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Targeted therapies have benefited many patients, but resistance significantly hinders the long-term
efficacy of these treatments. Development of resistance is complex and can occur through various
mechanisms including involvement of drug-tolerant persister cells. These nonproliferating cells can
survive under drug exposure by nongenetic mechanisms and, over time, acquire mutations that confer
therapy resistance.

The erythroblastic leukemia viral oncogene homolog (ERBB) receptor family including epidermal
growth factor receptor (EGFR), ERBB2, ERBB3 and ERBB4 is linked to many cancers. Exogenous
neuregulin 1 (NRG1), a ligand of ERBB3 and ERBB4, strongly promotes resistance to targeted therapy
in oncogene-addicted cancer cell lines. Additionally, previous data from our group show an upregulation
of NRGs and their receptors in drug-tolerant cells.

The main goal of this thesis was to determine the functional relevance of upregulation of NRGs and
their receptors in drug-tolerant cells. The first aim was to investigate whether the upregulation of NRGs
and their receptors result in elevated activation of the ERBB receptors, which was analyzed by western
blotting in five cancer cell lines treated with targeted therapies for up to 30 days. The second aim was
to study the necessity of ERBB receptors to the drug-tolerant cells by CRISPR-Cas9-mediated knockout.

The most prominent reactivation of the ERBB signaling was observed in ALK-rearranged
adenocarcinoma and BRAF-mutated colorectal cancer cell lines H3122 and HT-29, respectively. The
knockout studies further implicate the importance of EGFR, ERBB2 and ERBB3 to drug-tolerant H3122
cells and ERBB?2 to drug-tolerant HT-29 cells. In future studies it would be meaningful to investigate
whether blocking of these receptors by an antibody upon the original targeted therapy treatment
decreases cancer cell viability, which would suggest the potential of the treatment combination in the
clinic.
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1 Introduction

1.1 Global burden of cancer

Cancer is not one but a collection of over 100 distinct diseases that are characterized by
uncontrolled cell proliferation, invasion of nearby tissues and development of distant
metastases (Stratton et al., 2009). Cancer creates an enormous global health burden with
incidence of 19.3 million and 10 million caused deaths in 2020 according to GLOBOCAN
estimates (Sung et al., 2021). The World Health Organization has estimated cancer to be either
the second or first most common cause of death in under 70-year-old individuals in 61 % of the
183 evaluated countries (World Health Organization (WHO), 2020). The incidence of cancer
is expected to rise by 47 % in the next 20 years (Sung et al., 2021).

1.2 Targeted therapies in treatment of oncogene-addicted cancers
1.2.1 Oncogene addiction

Cancer often results from oncogenic alterations in genes, which encode cell signaling proteins
controlling cell proliferation, such as protein tyrosine kinases (PTKs) (Yang et al., 2022). These
genetic alterations include gene amplifications, gene fusions, single-nucleotide variants and
indels referring to short deletions and insertions of nucleotides (Martinez-Jiménez et al., 2020).
Gene amplification can be defined as overexpression of a gene caused by somatic rise in copy
number of a genomic region (Santarius et al., 2010). Gene fusions, in contrast, result from
structural rearrangements in chromosomes, where regulatory or coding sequences from two
genes are fused together. This can occur through exchange of DNA segments between two
chromosomes, insertions or deletions of chromosome segments or inversions within a
chromosome (Mertens et al., 2015). Interestingly, cancer cells are often dependent on one single
overexpressed or mutated oncogene to remain tumorigenic. This dependence is referred to as

oncogene addiction (Weinstein, 2002).

Examples of oncogene addiction include, for instance, activating mutations in BRAF encoding
serine/threonine protein kinase part of the RAS/RAF/Mitogen-activated protein kinase/ERK
kinase (MEK)/extracellular-signal-regulated kinase (ERK) signaling pathway. Half of
melanoma patients present activating BRAF mutations of which V600E point mutation, where

valine is replaced by glutamic acid, is the most frequent (Ascierto et al., 2012). Besides



melanoma, BRAF V600E mutation is also seen in around 10 % of patients with metastatic

colorectal cancer (Morris et al., 2014).

