitrogen, Cat #11789-020) based on manufacturer’s instructions. These plasmids
were used as respective templates; EGFR WT (Greulich et al., 2005) (Addgene plasmid
#11011; http:/n2t.net/addgene:11011; RRID:Addgene 11011), pcDNA3.Ineo(-)-
ERBB4JM-aCYT-1 (Maatta et al., 2006) and pcDNA3.1neo(-)-ERBB4JM-aCYT-2
(Maatta et al., 2006). The attB-flanked PCR-amplicons required for the BP
recombination reaction, were generated by a PCR with Phusion High-Fidelity DNA
Polymerase (Thermo Scientific, Cat #F-534L) and using primers described in (Table 1)
and following the manufacturer’s protocol. The PCR master mix was supplemented
with 1.5% DMSO, and the oligos (1 uM final concentration) were annealed for 20 s
at 72°C for EGFR, and 68°C for ERBB4.

Table 1. List of primers used for cloning wild-type inserts from individual plasmids into the
pDONR221 using Gateway BP cloning.

Name Primer sequence Used in
attB1-EGFR ggggacaagtttgtacaaaaaagcaggcttcaccatgcgaccctccgggacgg |
attB2-EGFR ggggaccactttgtacaagaaagctgggtttcatgctccaataaattcactgctttgtg |

attB1-ERBB4 ggggacaagtttgtacaaaaaagcaggcttcaccatgcgaccggctacaggact Il

attB2-ERBB4 ggggaccactttgtacaagaaagctgggttttacaccacagtattccggtgtc Il

These Gateway cloning reactions created pDONR221-EGFR, pDONR221-
ERBB4JM-aCYT-1, and pDONR221-ERBB4JM-aCYT-2 and they were used to create
individual retroviral mammalian expression plasmids with a Gateway LR
recombination reaction with LR clonase Il mix (Invitrogen, Cat #11791-020) and
pBABEpuro-gateway (Greulich et al., 2012) (Addgene plasmid #51070;
http://n2t.net/addgene:51070; RRID:Addgene 51070). Additionally, pDONR22]-
eGFP (Yang et al., 2011) (Addgene plasmid #25899; http://n2t.net/addgene:25899;
RRID:Addgene 25899), was used to create pBABEpuro-gateway-eGFP, to use a
control for retroviral transduction with a LR reaction.
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The expression plasmids encoding the indicated EGFR and ERBB4 mutations
were generated by using site-directed whole-plasmid mutagenesis using the
pDONR22] constructs described above. The mutant cDNAs were subsequently
cloned to pBABEpuro-gateway to create retroviral mammalian expression plasmids.
This two-step site-directed mutagenesis protocol was designed to avoid the
unintended consequences of an inadvertent mutation getting incorporated in the
backbone of our large (> 8 kb) expression plasmids. Table 2 below lists the respective
primers, templates and expression plasmids used to create the indicated EGFR and
ERBB4 mutations.

Table 2.

Plasmids used in this study. The source plasmid pPDONR221 was used as a template for whole-
plasmid site-directed mutagenesis and the destination plasmid was the mammalian expression
plasmid where the mutant cDNA was moved with a Gateway LR reaction. The pcDNA3.71 and
PMSCV-PGK-Puro-IRES-GFP and plasmid derivatives were used directly for transfection.

) ] ) Used Reference
Isoform | Mutation | FW Primer | REV Primer Source in (source
plasmid)

Canonical | EGFR aacatcaccctg | ttctcccatgact Chakrobort

N604I gtctgg i cetge i HROIRZZIREER I (et al., 20193,

EGFR caagttctcttga | gttgggagcttct

A702V gga?ctt § gcggtg ° PDONR221-EGFR | |

EGFR atcatgcagctc | gagttgcacggt

=S atgccgc 9 gggggtg 99' | bDONR221-EGFR |

EGFR cagcctect aagggcatga

C797S |gectatg - |qolgegt - | PPONRZ21-EGFR | |

EGFR cgggcca |aaaatctgtgat

L858R gggtggcg:g cttgacat%gtgc HROIRZZIREER I

EGFR gtctatcatccag | gtctatcatccag

D956V cacttgacc cacttgacc PDONR221-EGFR !

EGFR aaccatgactac | gtccaggctaat

P1170H cagcagggac tgtggtgg?: HROIRZZIREER I
JM-a ERBB4 |caagtgctatga | cgcaaggctcg pDONR221- I (Chakroborty
CYT-2 Y52C aaactgtgaggt | gtactg ERBB4JM-aCYT-2 et al., 2022)

ERBB4 |tacaaaaaaga | gtttaaaaatatt pDONR221- I

R124K tggaaactt gccaag ERBB4JM-aCYT-2

ERBB4 |cttgaaaagatt |gctcttttcttttiga pDONR221- I

R687K | cttggaaac tgc ERBB4JM-aCYT-2

ERBB4 |aaaaaaactga | caaaatacgaa pDONR221- I

E715K gctgaagag gttgagct ERBB4JM-aCYT-2

ERBB4 |ctgaaagagaa | gtacccaaatac pDONR221- I

G741R | actgtgaag ctttataaac ERBB4JM-aCYT-2

ERBB4 | catgactgcctgt | gggcataagttg pDONR221- I

G802D | tggag agtaaccag ERBB4JM-aCYT-2

ERBB4 |gtataaagcttc |gatcatcaccct pDONR221- I

M993I ccagtcc gaataactag ERBB4JM-aCYT-2

ERBB4 | cttttttttctcgga | ggttctectccac pDONR221- I

V1172F |gaaaaa tggat ERBB4JM-aCYT-2

ERBB4 |cttgcgaaaag |gtgttggcaaag pDONR221- I

G1217R | ctgagtacc gtgttg ERBB4JM-aCYT-2

ERBB4 |ggaaacgctga |caaggtgttggc pDONR221- I

K1218N | gtacctgaag |aaaggtg ERBB4JM-aCYT-2
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Used Reference
Isoform | Mutation| FW Primer | REV Primer Source in (source
plasmid)
JM-a ERBB4 I (Zuber et al.,
CYT-1 R124K 2011)
ERBB4 I
R687K
E7R1BSBK4 Commercially ordered from Genscript ]
ERBB4 (genscript.com) to be generated and inserted into
G741R pPMSCV-PGK-Puro-IRES-GFP backbone. ]
ERBB4 I
K935l
JM-a ERBB4 I
CYT-2 E715K
ERBB4 |aaaaaaactga |caaaatacgaa | pcDNA3.1ERBB4JM- I (Kurppa et
E715K gctgaagag gttgagct aCYT-2-V954R-HA al., 2016)
Canonical | EGFR gctatcaggga | gacgggaatttt (Merilahti et
K721R | attaagag aactttc sEplIERARAR A | al., 2017)
P g;cgagggtgttga 99002019622 | poDNA3.1ERBB2-HA | Il
4.2 Generating expression libraries for random

mutants of EGFR and ERBB4

The expression library for human EGFR, ERBB4 JM-a CYT-1, and ERBB4 JM-a CYT-2
mutants was generated by an error-prone PCR (ep-PCR) by using Genemorph II (Agilent
Technologies, Cat #200550), which is a cocktail of two DNA-polymerases with an
intrinsic error rate higher than that of DNA polymerases used in conventional PCRs e.g.,
Tag and Pfu DNA-polymerase. The randomly mutated cDNA fragments for EGFR or the
two isoforms of ERBB4 were created by using the primer pair 5'-ttgatgcctggcagttcccta-3'
(binds 78 bp upstream of attL] in the plasmid), and 5'-atcttgtgcaatgtaacatcagagatt-3'
(binds 80 bp downstream of a#tL2 in the plasmid), and either pDONR221-EGFR,
PDONR221-ERBB4JM-aCYT-1, or pDONR221-ERBB4JM-aCYT-2 as the template
(plasmid containing 4 pg of the cDNA insert) and 10 cycles of ep-PCR.

The PCR amplicons (EGFR: 4,043 bp, ERBB4 JM-a CYT1: 4,337 bp, and ERBB4
IM-a CYT-2: 4,289 bp) were run on 1% agarose gel (at 70 V), the corresponding band
was excised using a scalpel blade in a UV transilluminator. The DNA was purified
with Nucleospin Gel and PCR Clean-up kit (Macherey Nagel, Cat #740609.250) and
quantified with NanoDrop (Thermo Fisher, Cat #ND-ONE-W). The purified
amplicons were cloned directly into pBABEpuro-gateway with a LR reaction (as
described above) to create expression libraries comprising of random EGFR and
ERBB4 mutants. The mutant fragments were not cloned into an “entry” clone (e.g., a
PENTR or pDONR derivative) to prevent losses in the representation of the mutant
ORFs incurred during the sub-cloning process. The product of LR reaction was
transformed into chemically competent ccdb-sensitive E. coli after inactivation of the
clonase with Proteinase K (as indicated by the manufacturer).
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4.3 Cell culture and generation of stable lines

Phoenix-Ampho cells (Swift et al., 2001) (modified HEK-293 cells for producing
amphotropic viruses, a gift from Garry Nolan), Ba/F3 cells (murine lymphoid cells, a
gift from David M. Weinstock) and BEAS-2B cells (human bronchial epithelial cells,
ATCC CRL-9609) were cultured in RPMI-1640 (Lonza, Cat #12-167 or Gibco Cat
#21875-091), supplemented with 10% Fetal Calf Serum (FCS) (Biowest, Cat
#S1810), 1-2 mM L-glutamine (Lonza), and 50 U/mL penicillin-streptomycin
(Lonza). The growth media of Ba/F3 cells was supplemented with conditioned media
of the WEHI-3B cells (source of Interleukin-3 (IL-3), final concentration 5%), unless
indicated otherwise. A549 (human lung adenocarcinoma cells harboring KRAS G12S
mutation), NCI-H661 (human lung adenocarcinoma cells), NIH-3T3 cells (mouse
fibroblasts), Platinum-E cells (Cell Biolabs, Cat #RV-101), and COS-7 cells (Green
monkey kidney cells) were cultured in Dulbecco’s modified Eagle’s medium (Lonza)
supplemented with 10% FCS, 50 U/mL penicillin-streptomycin, 2 mM L-glutamine.

To generate Ba/F3 expressing EGFR and ERBB4 variants and NIH-3T3 cells
expressing ERBB4 variants, the Phoenix-Ampho packaging cells (Swift et al., 2001)
were transfected with retroviral plasmids (pBABEpuro-gateway) encoding the ERBB
variants or enhanced Green Fluorescent Protein (eGFP) using FuGENE 6 transfection
reagent (Promega, Cat #E2692) based on manufacturer’s instruction. The Phoenix
cells produced viruses in RPMI media, and the supernatant was harvested 24 and 48
h after transfection. This supernatant contained retroviral particles and was incubated
on 5 x 10° Ba/F3 or NIH-3T3 cells for 6 h for 2 consecutive days. On both days, the
media (RPMI-1640 for Ba/F3 and DMEM for NIH-3T3) was diluted 1:2 to reduce
viral load, after 6 h of incubation with the viruses. Cell pools with stable expression
of the inserts were selected with Puromycin (Gibco, Cat #A11138-03) (final
concentration for Ba/F3: 2 pg/mL, and NIH-3T3: 6 pg/mL) and were further
maintained in culture in media formulations containing Puromycin (final
concentration for Ba/F3: 1 pg/mL, and NIH-3T3: 3 pg/mL).

Table 3. Cell lines used in this study.

Cell Line Type Species Growth media Used in
A549 Lung adenocarcinoma Human DMEM |
Lymphoid (pro-B RPMI-1640 + 5%
Ba/F3 cells) Mouse WEHI-3B CM Ll
BEAS-2B Bronchial epithelium Human RPMI Il
. ) . African green
COS-7 Kidney fibroblast-like monkey DMEM Il
NCI-H661 Lung adenocarcinoma Human DMEM |
NIH-3T3 Fibroblast Mouse DMEM 1]
Phoenix- P - I, 1l
AEIE Embryonic kidney Human RPMI-1640 )
Platinum-E Embryonic kidney Human DMEM 1]
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Before moving the cells out of the Biosafety Level 2 cell culture facility, a portion
of the cells were lysed and screened to confirm that they are devoid of retroviral
ribonucleic acid (RNA). Briefly, the RNA was isolated using TRIsure (Bioline, Cat
#BI10O-38033) by following manufacturer’s protocol, up to 1 pg of RNA was reverse
transcribed to cDNA using the SensiFAST cDNA Synthesis Kit (Bioline, Cat #BIO-
65054) and following manufacturer’s instructions. The cDNA was used as a template
in PCR reactions with primers (listed below) specific to the Group-specific antigen
(gag), Polymerase (pol) retroviral genes, and murine Actin (as control). In isolated
cases when viral cDNA was detected in a cell line, the cells were cultured for 1-3
passages in the BSL-2 facility, tested (using the methodology described above), and
the transduced cells were moved out of the BSL-2 facility when they were devoid of
retroviral RNA.

— ACTIN_FW  5’-atc tgg cac cac acc ttc tac aat-3’

— ACTIN_REV 5’-ccg teca ccg gag tec atc a-3°

- GAG FW 5’-cgc cta cgt ggg aga cgg ga-3’

- GAG REV 5’-ccg cgt ttt gga gac ccg ct-3’

- POL FW 5’-tat atg ggg cac ccc cge cc-3’

— POL REV 5’-gga ccc aca ctg tgt cge cg-3’

Platinum-E packaging cells were transfected with retroviral pMSCV-PGK-Puro-
IRES-GFP vectors encoding ERBB4 variants or an empty vector using the X-
tremeGENE 9 transfection reagent (Roche, Cat #XTG9-RO). The retroviral
supernatants were harvested 48 h after transfection and incubated for 72 h on BEAS-
2B cells. 1 pg/mL puromycin was used to select the transduced BEAS-2B cells and
maintain the cells with a stable expression.

4.4 Conducting the in vitro screen for activating
mutations

Batches of Phoenix-Ampho cells (Swift et al., 2001) were transfected with EGFR,
ERBB4 JM-a CYT-1, ERBB4 JM-a CYT-2 random mutation library, their wild-type
counterparts and the vector control (pBABEpuro-gateway eGFP) to produce
retroviruses as described above. The viral supernatant was incubated on Ba/F3 cells
and stable cell populations were selected with Puromycin as described above.

The stable cell populations were cultured in media devoid of IL-3 for two weeks,
in case of the EGFR iSCREAM study (i.e. article I). For carrying out the ERBB4
iISCREAM, the stable cell populations were cultured in IL-3-depleted media that was
supplemented with 10 ng/mL Neuregulin-13 (NRG1). The cells were passaged pre-
confluence to maintain their growth in log-phase. The genomic DNA was harvested
from the surviving cells and 100 ng of it was used to extract the cDNA inserts with a
PCR (30 cycles) using Phusion (Thermo Scientific, Cat #F-534L) and Velocity
(Bioline, Cat #BI0-21099) high-fidelity DNA polymerases, and the primer pair 5°-

43



Deepankar Chakroborty

ggg gac aag ttt gta caa aaa agc agg ctt cac cat gcg acc ctc cgg gac gg-3’ and 5°-ggg
gac cac ttt gta caa gaa agc tgg gtt tca tgc tcc aat aaa ttc act get ttg tg-3° for samples
from the EGFR iSCREAM; and for samples of the ERBB4 iSCREAM, the primer
pair: 5’-gaa cct cct ctt tcg acc cc-3” and 5’-aag agt tct tgc age tcg gt-3°. At the same
time, 5 ng of original respective plasmid cDNA libraries for EGFR and ERBB4 were
used to extract the library for sequencing. Amplicons were purified (Nucleospin Gel
and PCR Clean-up kit, Macherey Nagel, Cat #740609.250), and sequencing libraries
were prepared with Nextera XT DNA sample Preparation Kit (Illumina, Cat #FC-131-
1024), and subsequently sequenced on Illumina MiSeq instrument with 150 bp paired-
end sequencing chemistry.

4.5 Functional and analytical assays

451 Cell lysis and Western blotting

Western blotting was performed to determine the expression and phosphorylation of
proteins in the cell lysates. To prepare samples for analysis with Western blotting, the
Ba/F3 cells that grow in suspension culture were harvested by centrifugation for 5 min
at 500 x g, and washed with PBS, while the adherent cells were washed with PBS.
The cells were treated with lysis buffer (10 mM Tris- HCI, pH 7.4, 1% Triton X-100,
150 mM NaCl, 1 mM EDTA, 10 mM NaF), supplemented with protease and
phosphatase inhibitors (2 mM phenylmethylsulfonyl fluoride, 10 mg/mL aprotinin, 10
mg/mL leupeptin, 10 mM Na,P,0, and 1 mM Na;VO,) or with Pierce Protease

Inhibitor Mini Tablets (Thermo Fisher Scientific). Protein was recovered from the
lysates by centrifugation at 16000 x g for 15 min and the protein concentration in the
supernatant was measured using the Bradford protein assay (Bio-Rad). The proteins
(in the supernatant) were denatured by incubation at 95°C for 5 min in Laemmli
loading buffer. Samples were resolved by SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blocked with whole milk, and
subsequently incubated with primary antibodies (as indicated in original
publications). The blots were imaged using the IRDye-conjugated (corresponding to
800 nm or 680 nm) secondary antibodies and the near-IR fluorescence on the Odyssey
CLx imaging system (LI-COR). Alternatively, some blots were imaged using
chemiluminescence (WesternBright ECL HRP, Advansta) by incubation with HRP-
conjugated secondary antibody on the ImageQuant LAS-4000 imaging system (Fuji-
film).
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Table 4. Primary antibodies used in this study. WB = Western blotting, FC = Flow Cytometry. CST
= Cell Signaling Technologies.