Another well-known example of oncogene addiction is the fusion tyrosine kinase between
echinoderm microtubule-associated protein-like 4 (EML4) and anaplastic lymphoma kinase
(ALK). This EML4-ALK fusion kinase results from inversion within the short arm of
chromosome two. The kinase is constitutively active and presents oncogenic transformation
potential both in vitro and in vivo (Soda et al., 2007). The fusion gene has been reported in lung
cancer and is shown to be specific to adenocarcinomas, being present in 3.4 % of the cases

(Inamura et al., 2008).

Additionally, amplification of gene encoding hepatocyte growth factor receptor, MET, locally
in chromosome 7q31 is seen in non-small-cell lung cancer (NSCLC) as de novo oncogenic
alteration driving the tumor growth in 1-5 % of the cases (Remon et al., 2023). Although rare,
MET amplifications serve as a marker for poor prognosis in NSCLC patients, who have

received surgery as treatment for their cancer (Cappuzzo et al., 2009).
1.2.2 Kinase inhibitors as a class of targeted therapies

Currently, many oncogene-addicted cancers can be treated with drugs that inhibit the action of
an oncogene with high specificity. These treatments are referred to as targeted therapies. For
instance, overexpressed and mutated kinases can be targeted with small-molecule kinase
inhibitors, which are one of the most common classes of targeted therapies used in treating
cancer (Yang et al., 2022). Kinase inhibitors are divided into two classes based on their binding
mode, namely reversible and irreversible inhibitors. Reversible kinase inhibitors are further
divided into four types depending on the region they bind to on their target and whether they
bind active or inactive kinases. Type I kinase inhibitors bind to ATP-binding site on an active
kinase. In contrast, type Il kinase inhibitors bind to an inactive kinase stabilizing it. Type III
and IV kinase inhibitors bind to allosteric sites either neighboring or distant to the ATP-binding
site, respectively (Wu et al., 2015). Nevertheless, all kinase inhibitors block downstream
signaling from their target kinase by inhibiting the ability of the kinase to phosphorylate its
protein substrate by transferring phosphate groups from ATP to the substrate (Huang et al.,
2020). High efficiency and specificity as well as low toxicity give kinase inhibitors a great

advantage over traditionally used chemotherapeutic regimens (Yang et al., 2022).



The aforementioned EML4-ALK-positive and MET-amplified cancers can be treated with a
kinase inhibitor crizotinib, which is a dual inhibitor targeting ALK and MET (O’Bryant et al.,
2013). The oncogenic BRAF V600E, in contrast, can be targeted with kinase inhibitors
vemurafenib or dabrafenib (Ascierto et al., 2012). Dabrafenib is used in combination with MEK
inhibitor trametinib in treatment of most solid cancers as the combination treatment has
demonstrated good response in several cancer types (Bouffet et al., 2023; Planchard et al., 2016;
Subbiah et al., 2020, 2022). In addition, the combination treatment has shown to hinder
development of resistance and to demonstrate better tolerability in melanoma harboring BRAF
V600E mutation compared to dabrafenib as a single agent (Long et al., 2014). In treatment of
colorectal cancer, however, dabrafenib is often combined with a monoclonal anti-epidermal
growth factor receptor (EGFR) antibody cetuximab. The patients benefit from this combination
treatment, since upon BRAF inhibition in colorectal cancer, EGFR becomes activated through

a feedback loop and promotes cancer cell proliferation (Prahallad et al., 2012).
1.3 ERBB receptor family and its significance in cancer
1.3.1 ERBB structure and signaling

PTKs are divided into non-receptor tyrosine kinases (NRTKs) and receptor tyrosine kinases
(RTKSs) (Yang et al., 2022). Erythroblastic leukemia viral oncogene homolog (ERBB) receptor
family consisting of EGFR, ERBB2 (human epidermal growth factor receptor 2 (HER2)),
ERBB3 (HER3) and ERBB4 (HER4) belongs to RTKs (Arteaga & Engelman, 2014). In
physiological context, ERBB signaling is crucial for organogenesis including the development

of heart and nervous system (Burden & Yarden, 1997b).