Antigen Cat#/ Clone Vendor Type Application Used in
Actin A5441 Sigma Mouse monoclonal WB I, Il
EGFR 4267 CST Rabbit monoclonal WB, FC I,
ERBB2 MAS5-14057 Thermo Mouse polyclonal WB Il
ERBB3 4754 CST Rabbit monoclonal WB I
ERBB4 E200 Abcam Rabbit monoclonal WB Il
GFP ab183734 Abcam Rabbit monoclonal wB I
MET 8198 CST Rabbit monoclonal WB |
phospho-ERBB4 4757 CST Rabbit monoclonal WB Il
Phospo-EGFR 2220 CST Rabbit polyclonal WB |

45.2 Cell viability assay

Ba/F3 cells transduced with indicated transgenes (listed in original publications) were
seeded at a density of 1 x 10° cells/mL in the presence or absence of 5% conditioned
medium from WEHI-3B cells as a source of IL-3. In case of ERBB4, the cells were
analyzed in a growth media formulation containing 10 ng/mL NRGI. Cell viability
was assessed using the MTT assay (Promega) where a tetrazolium salt is metabolized
into a formazan product by the mitochondrial dehydrogenases. After solubilization of
the formazan product the absorbance can be measured at 570 nm to assess cell
viability.

45.3 Dose-response analysis using tyrosine kinase inhibitors

Ba/F3 cells (20,000 cells / well) expressing EGFR or ERBB4 variants were seeded in
96-well plates. Ba/F3 cells expressing ERBB4 variants were also cultured in presence
of 10 ng/mL NRG1 (indicated in relevant text and figure legends in the original
publication). After incubation with a series of concentrations for the indicated
inhibitors (as in the original publication) for 48 to 72 h, the cell viability was analyzed
with MTT assay (described in section 4.5.2). Empty vector control cells were cultured
in presence of 5% WEHI-3B conditioned medium.
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Table 5. Inhibitors and growth factors used in this study. SCBT = Santa Cruz Biotechnology.
TKI = Tyrosine kinase inhibitor. mAb = monoclonal antibody. rh = recombinant human.

Reagent Type Vendor Used in
afatinib pan-ERBB TKI SCBT I, 1l
Erbitux cetuximab (EGFR mADb) Merck |
dacomitinib pan-ERBB TKI Selleck Chemicals Il
erlotinib EGFR TKI SCBT I,
ibrutinib BTK TKI Selleck Chemicals ]
lapatinib EGFR, ERBB2-TKI SCBT Il
neratinib pan-ERBB TKI SCBT ]
poziotinib pan-ERBB TKI Selleck Chemicals 1]
rhNRG1-1 ERBB4 ligand R&D systems ]

454 Analysis of EGFR expression using flow cytometry

Ba/F3 cells expressing EGFR variants (indicated in the original publication) were
washed with azide-free PBS and stained with eBioscience Fixable Viability Dye
eFluor 780 (Thermo Fisher, Cat #65-0865) to stain dead cells (which were later
removed from the analysis). Next, the cells were fixed with 4% paraformaldehyde and
permeabilized with ice-cold methanol and were then incubated with anti-EGFR
(1:100, Cell Signaling Technologies, Cat #4267) and subsequently with Alexa Fluor
488-conjugated anti-rabbit (1:200, Thermo Fisher, Cat #A-11034). An LSR Fortessa
flow cytometer was used with BD FACSDiva Software (v. 8.0.1) to capture flow
cytometry data which was analyzed using FlowJo software (v. 10.5.3).

4.5.5 Assessment of tumorigenicity of ERBB4 mutations in
vivo

To assess tumorigenicity of indicated ERBB4 variants in vivo, 5 x 10® murine Ba/F3
cells in 100 uLL PBS + 5% FCS) were injected subcutaneously into the left and right
flanks of 6-8 week old female NMRI nude mice (BomTac:NMRI-Foxn1™). Tumor
growth was monitored thrice weekly by bilateral caliper measurements and the tumor
volume (V) was calculated as V = length X width? X m/6 and the data were plotted
using Graphpad Prism9 to show mean =+ standard error of mean. The animal studies
were approved by Austrian authorities to be conducted at Boehringer Ingelheim in
Austria in accordance with EU legislation at an animal facility which is accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International. These experiments were performed by our collaborators at
Boehringer Ingelheim in Vienna, Austria.
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4.5.6 Analysis of mMRNA expression using real-time RT-PCR

Real-time RT-PCR was used to analyze EGFR and ERBB4 mRNA expression in
Ba/F3 cells and mouse tumors respectively. RNA was extracted using TRIsure
(Bioline, Cat #BIO-38033) and cDNA was synthesized with the SensiFast cDNA
synthesis kit (Bioline, Cat #BI0-65054). The analysis was carried out using TagMan
Universal Master Mix II (Applied Biosystems, Cat #4440040) with the following
primers and probes:
— human EGFR forward, 5’-cca cct gtg cca tcc aaa ct-3” (Pharmacia)
— human EGFR reverse, 5’-ggc gat gga cgg gat ctt-3’ (Pharmacia)
— human EGFR probe, 5’-FAM-cca ggt ctt gaa ggc tgt cca acg aat-TAMRA-3’
(Eurogentech)
— mouse GAPDH, Universal ProbeLibrary Mouse GAPDH Gene Assay
5046211001 (Sigma)
— human ERBB4 CYT forward 5’-caa cat ccc acc tcc cat cta tac-3’ (Pharmacia)
— human ERBB4 CYT reverse 5’-aca ctc ctt gtt cag cag caa a-3” (Pharmacia)
— human ERBB4 CYT-2 probe 5’-FAM- aat tga ctc gaa tag gaa cca gtt tgt ata
ccg aga t-TAMRA-3’ (Eurogentec)
— mouse B-actin forward 5’-cta agg cca acc gtg aaa ag-3’ (Eurofins Genomics)
— mouse B-actin reverse 5’-acc aga ggc ata cag gga ca-3' (Eurofins Genomics)
The QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific)
was used for thermal cycling the reactions as follows: 2 min at 50°C and 10 min at
95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Samples were analyzed
in triplicates, and the standard deviation of the Cr values was <5% of the mean. EGFR
and ERBB4 mRNA expression was quantified using mouse GAPDH mRNA
expression as a reference with the 272¢T method.

4.5.7 Three-dimensional growth assay

For performing three-dimensional (3D) growth assays, the wells in 96-well plates
were coated with 5 mg/mL poly(2-hydroxyethyl methacrylate) (Sigma-Aldrich) in
96% ethanol with a volume of 50 uL per well. The BEAS-2B cells stably expressing
the individual GFP-linked ERBB4 variants or GFP alone (described in section 4.3)
were plated in quintuplicates on the poly-HEMA-coated 96-well plates at a density of
1,000 cells per well. The cells were plated in 2% Growth Factor Reduced Matrigel
(Corning) in the presence of 2% FCS and 50 ng/mL NRGI1. After culturing the cells
for seven days, the 3D growth was quantified as the difference in the measured
fluorescence intensity between day seven and the day of plating.
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4.5.8 ERBB4 transactivation assay

pcDNA3.1 constructs encoding hemagglutinin (HA)-tagged wild-type, kinase-dead or
kinase dimerization interface mutant ERBB receptors (specific mutations listed in
original publication (article # II) text and figure) were used to transiently transfect the
COS-7 cells with Lipofectamine2000 (Invitrogen) in 6-well plates. The cells were
lysed 24 h after transfection and were analyzed for total ERBB4 expression and basal
ERBB4 phosphorylation by Western blotting(described above).

4.6 Bioinformatics analysis

4.6.1 Processing and analyzing next-generation sequencing
data (iISCREAM)

Reads in the FASTQ file were trimmed of adapter (ctgtctcttatacacatct) sequences and
low-quality bases using trimmomatic (version 0.36) (Bolger et al., 2014) and the
parameters recommended for paired-end sequencing (at
http://usadellab.org/cms/?page=trimmomatic). The trimmed reads were aligned to
human reference genome (hgl9) using BWA-MEM (v 0.7.13-r1126 and 0.7.15-
r1140) (Li, 2013). The generated Sequence Alignment Map (SAM) files were
converted to Binary Alignment Map (BAM) files, sorted, and indexed on the fly using
samtools (version 1.3.1) (Li et al., 2009). Variants were called using samtools the
parameter --max-depth was set to 300000 to ensure all the reads aligned to the
reference genome are used in calculations by samtools mpileup. As the Nextera XT
libraries were not generated using a strand-specific protocol, bam-readcount was used
to identify potential sequencing artifacts by calculating strand bias (ratio of counts of
forward reads to reverse reads aligning at a particular locus) for each variant. Variants
with strand bias < 0.1 or > 10 were filtered out (i.e., variants having number of reads
in either the forward (5 — 3”) or the reverse direction than the other). The amino acid
substitutions (if any) generated by the nucleotide substitutions were deduced by using
ANNOVAR (Wang et al., 2010).