The ERBB receptors contain an extracellular region for ligand-binding, a transmembrane
domain, and a cytoplasmic tyrosine kinase domain located between an intracellular
juxtamembrane region and C-terminal tail (Burgess et al., 2003). The extracellular region is
further divided into four subdomains, namely I, II, III and IV (Lax et al., 1988). The ERBB
ligands bind between the subdomains I and III forming interactions with both subdomains
(Burgess et al., 2003). The subdomain II, on the other hand, contains a dimerization arm

required for forming dimers by the monomeric receptors (Ogiso et al., 2002).

The ERBB receptors can adopt two configurations: tethered and exposed. In the tethered
configuration the dimerization arm of subdomain II is hidden, which prevents receptor

dimerization. Moreover, the distance between subdomains I and III is too long for a ligand to



bind between them. All ERBB receptors exist in the tethered configuration as monomers except
ERBB?2, which is constantly in extended form. Upon ligand binding the tethered configuration
becomes extended bringing subdomains I and III closer together and exposing subdomain II for

dimerization (Burgess et al., 2003).

The dimerized receptors become activated by auto-phosphorylation of the tyrosine residues in
the C-terminal tail occurring in trans meaning that the monomeric receptors forming the dimer
phosphorylate each other (Figure 1). The ERBBs can form both homodimers and heterodimers
of which ERBB1/ERBB2, ERBB2/ERBB3 and ERBB2/ERBB4 are most common (Segers et
al., 2020). Interestingly, ERBB3 does not elicit kinase activity but uses heterodimerization with
other ERBB receptors for signaling. Generally, heterodimers are more potent in promoting cell
proliferation compared to homodimers. ERBB2 is the preferred dimerization partner for the
other ERBB receptors as it can form more stable dimers due to its slower rate of internalization
compared to EGFR and slow ligand dissociation rate observed in heterodimers. Existing
constantly in the exposed conformation also allows ERBB2 to be more ready to form dimers
with the other ERBBs. The ERBB2/ERBB3 complex is the most potent of the heterodimers
whereas the least potent and stable is the ERBB3/ERBB4 dimer (Breuleux, 2007; Burden &
Yarden, 1997a). The ERBB receptor phosphorylation leads to activation of downstream
pathways, such as RAS/RAF/MEK/ERK and phosphoinositide 3-kinase (PI3K)/AKT signaling
pathways, which promote cell division and inhibit apoptosis (Yarden & Pines, 2012; Yarden &
Sliwkowski, 2001).
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Figure 1. Simplified illustration of the ERBB signaling. The ligands for each ERBB receptor are
indicated in the figure. Ligand binding triggers receptor dimerization and auto-phosphorylation. The
activated receptor dimers activate multiple downstream signaling pathways including the
RAS/RAF/MEK/ERK and PI3K/AKT pathways. AR = amphiregulin, EPGN = epigen, BTC = betacellulin,
EPR = epiregulin. The figure was created in BioRender.com by the author.

1.3.2 ERBB ligands

All ligands of ERBB receptors belong to the EGF family and contain an EGF-like domain used
to bind and activate the ERBB receptors (Breuleux, 2007). The domain contains six cysteine
residues, which are spatially conserved between the ligands and form three disulfide bridges
within the domain. The ERBB ligands are synthesized as membrane-bound precursors, which
release the active ligand from the cell membrane by proteolytic cleavage (Lemmon et al., 2014).
The active ligands can then signal either in autocrine or paracrine fashion (Breuleux, 2007).
Additionally, juxtacrine signaling has been reported with intact membrane-bound ligands

interacting with the ERBB receptors (Montero et al., 2007; Yang et al., 2000).