To discern EGFR and ERBB4 mutations that were enriched after IL-3 depletion,
a fold change statistic was calculated as the ratio of the variant allele frequency (VAF)
of the mutation at the final and initial time point (these varied between two iISCREAM
experiments, and are indicated in relevant section in "Results" and in the

corresponding figure legends). The VAF of a mutation was defined as the ratio of the
number of reads with a particular mutation to the total number of reads aligned at the
particular locus. The "fitdistrplus" R-package (Delignette-Muller and Dutang, 2015)
was used to summarize the fold change values as continuous distributions, which in
the case of the EGFR screen conformed to a normal distribution defined by the
parameters mean (u) and standard deviation () as: p = 0.093 £ 0.011, 6 = 0.967 +
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0.008. For ERBB4 screens, log-normal distributions were fitted with parameters
mean-log = 0.041 £+ 0.007 and standard deviation-log = 0.608 + 0.005 for screen #1
and mean-log = 0.255 + 0.008 and standard deviation-log = 0.691 £ 0.0057 for screen
#2. The P values were calculated for all the mutations and correction for multiple
testing was performed using the Benjamini-Hochberg procedure (Benjamini and
Hochberg, 1995). The significance thresholds used for setting cutoffs are indicated in
the original publications.

4.6.2 Processing COSMIC database

Data regarding mutations identified from genome-wide screens (whole genome, and
whole exome sequencing) was acquired from COSMIC (https://cancer.sanger.ac.uk)
(Forbes et al., 2017; Tate et al., 2019) as a GNU zip (GZIP) archive. The samples
from targeted sequencing were deliberately excluded from our analysis to avoid
selection bias and to facilitate direct comparison of population-wide frequency
(tumors from 35,626 samples, and 38 primary sites) of mutations in various proteins.
The columns in the table containing relevant information (indicated in manuscript)
were selected using awk (Aho et al., 1988) code and this filtered data table was read
and processed in R using the "data.table" package (Dowle and Srinivasan, 2021).

Mutation entries were removed if they were attributed to duplicate transcripts, had
unknown consequence on the protein sequence, or were silent (i.e., synonymous)
mutations. To retain only unique entries, mutation id was created using the sample
name, the protein name and the amino acid change, and duplicates were removed
leaving 4.8 million coding mutations. Multiple samples from the same individual
(e.g., primary and metastasis, or cases of multi-region biopsies) are catalogued as
individual samples in the database (as they have a unique sample name). From these,
all the mutations with a single recorded occurrence were removed leaving recurrent
(tissue agnostic population frequency >1) mutations. For each mutation, its
cumulative frequency in the data set, as well as the frequency in cancers of various
tissues (primary sites) was calculated and compiled in a table comprising the Database
for Recurrent Mutations (DORM).

4.6.3 Webserver to deploy DORM

DORM is hosted on a virtual private server at the premises of University of Turku,
Turku, Finland. Access to DORM is facilitated through an R "Shiny" (Chang et al.,
2021) web app that allows browsing and querying DORM. DORM is accessible at
https://eleniuslabtools.utu.fi/tools/DORM/Mutations/, and all the communication
between a client browser and the server are encrypted and handled by an NGINX
reverse-proxy (https://nginx.org/). The connection is encrypted using the latest
Transport Layer Security (TLS) cryptographic protocol 1.3 (Rescorla, 2018) and an
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industry standard 256-bit Advanced Encryption Standard (AES-256) (National
Institute of Standards and Technology, 2001). The source code for deploying DORM
as an R Shiny app is available at https:/github.com/dchakro/DORM Mutations
repository.

4.6.4 Testing performance and benchmarking code blocks

Benchmarking code blocks is a staple for code-optimization and it was performed
using the "microbenchmark" package (Mersmann, 2021) in R. Statistical testing
comparing multiple groups was performed using Brown Forsythe and Welch ANOVA
test and correction for multiple testing was done by controlling the false discovery
rate using the two-stage step-up method of Benjamini, Krieger and Yekutieli
(Benjamini et al., 2006) in Grahpad Prism 9. Statistical testing comparing two groups
of observations was done using Welch’s t-test in Graphpad Prism 9. The data were
graphically presented using Graphpad Prism 9.

The performance of the websites hosting the databases was measured on Google
Chrome (v. 97.0.4692.99) with Google Lighthouse (v. 8.5.0) (available in Chrome
DevTools).

Lighthouse (https://github.com/GoogleChrome/lighthouse) is an open-source tool
for automated auditing and assessing performance metrics. The JSON data in the
lighthouse reports was parsed using the ‘jsonlite’ R package (Ooms, 2014) and tabulated
in R. The data were graphically represented using Graphpad Prism 9. Statistical testing
comparing multiple groups was performed either using Brown Forsythe and Welch
ANOVA test or Kruskal-Wallis test. Correction for multiple testing was done by
controlling the false discovery rate using the two-stage step-up method of Benjamini,
Krieger and Yekutieli (Benjamini et al., 2006) in Grahpad Prism 9.

4.6.5 Curve fitting and statistical analysis

Using the cell-proliferation data, growth curves indicating mean + standard deviation
were plotted after fitting linear-quadratic models using Graphpad Prism 9
(www.graphpad.com). Alternatively, sigmoidal curves were fitted in R using the "drc"
package (Ritz et al., 2015) and plotted using the "ggplot2" package (Wickham, 2009).
Using the dose-response data, calculation of ICso values and fitting of the
sigmoidal dose-response curves was done in R with the four-parameter logistic
regression using the "drc" package (Ritz et al., 2015). Alternatively, the sigmoidal
dose-response curves were fitted using asymmetric five-parameter non-linear
regression in GraphPad Prism 9. The results are graphically displayed showing the
mean * standard deviation using the R package "ggplot2" (Wickham, 2009, p. 2) or
Graphpad Prism 9. The Welch two-sample ¢ test) was used to compare 1Cso values.
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5 Results

5.1 High coverage random mutation library

To perform unbiased screens for activating mutations, random mutation libraries were
created with PCR using an error-prone DNA polymerase (Mutazyme II) and the
cDNA templates for the respective receptor tyrosine kinases, namely: EGFR, ERBB4
JM-a CYT-1 and ERBB4 JM-a CYT-2. To retain the library diversity and minimize
potential losses that can be incurred during sub-cloning from an “entry” clone
(gateway cloning), the ep-PCR was designed (Gruet et al., 2012) to generate
amplicons that can be incorporated directly into a destination vector (pBABEpuro-
gateway) with a single LR-gateway reaction (more details in section 4.2).

The average mutation frequency was roughly estimated by plating dilutions from
the bacteria transformed with the mutation library on LB-agar plates and Sanger
sequencing regions from 4 colonies each (I, Supplementary Fig S1). Out of the several
libraries created to optimize the mutation frequency (to have on average 1 amino acid
change per coding insert), one was chosen for each of the three templates that had an
average mutation frequency (mutations per cDNA) of 2.67 for EGFR, 2.11 for ERBB4
JM-a CYT-1, and 2.59 for ERBB4 JM-a CYT-2.

5.2 Cellular models to detect enhanced ERBB
signaling

Ba/F3 cells were engineered to discriminate between signaling mediated by wild-type
ERBBs or their previously published activating mutations. EGFR L858R (Lynch et
al., 2004; Paez et al., 2004) and ERBB4 K935I (Kurppa et al., 2016) were used as
positive controls to establish and optimize the conditions for the screen. For EGFR, a
complete IL-3 deprivation was enough to facilitate growth of activating mutations
over wild-type (WT) EGFR constructs. The difference in growth (in IL-3 depleted
media) was binary, i.e., no growth with EGFR WT vs sustained survival followed by
exponential growth for EGFR L858R. In case of ERBB4, the IL-3 depleted growth
media required supplementation with 10 ng/mL NRG1 to facilitate ERBB4-mediated
growth. Here, there was a difference in rate of proliferation of wild-type and ERBB4
K9351, giving the activating mutations (in the screen) a window of opportunity to
outcompete ERBB4 WT (and passenger mutations). In brief, the screen selects
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activating mutations with ligand-independent activity in the EGFR model; and
activating mutations with ligand-dependent activity in the ERBB4 model.

5.3 Identification of activating EGFR mutations

On culturing the Ba/F3 cells transduced with a random mutation library of EGFR in
complete absence of IL-3, a majority of the cells experienced apoptosis during the
first few days (as intended). However, the surviving cells underwent clonal expansion
over 2 weeks and colonized the cell culture flask. These cells were harvested, and the
human EGFR cDNA inserts were PCR-amplified from their genomic DNA.
Additionally, the EGFR cDNA inserts were PCR-amplified from the initial random
mutant library. These sets of amplicons were sequenced with ultra-high depth (>
100,000 X) next-generation sequencing (Illumina MiSeq) and the data was
subsequently processed, normalized, and analyzed to identify the EGFR mutations
that thrived during IL-3 depletion. The screen included 7,216 non-synonymous EGFR
SNVs (85% of the theoretical maximum, 8,485) that were present in both the library
and in the cells surviving IL-3 depletion. Of these, only 21 mutations were enriched
in the surviving cell pool (¢ < 0.0001) (I, Fig. 3, Table 1). Among the enriched
mutations, the biggest allele fraction was represented by EGFR L858R and L858M,
which are mutations in the clinically relevant EGFR Leu858 residue (Lynch et al.,
2004; Paez et al., 2004). Six mutations were selected to be validated by creating Ba/F3
cells with stable expression by using expression vectors encoding the mutations
individually. Additionally, the Ba/F3 cells were transduced with expression vectors
encoding EGFR WT and enhanced green fluorescent protein (eGFP) to use as
controls. Out of these six, three mutations (EGFR A702V, T790M and L858R) were
found to induce IL-3-independent growth in the Ba/F3 cells (I, Fig. 4). EGFR L858R
and T790M have previously been reported to enhance EGFR activity (Lynch et al.,
2004; Paez et al., 2004; Regales et al., 2007). EGFR A702V was identified as a novel
activating mutation of EGFR in the juxtamembrane region.

5.4 Biochemical characterization of activating
EGFR mutants

Upon culturing the Ba/F3 cells individually expressing these constructs in the absence
of IL-3, three mutants (A702V, T790M and L858R) also showed enhanced EGFR
tyrosine phosphorylation (compared to EGFR WT) (I, Fig. 5 A). Ba/F3 cells
expressing these mutants when cultured in absence of IL-3 showed an increase in
EGFR expression at a protein (Flow Cytometry) and mRNA (qPCR) level (I, Fig. 5
C-E). Cells expressing these three mutants were sensitive to EGFR monoclonal
antibody cetuximab to a similar extent (I, Fig. 7 A) but had varying degrees of
response to erlotinib and afatinib (I, Fig. 7 A-B). Consistent with the published
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literature (Pao et al., 2005), cells expressing EGFR T790M were resistant to inhibition
by erlotinib (I, Fig. 7 A-B).

5.5 |dentification of activating ERBB4 mutations

Ba/F3 cells were transduced with the wild-type receptors (JM-a CYT-1 and JM-a
CYT-2), random mutation libraries of ERBB4 (JM-a CYT-1 and JM-a CYT-2
isoforms), or empty vector were used to control for retroviral transduction. Neither of
these cells survived a complete depletion of [L-3 from their growth media. However,
when the IL-3 depleted growth media was supplemented with 10 ng/mL NRG1, the
cells with the ERBB4 JM-a CYT-2 mutant library demonstrated an enhanced rate of
proliferation in comparison to their wild-type counterpart (II, Supplementary Fig.
S2B). The cells were passaged before reaching confluency to maintain them in the
exponential growth phase. After ten days of culture in NRG1 supplemented growth
media the growth rate of the cells harboring the library equaled that of the cells
expressing the wild-type ERBB4 (11, Supp. Fig 2B). Therefore, cells frozen on day 8
were used as the end point, and their genomic DNA was extracted. The ERBB4 cDNA
inserts were PCR-amplified using primers targeting the retroviral backbone.
Additionally, the ERBB4 inserts were PCR-amplified from mutation library, and these
sets of amplicons were sequenced with ultra-high depth (> 100,000 X) next-
generation sequencing (Illumina MiSeq). The data were subsequently processed,
normalized, and analyzed to identify the ERBB4 mutations with an enhanced rate of
proliferation in presence of 10 ng/mL NRGI.

The screen included 7,396 mutations (91.7% of the theoretical maximum 8,065)
that were detected both in the surviving cells and in the mutant library. Of these, ten
mutations were enriched in the surviving cell pool (¢ < 0.00001) (II, Fig. 1, Supp. Fig.
4). To validate the findings of the screen, Ba/F3 cells were transduced with these ten
mutations after they were individually cloned in retroviral expression vectors. Five
(R687K, E715K, G741R, G802D, and M993I) out of ten mutations were able to
promote IL-3 independent growth of the Ba/F3 cells in presence of 10 ng/mL NRG1
in comparison to the cells expressing ERBB4 wild-type (¢ < 0.001) (II, Fig. 2 A).
When the screen was conducted again with a newly synthesized library, four (R124K,
R687K, E715K,and G741R) out of the ten mutations were enriched in the surviving
cell pool (¢ <0.00001) (II, Fig. 2 D).

5.6 Biochemical characterization of activating
ERBB4 mutants

The investigation of ERBB4 expression and its phosphorylation status in the Ba/F3
cells revealed ERBB4 R687K and E715K to have more basal phosphorylation (I, Fig.
2 B) as well as NRG-induced phosphorylation (II, and Fig. 2 C). Additionally, the
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ERBB4 mutations were also transduced in NIH-3T3 cells (all ten hits from first
screen), and in the BEAS-2B cells (R124K, R687K, E715K, and G741R, i.e., the four
mutations identified in both repeats of the screen II, Fig. 1 and 2 D). Western analysis
of the NIH-3T3 cells expressing ERBB4 R687K, E715K, G741R and G802D showed
increased tyrosine phosphorylation in comparison to ERBB4 wild-type (II,
Supplementary Fig. S7B). Furthermore, ERBB4 R124K, R687K, E715K were found
to induce more ERBB4 tyrosine phosphorylation in the BEAS-2B cells (I, Fig. 3 B).
However, other than the positive control, ERBB4 K935I, only ERBB4 R687K and
E715K were able to promote 3D-growth of BEAS-2B cells in 2% Matrigel on poly-
HEMA-—coated plates (II, Fig. 3 A). When analyzed in vivo (NMRI nude mice), Ba/F3
cells expressing ERBB4 E715K formed tumors significantly faster than its wild-type
counterpart as well as other tested mutations like ERBB4 R687K, and G741R (II, Fig.
30).

The Ba/F3 cells expressing the ERBB4 mutations were incubated with increasing
concentrations of small-molecule pan-ERBB tyrosine kinase inhibitors (TKIs)
(namely, afatinib, neratinib, and dacomitinib), as well as an EGFR-specific inhibitor
erlotinib. All the tested mutations (ERBB4 R687K, E715K and G741R) were sensitive
to the pan-ERBB TKIs with ICsy values in nanomolar range (II, Fig. 4).

5.7 ERBB4 E715K is constitutively active

ERBB4 E715K displayed enhanced activity in all the in vitro validation experiments
and characterizations in three different cellular models (II, Fig. 2 A-C, 3 A-B and
Supplementary Fig. S7), as well as had the shortest tumor latency in vivo (II, Fig. 30
C-D). Western blot analyses in Ba/F3, NIH-3T3 and BEAS-2B cells revealed ligand
independent constitutive phosphorylation of the ERBB4 E715K molecule (11, Fig. 2
B, 3B, and Supplementary Fig. S7 B). Additionally, the Ba/F3 cells expressing
ERBB4 E715K were the only cell population capable of sustaining NRG-independent
growth (i.e., survival and subsequent proliferation in media devoid of IL-3 as well as
NRG1) (I, Fig. 5 A).

Furthermore, these NRG-independent Ba/F3 cells expressing ERBB4 E715K had
an upregulated protein expression of the ERBB4 protein (II, Fig. 5 B). As expected,
these cells were consequently more sensitive to tyrosine kinase inhibition to pan-
ERBB TKIs (namely, afatinib, dacomitinib, neratinib) in comparison to the NRG-
dependent Ba/F3 cells expressing E715K (IL, Fig. 5 C).

In addition to the dimerization of the extracellular domains, the kinase domains of
ERBB family members also form an asymmetric dimer where the N-terminal lobe of
the "activator kinase" comes in contact with the C-terminal lobe of the "receiver
kinase" (II, Supplementary Figure S10). ERBB4 E715K was shown to be a more
potent receiver kinase in homodimeric (i.e., with ERBB4) and heterodimeric
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configurations (with EGFR, ERBB2, and ERBB3) (Il, Fig. 5 F) (assay performed by
transient over-expression of ERBB-family members in COS-7 cells).