While EGFR and ERBB4 have the highest number of identified ligands, ERBB2 does not have
any high affinity ligands. EGFR binds EGF, transforming growth factor a (TGF-a),
amphiregulin, epigen, heparin-binding EGF-like growth factor (HB-EGF), betacellulin and
epiregulin, of which the three last ones also bind ERBB4. Additionally, ERBB4 as well as
ERBB3 act as receptors for neuregulins (NRGs), which consist of four members. NRG3 and
NRGH4 can only bind to ERBB4 but NRG1 and NRG2 are ligands for both ERBB3 and ERBB4
(Yarden & Pines, 2012). In addition to the four NRG members, alternative splicing creates over

20 NRG isoforms (Montero et al., 2008).
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1.3.3 ERBBs as oncogenic drivers

The ERBB family is well-known for its genetically altered members being linked to multiple
human cancers. For instance, EGFR is frequently mutated in adenocarcinomas, in-frame exon
19 deletions and L858R point mutation being the most common mutations (Ochi et al., 2023).
These mutations are suggested to result in constitutively active kinase by making the inactive
conformation unstable (Yun et al., 2007). In contrast, HER2 amplifications are common in
breast, esophageal and gastric cancer (Arteaga & Engelman, 2014). In fact, 20 % of breast
cancers present HER?2 amplifications, which are associated with poorer prognosis (Slamon et
al., 1987). ERBB3 elicits its oncogenicity primarily by facilitating signaling through HER2 and
EGFR but potentially oncogenic mutations in the ERBB3 gene do exist as well (Arteaga &
Engelman, 2014).

Targeted cancer therapies against EGFR and HER2, including small-molecule kinase inhibitors
and monoclonal antibodies, exist in the clinic. EGFR-targeting drugs include, for example, third
generation kinase inhibitor osimertinib and monoclonal antibody cetuximab, which are used for
treating pancreatic, lung, colorectal as well as head and neck cancers (Chong & Janne, 2013;
Passaro et al., 2021). Examples of HER2-targeted drugs that are used for treating HER2-positive
breast cancer include monoclonal antibody trastuzumab and kinase inhibitors lapatinib and

neratinib, which also targets EGFR and ERBB4 (Loibl & Gianni, 2017).

Compared to the other members of the ERBB receptor family, the role of ERBB4 in cancer is
more elusive. The results from many studies are contradictory part of the studies suggesting a
tumor suppressor role (Suo et al., 2002; Thybusch-Bernhardt et al., 2001; Vidal et al., 2007),
whereas other studies point towards an oncogenic role (Kim et al., 2016; Wege et al., 2018;
Williams et al., 2015). This controversy could be explained by the complexity of ERBB4
signaling that has not been addressed in all studies: ERBB4 has multiple ligands and several
isoforms that could activate different downstream signaling pathways and elicit different

cellular responses (Segers et al., 2020).

Alternative splicing producing ERBB4 isoforms affects the extracellular juxtamembrane (eJM)
region and the cytoplasmic (CYT) domain. Isoform JM-a contains 23 amino acids encoded by
exon 16 and isoform JM-b, alternatively, contains 13 amino acids encoded by exon 15b. In
addition, minor isoforms, including JM-c fully lacking the amino acids encoded by exon 16 and
15b, as well as JM-d containing the amino acids encoded by both exon 16 and 15b, have been

reported. Furthermore, isoforms differing in the CYT domain include CYT-1 and CYT-2. CYT-
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1 includes 16 amino acids encoded by exon 26, which are lacking in CYT-2 (Veikkolainen et
al., 2011). These residues are required for PI3K binding making only CYT-1 able to bind PI3K
(Elenius et al., 1999).

The exon 16 of ERBB4 encodes a cleavage site for tumor necrosis factor-o converting enzyme
(TACE), and, therefore, JM-a but not JM-b can be cleaved by this enzyme. The cleavage by
TACE results in an extracellular fragment of 120 kDa in size and another 80 kDa fragment
containing a couple extracellular residues, transmembrane domain, and cytoplasmic domain.
The 80 kDa fragment can be further cleaved by y-secretase releasing the intracellular domain

(s8OHERY) (Muraoka-Cook et al., 2009; Ni et al., 2001).