5.8 Activating mutations situated at the ERBB
kinase dimerization interface

Structural modelling (detailed methodology described in the original publications)
revealed that EGFR A702V (identified from the EGFR iSCREAM), and ERBB4
E715K (identified from ERBB4 iSCREAM), are both situated in the N-terminal lobe
of the receiver kinase (I, Fig. 6 and Il Fig. 5 D). These mutations exist at the surface
of the receiver kinase which forms interactions with the C-terminal lobe of an
activator kinase that are essential for the activation of the ERBB kinase (Qiu et al.,
2008; Zhang et al., 2006). EGFR A702V-1941 interaction was modelled to strengthen
hydrophobic interactions with the activator kinase (I, Fig. 6). By contrast, the ERBB4
E715K-E934 interaction was predicted to strengthen the kinase dimer via ionic
interactions (II, Fig. 5 E). Additional molecular dynamics simulation (detailed
methodology in the original publications) also revealed overall improvements in
stability of EGFR A702V and ERBB4 E715K in their respective ERBB homodimers
in comparison to their wild-type counterparts (I, Supplementary Fig. S8, and II Fig. 5
E).

59 Database of recurrent mutations

The increasing utility and accessibility of next-generation sequencing has led to an
accumulation of large amounts of data (Campbell et al., 2020). This information-rich
data is presented on expansive databases which are designed to present comprehensive
information, often requiring multiple operations (examples of these tasks are a)
selecting data sets with non-overlapping samples, b) searching the mutations of
interest manually and counting number of rows, c) using a spreadsheet software to
calculate number of cases with desired alterations, etc.) from a user to obtain key
pieces of information like the number of occurrences of a particular mutation in a
dataset or a cancer type of interest. Therefore, the Database Of Recurrent Mutations
(DORM) (11, Fig. 2), which is a database that lists recurrent mutations (tissue-
agnostic population frequency > 1) was created. The DORM database
(eleniuslabtools.utu.fi/tools/yDORM/Mutations) has faster response times, high
performance score (Google Lighthouse) and becomes responsive to user input within
seconds (III, Figure 1). The feature-rich database supporting searching for coding
alterations several genes, the encoded amino acid substitutions as well as advanced
queries (with regular expressions) (III, Figure 4).

The raw data was obtained from the Catalogue Of Somatic Mutations In Cancer
(COSMIC) public release v95, and processed to remove duplicates and identify
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unique coding mutations and uniquely mutated amino acid residues (III,
Supplementary Fig. S1). This information is presented using two R-shiny webtools
giving the user a fast and easy-to-navigate platform to browse recurrent mutations (11,
Figure 3). The results can also be filtered by a specific cancer tissue; and the search
scope can be limited to a selected tissue (e.g., searching KRAS mutations in lung vs
pancreas). A user can also perform advanced search queries using regular expressions
(III, Figure 4 C) to combine several search terms e.g., searching for “EGFR|ERBB”
lists all the mutations in the four receptor tyrosine kinases in the Epidermal Growth
Factor Receptor family, and searching for “RAS\> C\>” lists the mutations in any
residue of the RAS-family of proteins that create a Cysteine (Cys, C). In addition to
the code for the  web-interface  that presents the  database
(https://github.com/dchakro/DORM_Mutations), the data processing pipeline
(https://github.com/KE-group/generate. DORM) contains highly-optimized (II,
Supplementary Fig. S2), and parallelized code (i.e., improved performance by
utilizing multiple cores of modern CPUs) for fast and automated processing of new
COSMIC data releases.

When the performance of DORM was compared (using Google Lighthouse,
https://github.com/GoogleChrome/lighthouse) to contemporary cancer genomics
databases such as the cBioPortal (Cerami et al., 2012; Gao et al., 2013), AACR Genie
(The AACR Project GENIE Consortium, 2017), ICGC data portal (Zhang et al., 2011)
and COSMIC (Forbes et al., 2017; Tate et al., 2019). These databases (namely, AACR
GENIE, COSMIC, cBioPortal and ICGC data portal), were found to have high latency
in processing user’s queries and were resource intensive (III, Figure 1 and
Supplementary Fig. S3). Furthermore, COSMIC, cBioPortal and AACR Genie
contain duplicate entries (because a few samples are incorporated in multiple studies).
DORM (and COSMIC) allows searching individual mutations and amino acid
residues directly, but DORM is the only database that can process a search term
containing both a HUGO gene symbol and a specific mutation, e.g., "KRAS G12C,
EGFR". In addition to information about a specific amino acid change, DORM also
aggregates information at the level of individual amino acid residues (i.e., the results
for BRAF V600 include various amino acid substitutions at the specific residue such
as BRAF V600E/K/M/R/G/D) and the information is available at
eleniuslabtools.utu.fi/tools/yDORM/Residues.

56


https://github.com/dchakro/DORM_Mutations
https://github.com/KE-group/generate_DORM
https://github.com/GoogleChrome/lighthouse
https://eleniuslabtools.utu.fi/tools/DORM/Residues/

Results

5.10  The long tail of infrequent recurrent mutations

n = 17,169 (8.3%)
m = 100 (0.9%)
-~

Number of cases (n) = 189,936 (91.7 %)
Number of mutations (m) = 10,745 (99.1%)

A —_

Number of reported cases

r—m---
1100 Recurrent mutations (population frequency > 10) 10845

Figure 9. The distribution of recurrent mutations (population frequency = 10). The top 100 recurrent
mutations are highlighted in violet. The number of cases (n) are shown on y-axis (log
scale) and number of mutations (m) (on x-axis) comprising the two marked zones (purple
and orange, annotated in figure). The percentages are calculated from the data that is
displayed in the graph and not for the entire data set (containing 4.8 million mutations).
(Source: original analysis and figure. Data from COSMIC v95 available at
cancer.sanger.ac.uk).

The COSMIC v95 data release was processed (details in section 4.6.2 and 5.9) and
4.82 million unique coding mutations were identified. From these, 2.93 million (61%)
were observed just once in the dataset (n = 35,462 samples). Among the 1.88 million
unique recurrent mutations (i.e., mutations with tissue-agnostic population frequency
> 1) the ten most recurrent mutations (i.e., rank 1-10), collectively, were observed in
17% of the samples (III, Figure 2), while the next 90 mutations (rank 11-100) were
observed in 18.3% of samples all together. However, in the context of sheer numbers
these two groups are comprised of just 0.34% (rank 1-10) and 0.56% (rank 11-100)
of the total number of recurrent mutations. The observed frequency of the recurrent
mutations spans a wide range, i.e., the first mutation on the list of most recurrent
mutations (BRAF V600E) is reported in 1,432 samples, the 100" (NRAS Q61L) in
just 70 (11, Figure 2). However, it is astounding that there exists a "long tail" to this
histogram (Figure 9), as there are in total 10,745 mutations with an observed tissue-
agnostic population frequency between 10 and 70. The bulk (91.71%) of this
histogram (total n = 207,105 occurrences) is present in the tail (of 10,745 mutations)
which is comprised of infrequent mutations (n = 189,936 occurrences, with population
frequency: mean = 19; median = 14; 3™ quartile = 22 samples). In addition to this,
there is an appreciable variation in the distribution of these infrequent recurrent
mutations between various cancer types, for instance, among the cancers with at least
a hundred samples, the highest percentage of recurrent mutations was in thyroid
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cancers (89.6%; n = 139,883 mutations; sample size = 989), while the lowest
percentage of recurrent mutations was in adrenal cancer samples (17.5%; n = 5,229
mutations; sample size = 282). This trend is not a direct result of the background rate
of mutation in these cancers as the samples with highest tumor mutational load
(defined as the number of mutations per sample) are from cancers of the endometrium
(mean (u) = 562 mutations/sample) and skin (p = 508) (111, Figure 4 D). The adrenal
cancer samples however, have a low background mutation rate (u = 19) (III, Figure 4
D).
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6.1 Strengths and future prospects of the iISCREAM
methodology

The iISCREAM workflow (I, Figure 2) was established and validated using a random
mutant library containing over 7,200 Epidermal Growth Factor Receptor (EGFR)
cDNA variants. After characterization of selected hits from the screen, EGFR A702V
emerged as a novel activating mutation. Additionally, the unbiased screens identified
clinically actionable and relevant mutations like EGFR L858R and EGFR T790M
(article I). ERBB4, another member of the EGFR family was studied with iSCREAM,
to identify ERBB4 R687K and ERBB4 E715K as potent activating mutations from a
library of almost 7,400 cDNA variants (article II). The iISCREAM methodology was
successful in a high-throughput characterization of libraries of variants and in
reducing the "search space" and generating candidates for validation. Demonstrating
reproducibility among randomness (i.e., finding same mutations between the screens
performed with two independently synthesized libraries with distinct mutational
composition), four out of ten hits in the first screen (I, Figure 1) with the ERBB4
RTK were found to be enriched in a second screen (II, Figure 2D) which was
performed with a newly synthesized library.

The iISCREAM methodology was successful in demonstrating that there are driver
mutations that are present among the infrequent cancer-associated somatic mutations
(i.e., the crowd of mutations at the base of the lollipop diagrams (in I, Figure 1 and II,
Supplementary Fig. S1 B). The work described here, with EGFR and ERBB4,
indicates that there are novel driver mutations still to be characterized from the large
lists of variants of unknown significance. The iISCREAM methodology developed
here can be used for the biochemical characterization of other kinases too. This is in
part due to the robustness (incorporates a variety of mutations at a controlled rate) of
our library synthesis strategy, and also because the Ba/F3 cells have already been used
to study activating mutations in several other kinases such as BRAF, KIT, FLT3,
FGFR2, FGFR3 BCR-ABL, NTRK1 (Bradeen et al., 2006; Byron et al., 2013; Chen
et al., 2005; Fuse et al., 2017; O’Hare et al., 2009; Shi et al., 2016; Warmuth et al.,
2007; Weisberg et al., 2002; Whittaker et al., 2010) in addition to mutations in the
ERBB family members (Greulich et al., 2012; Jaiswal et al., 2013; Jiang et al., 2005;
Wang et al., 2016).
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Essentially, the iISCREAM methodology described here is a tool to emulate cancer
evolution in vitro and with little modifications it can be used to extend the framework
further. For instance, we know that tumor microenvironment plays a significant role
in tumorigenesis and maintenance; this can be achieved by using appropriate
xenograft models (like the immortalized and transformed human lung airway
epithelial SALE-Y cells, that have been used in high-throughput screens (Berger et
al., 2015; Vichas et al., 2021)). Targeted inhibitors are known to alter the tumor
population and the mutational landscape during the emergence of resistance (Dagogo-
Jack and Shaw, 2018; Uribe et al., 2021), the introduction of inhibitors during or after
the first enrichment can help identify on-target mutations driving de-novo resistance.
Additionally, the mutation library could be built using the sensitizing mutations as the
template, in attempts to generate resistant mutations and a screen will identify on-
target mutations driving acquired resistance.

At its core, the iISCREAM methodology serves as a framework to link a particular
genotype to a phenotypical readout, therefore, with appropriate experimental models
the iISCREAM can be adapted to characterize other molecules of interest, potentially
even in other diseases and biological conditions (provided there exist models that can
serve as good phenotypic indicators of cell signaling activity).

6.2 Limitations of the iISCREAM methodology

The characterization of EGFR and ERBB4 random mutant libraries with iSCREAM
enabled identification of activating mutations, but also produced a several false
positives. This property necessitates a diligent validation of the hits identified from
the screen. It is a common practice for high-throughput screens to consist of assays
aimed at validation and characterization of the findings. However, a high rate of false
positive discoveries in the screen causes the necessary but undesirable utilization of
the technical resources on analyzing mutations that are likely to be false positives.
iISCREAM could benefit from approaches geared at reducing the number of false
positive hits. For instance, performing independent experiments with distinct ERBB4
random mutant libraries, 3 out of 4 mutations (common between the two screens) were
confirmed as positive hits (75%). Some limitations come from the experimental
models and techniques used to establish iISCREAM, for instance, the mutation
frequency of 1 amino acid change / cDNA (I, Supplementary Fig. S1), means that in
addition to cDNAs with 1 amino acid change, there are several synthetic inserts with
multiple cDNA/amino acid changes. Though, these can be characterized with long-
read sequencing (e.g., PacBio High Fidelity Circular Consensus Sequencing), the
phenomenon of multiple mutations in a single cDNA opens the interesting avenue of
studying the co-occurring mutations as composite mutations (Gorelick et al., 2020;
Saito et al., 2020).
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Delivery of transgenes via viral vectors is an essential tool in molecular biology,
however there is limited control on number of integrations per cell. The iISCREAM
studies published so far use retroviral vectors based on Moloney Murine Leukemia
Virus (MLV) for delivering the transgene. MLVs are known to only infect mitotic
cells (Roe et al., 1993), thereby reducing the transduction efficiency compared to
alternatives, but it also reduces the likelihood of more than one viral integrations per
cell. But, given that bulk genomic DNA is harvested and sequenced (targeted to virus),
as such there is no way to discern number of viral integrations per genome per cell.
Advances in single cell sequencing could perhaps help address this concern.

iSCREAM failed to facilitate enrichment of several of the previously
characterized EGFR (Kobayashi and Mitsudomi, 2016; Kohsaka et al., 2017) and
ERBB4 mutations (Kurppa et al., 2016; Nakamura et al., 2016). There are three main
factors that could be at play: 1) co-occurrence with an inactivating/dampening
mutation 2) stochastic nature of synthesis of mutations, and introduction in the cells
3) stronger mutations outcompeting the weaker mutations. However, this is in line
with the original idea of emulating somatic evolution of cancer in vitro, where all three
of these factors influence the success of "winners" (Burrell and Swanton, 2014;
Posada, 2015). Moreover, as a cancer in a patient undergoes evolution on a
longitudinal time scale (Abbosh et al., 2017; Jamal-Hanjani et al., 2017), while most
routine next-generation sequencing in the clinic as well as conducted during
iISCREAM captures a snapshot of that process. Future iterations of iSCREAM could
perhaps incorporate several selection pressures (such as introduction of targeted
inhibitors) and establish a longitudinal data series.

As the mutation libraries contained only point mutations and small (1-3bp
insertion-deletions it effectively limits the "search space" for driver events to coding
point mutations and frameshifts. There are several other types of alterations which are
excluded from the analysis in iISCREAM (and admittedly, also in DORM) such as,
small insertion-deletions (e.g., EGFR exon 19 deletions, and ERBB2 exon 20
insertions are known driver events), non-coding mutations (e.g., in regulatory
regions), copy number aberrations (e.g., ERBB2 amplification in gastric and breast
cancer), chromosomal re-arrangements, epigenetic modifications). It is of note, that a
recent characterization of cancer genomes demonstrated that over 75% of samples
contained on average 2-3 coding driver alterations (point mutations) (Campbell et al.,
2020), which is line with previous estimates (Martincorena et al., 2017). Therefore,
coding point mutations were a reasonable starting point to build screening
methodology. Lastly, even though the identified hits, i.e., EGFR A702V, and ERBB4
R687K and E715K, are found in clinical samples (cbioportal.org,
cancer.sanger.ac.uk), the clinical significance of these mutants and the response to
ERBB-targeted inhibitors in the clinic is indeterminate as of yet.

Another set of differences between in vivo and in vitro observations can be
potentially introduced due of the cell culture conditions. For instance, the three-
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dimensional growth experiments with BEAS-2B cells were conducted on Matrigel as
the substrate (described in section 4.5.7), but, recent studies have documented to
bridge the gap between in vivo and in vitro phenotype by using novel human
leiomyoma—derived matrix (Tuomainen et al., 2019; Wahbi et al., 2020).
Furthermore, all of the cell culture work in this thesis was performed in normoxic
conditions, however, it is known that several human tumor microenvironments have
conditions of hypoxia (Bhandari et al., 2019; Brown and Wilson, 2004) and EGFR
and ERBB4 activity has been shown to be affected by oxygen concentration (Lu et
al., 2018; Misra et al., 2012; Paatero et al., 2012).

The iSCREAM methodology and the conclusions are dependent on several
variables and their potential confounding effects were discussed above. It is worth
mentioning that characterization of genes or mutations as “driver” or “non-driver” in
cancer biology is a dynamic process, and it evolves with acquisition of new insights.
As, in the case of Maternal Embryonic Leucine Zipper Kinase (MELK), years of
accumulated evidence positioning it as an oncogene was brought into question by
further characterization and meticulous dissection of the underlying biology
(McDonald and Graves, 2020; Settleman et al., 2018).