The cleavable JM-a isoforms have been associated with oncogenic potential. For instance,
multiparous mice develop mammary tumor lesions upon overexpression of JM-a CYT-1
isoform of ERBB4 (Wali et al., 2014). Furthermore, JM-a CYT-1 and JM-a CYT-2
overexpression has been reported in human breast cancer and overexpressed JM-a CYT-2 has

been shown to increase breast cancer cell proliferation in vitro (Maitta et al., 2006).
1.4 Resistance to targeted cancer therapies
1.4.1 Scope of the issue

Targeted anti-cancer therapies have become widely used cancer treatments over the past few
decades. Although these therapies have been greatly beneficial for numerous patients, treatment
resistance is an enormous issue. The majority of the patients develop drug resistance eventually
despite good initial response (Shen et al., 2020). For instance, patients with BRAF-mutated
melanoma, EGFR-mutated lung adenocarcinoma or lung adenocarcinoma with ALK
rearrangements, who are treated with targeted therapies, relapse typically in 6 to 12 months

(Obenauf et al., 2015).
1.4.2 Different types of kinase inhibitor resistance mechanisms

Development of resistance to kinase inhibitors is complex and can occur through various
mechanisms including mutations in target genes, bypass signaling pathways as well as changes
in tumor microenvironment, cell metabolism and inhibition of cell death. The mutations in drug
target genes can make kinase inhibitors unable to bind their target kinase or, alternatively, result
in conformational changes altering the target kinase activity (Yang et al., 2022). For example,

EGFR T790M mutation confers resistance to EGFR-targeting inhibitors erlotinib and gefitinib



13

by increasing the receptor’s affinity to ATP. Therefore, erlotinib and gefitinib, which inhibit
EGFR by binding competitively to the ATP-binding site, cannot elicit their function (Suda et
al., 2009; Yun et al., 2007).

On the other hand, signaling molecules downstream from the drug target can mutate, becoming
constantly active. Alternative receptors, which can activate the same downstream signaling
pathways as the target kinase, can also become activated. In these ways the signaling through

the targeted kinase can be bypassed (Yang et al., 2022).
1.4.3 Primary and acquired resistance

Cancer drug resistance can be divided into primary and acquired resistance. Primary resistance
refers to resistance present upon the start of the initial treatment meaning that treatment does
not lead to tumor shrinkage. Acquired resistance, on the other hand, develops over time after
complete initial response, which is defined as lack of detectable evidence of cancer. Primary
resistance is further divided into intrinsic and adaptive resistance. Intrinsic resistance refers to
a pre-existing genetic alteration in the cancer cells that confers resistance to the therapy. In
contrast, cancer cells with adaptive resistance can rapidly change their oncogenic signaling

avoiding cell death upon start of the initial treatment (Cabanos & Hata, 2021).

Acquired resistance, in contrast, can develop in two ways. First, resistant cancer cell clones,
which exist in the tumor in low frequency, can expand due to the selective pressure created by
the drug treatment. Second, resistance can develop through so called drug-tolerant persister
cells (Cabanos & Hata, 2021). Interestingly, it has been demonstrated that NSCLCs can become
therapy resistant through EGFR T790M mutation either by selection of pre-resistant clones
carrying EGFR T790M mutation or by mutation in drug-tolerant persister cells (Hata et al.,
2016). Drug-tolerant persister cells are defined as slowly cycling or quiescent cancer cells that
survive the drug therapy without acquiring mutations that cause therapy resistance (Cabanos &
Hata, 2021). In clinical context the drug-tolerant persister cells can be also called residual
disease, which refers to the cells that remain after maximum response to the treatment

(Boumahdi & de Sauvage, 2020).

The tolerant state of the cancer cells is likely caused by epigenetic or nongenetic mechanisms.
The state is suggested to be reversible meaning that the cells can regain drug sensitivity and
start to proliferate once the treatment is discontinued (Cabanos & Hata, 2021; Marine et al.,

2020; Shen et al., 2020). Interestingly, Sharma et. al. detected a subpopulation of cancer cells
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in EGFR-mutant NSCLC cell line that presents a reversible drug-tolerant state with G1 arrest
upon treatment with 100-fold higher erlotinib concentrations than the IC50 value. Upon
withdrawal of the drug the cells started proliferating and regained the sensitivity to EGFR-
targeting kinase inhibitors within nine doublings (Sharma et al., 2010). Nevertheless, if the drug
treatment is continued for an extended time period, the drug-tolerant persister cells can acquire
mutations that make them fully resistant to the therapy. The resulting therapy-resistant cancer
cells can start proliferating despite the drug exposure and cause disease relapse (Cabanos &

Hata, 2021; Marine et al., 2020; Shen et al., 2020).