6.3 Prospects of functional genomics screens

Functional screening for characterizing variants of proteins has come a long way in
this past decade. There are so many alternatives (see section 2.4) all the way from
synthesis of the library to the choice of cell models for characterizing the variants of
a gene. The most fascinating recent discoveries have been the developments in
synthetic oligos which have eased the accessibility of completely synthetic libraries
(Kitzman et al., 2015; Plesa et al., 2018). The advantage of such a library is the ability
to literally "program" the mutation library to have desired characteristics. This allows
granular control over every aspect of the library, such as modulating and exactly
controlling the mutation frequency (mutations/cDNA), incorporation of various types
of mutations (e.g., can easily add specific insertion, deletion, and frameshift
mutations), and incorporate promoter polymorphisms. Another interesting approach
was demonstrated by Yenerall and colleagues, where they introduced a point mutation
in the HIV reverse transcriptase (M230I) which increased the enzyme's intrinsic error
rate by three-fold, and reduced the enzymes mutational bias without significantly
altering the enzymes processivity (Svarovskaia et al., 2003; Yenerall et al., 2021).
This mutant abrogated the need for the synthesis of mutation libraries, as the viral
polymerase creates mutations itself. However, there are clear drawbacks, like the
inability to modulate the mutation rate set by the mutant polymerase. Additionally,
there is no scope to establish "biological" repeats because every transduction, starting
with the wild-type cDNA, will have a unique mutational composition.
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iSCREAM and similar studies are performed by introduction of mutant transgenes
(libraries) into the otherwise stable genomes of cell models. However, an area of
active research has been to establish systems to perform saturation editing of genomic
regions, thereby enabling characterization of mutations in endogenous loci (Findlay
etal., 2018, 2014). The approach utilizes CRISPR-Cas9 with and guide RNA targeted
to target certain exons, then a synthetic library consisting of mutant templates of the
targeted exon is able to recruit the homology-directed repair machinery to introduce
the chosen variants (present in sgRNA library). The approach was used to perform
functional screen by saturation editing of 13 exons of BRCAI that encode the RING1
and BRCT domain (Findlay et al., 2018, p. 1). A different approach uses cytosine base
editors to achieve sub-saturating editing of genomic regions with a simplified
approach of using a single guide to target the CRISPR-base editor to introduce
transition mutations at desired endogenous loci (Gaudelli et al., 2017; Hanna et al.,
2021). Considering the highly heterogenous nature of cancer, these methods open up
interesting avenues for characterizing variants in the genes of interest in the
appropriate cellular contexts which may help improve the translational aspect of the
discoveries (Haigis et al., 2019; Schneider et al., 2017).

6.4 Selection bias skews the true prevalence of
mutations

Over the years, we have grown accustomed to seeing the classical lollipop figures that
show the population frequency of various genetic alterations observed in a particular
gene product. However, those figures are an intentional "zoomed-in" version of the
real mutational landscape of cancer. In practice, hotspot mutations, though apparently
frequent, are found to be a rare occurrence in comprehensive analysis of the cancer
genomes (Chang et al., 2018, 2016). The survey of cancer genomes in article III,
deliberately focused on genome-wide studies to evade the selection bias that can be
introduced with the incorporation of targeted sequencing panels (e.g., MSK-IMPACT,
and other commercially available "Cancer Panel" kits). Although these kits offer a
cost-effective and efficient strategy to identify druggable drivers and predictive
mutations; from the perspective of comprehensive cancer genomics, they introduce
an over-representation of the selected few. This bias in the frequency of mutations in
those genes manifests in the statistics by masking the true population frequency of
other mutations. For instance, EGFR L858R is the hotspot driver mutation in lung
adenocarcinoma, and it ranks 84" (v = 75) when analyzing genome-wide data (III,
Figure 2); but, when data from the targeted screens is included in the analysis, it ranks
6th (v = 10,631). The selection bias is clearly evident when we consider that
incorporating data from targeted sequencing studies increases the number of samples
by over 900%, while only adding 12% mutations on top of the mutations reported by
genome-wide studies (Table 6).
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Table 6. Changes introduced by the integration of data from targeted sequencing studies and the
data from genome-wide studies. The table shows size of indicated entities (first column)
in the genome-wide data, and in the full data (i.e., genome-wide + targeted). The last
column shows the change (as %) caused by addition of data from targeted sequencing.
Data source: COSMIC release v95.

Category (n) Genome-wide Gent:’r;ee-tv;ijde * Change (%)
Sample count 36,224 364,241 906 %
Mutations 4,823,109 5,399,206 12 %
Recurrent mutations (v >1) 1,887,757 2,369,282 26 %
Mutations (v =1) 2,935,352 3,029,924 3%
Top 100 recurrent mutations 17,169 220,526 1184 %

Moreover, the bulk of this addition happens to the most recurrent mutations (rank 1-
100 in DORM), where a 1184% increase can be seen in their representation when data
from targeted sequencing studies is included in calculations (Table 6). To summarize,
the inclusion of targeted-sequencing data to compute comparative statistics on a
genome-level introduces a strong selection bias that makes the histogram of the
"apparent" population frequency of alterations in the cancer-associated genes front-
heavy and skews it away from the "true" population frequency of alterations observed
in the human population (as depicted in III, Figure 2).

6.5 Lineage diversity and variant allele specificity in
ERBB family

My analysis of 4.82 million unique coding somatic mutations identified in genome-
wide studies of from cancer samples revealed that a majority (61%) of these have been
observed in the population only once (i.e., with a tissue-agnostic population frequency
of one) (II, Figure S4 C). There have been observations of lineage diversity and variant
allele specificity among some hotspots (Chang et al., 2016; Gorelick et al., 2020),
wherein a particular mutation is more common in specific cancers (than what random
variation would allow). This phenomenon can also be observed among the ERBB
family members of receptor tyrosine kinases to varying degrees (Figure 10).
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Figure 10. Fraction of cases with mutations in 10 of the most frequently observed hotspots for each
member of the ERBB family of RTKs. The distribution of mutations is presented in the
most commonly mutated tissue lineages (i.e., tissues with more than 10 mutations)
depicting the varying degree of lineage diversity and hotspot specificity pertaining to the
tissue of origin of the cancer. The number of individual mutations in each category is
shown in parentheses next to the label for hotspots or tissue. (Source: Original analysis
and figure. Data was sourced from cBioPortal on 11 May, 2022).

In case of EGFR, the specific association of extracellular domain alterations to
glioblastoma and of the intracellular kinase domain mutations to non-small cell lung
cancer is well-known (An et al., 2018; Lee et al., 2006; Paez et al., 2004; Pao et al.,
2004; Vivanco et al., 2012), however the functional significance of the apparent
association of other ERBB mutations to specific cancers (Figure 10) still remains to
be deciphered. This effect is also observed in other oncogenes and tumor suppressors
such as KRAS, PIK3CA, APC, PTEN (Chang et al., 2016; Gorelick et al., 2020), and
in the case of KRAS Glyl2, even specific amino acid substitutions have an
appreciable lineage diversity (Chang et al., 2016).
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Y4 Conclusions

Advances in cancer genomics have allowed identification of several driver alterations
in various human cancers, however, the process has also generated a significant
number of variants of unknown significance (VUS). The VUS have not been
characterized, largely due to their small population frequency. This study aimed to
develop tools to improve our understanding and showcase the true representation of
VUS in cancer.

The following conclusions can be drawn based on the findings of this study:

1. An unbiased high-throughput screen was developed to screen functionally
activating mutations in kinases. The workflow was named in vitro Screen
for Activating Mutations (iISCREAM) and expedites screening thousands
of point mutations of a gene.

2. The iISCREAM methodology was established using EGFR as a model, and
the screen identified clinically relevant mutations (EGFR L858R and
T790M). Moreover, a previously reported VUS (EGFR A702V), enriched
in the screen, and was demonstrated to have ligand-independent activation
of EGFR signaling. A702V was differentially sensitive to first and second
generation of EGFR-TKIs.

3. Novel activating ERBB4 mutations were identified using iSCREAM. In
functional assays, ERBB4 R687K and E715K had increased activity in
three different cell models. The constitutively active ERBB4 E715K
accelerated tumor growth in vivo (Ba/F3 allograft) and was the first
reported ERBB4 variant to induce ligand-independent transformation of
the Ba/F3 cells.

4. Contemporary databases of cancer-associated mutations are slow (take up
to 4x-29x longer to respond to queries when compared to DORM) and are
imbued with a heavy selection-bias that is due to the incorporation of data
from targeted sequencing. Therefore, DORM was developed as a fast (low
latency in processing queries and in becoming interactive) and robust
database that presents the true population frequency of reported cancer-
associated somatic mutations in protein coding genes.
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5. A highly optimized, fast (processes 46.2 million variants in 30 minutes),
and automated data processing pipeline was developed to compile the
DORM database. The codebase will be made open source (upon
publication of the manuscript III).

Together, the findings of this thesis established two tools: iISCREAM and DORM.
iSCREAM is a high-throughput workflow to identify candidate activating mutations
in ERBBs and other kinases. iSCREAM can be further developed to study composite
mutations, on-target drug resistance, and cancer evolution, among other things. The
framework for DORM can be used to analyze other databases and even extended to
other diseases that can benefit from analysis of variants from genomics data.

Footnote: The term “population” in the text above refers to cancer samples that
have been analyzed with DNA sequencing worldwide and are aggregated by the
COSMIC cancer registry (accessible at cancer.sanger.ac.uk).
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