The emergence of the drug-tolerant persister cells could be explained by two models, namely
Lamarckian induction, and Darwinian selection. According to Lamarckian induction, drug
persistence is treatment-induced and not pre-existing. In other words, the drug-containing
environment directs the cancer cells towards a more favorable phenotype by change in gene
expression profile (Marine et al., 2020; Shen et al., 2020). In contrast, according to Darwinian
selection, a subpopulation of cancer cells would present pre-existing tolerance to the therapy
based on their transcriptional profile and once the drug is introduced the proportion of these
cells increases. Nevertheless, Lamarckian induction and Darwinian selection are not exclusive
and likely both contribute to the emergence of the drug-tolerant persister cells (Boumahdi & de
Sauvage, 2020). It has been shown that the expression levels of genes that promote therapy
resistance vary on single-cell level in untreated cancer cells. Shaffer et. al. demonstrated how
subpopulation of BRAF V600E -mutated melanoma cells that express high levels of resistance
markers before being exposed to BRAF inhibitor vemurafenib undergo epigenetic
programming once being exposed to the drug. This epigenetic programming shifts the pre-

tolerant melanoma cells into a more stable vemurafenib-tolerant state (Shaffer et al., 2017).
1.4.4 NRG1/ERBB axis in drug resistance

Growth factors, including NRGI1, have been linked to resistance development towards targeted
therapies in many cancer contexts. Exogenous NRG1 has been shown to elicit strong resistance
to lapatinib in HER2-amplified breast cancer cell lines. It also confers resistance to crizotinib
in MET-amplified cancer cell lines and to fibroblast growth factor receptor inhibitors in
fibroblast growth factor receptor-amplified cancer cell lines. Complete or partial resistance was
also seen in some BRAF V600OE melanoma cell lines treated with a BRAF inhibitor (Wilson et
al., 2012).
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In another study by Cheng et. al. NRG1 has been demonstrated to confer resistance to MEK
inhibition in metastatic uveal melanoma cell lines (Cheng et al., 2015). NRG1 also drives
resistance to trastuzumab in HER2-amplified breast cancer cells and this effect seems to be
mediated by activation of ERBB3 receptors (Yang et al., 2017). Moreover, if the action of
NRGI is blocked by antibodies, response to conventional chemotherapy is improved in vivo

(Hegde et al., 2013).

Previous results from our group also demonstrate how exogenous NRG1 drives resistance to
targeted therapies in several oncogene-addicted cancer cell lines. Additionally, when cells are
treated with standard-of-care (SOC) targeted therapy treatments, NRGs and their receptors are
upregulated in multiple oncogene-addicted cancer cell lines including BRAF V600E -mutant
melanoma and colorectal cancer, HER2-amplified breast cancer as well as in NSCLC cell lines
harboring either ALK fusion, MET amplification or EGFR exon 19 deletion (Takala, 2022).
This suggests that the cancer cells may use signaling through NRG/ERBB axis as an adaptation

mechanism in order to survive under drug exposure.
1.5 CRISPR-Cas9 as a tool for gene knockout studies

CRISPR-Cas9 is a tool for gene editing and can be used to create desired gene knockouts to
study necessity of a certain gene to a biological process of interest. The tool has been developed
from an adaptive immune system of bacteria against viruses. This immune system allows
bacteria to recognize genetic material from viruses that they have been infected by previously

and destroy the viral DNA by cleaving it into fragments (Wang et al., 2022).

The CRISPR-Cas9 system used for gene editing relies on a gRNA and Cas9 nuclease. The
gRNA directs the nuclease precisely to the correct location on the cellular genome, where the
Cas9 nuclease creates a double-strand break. An important aspect to note when designing
CRISPR experiments with the most used Cas9, SpCas?9, is that the DNA sequence to be cleaved
must have a 3-bp-long sequence motif, NGG, which is referred to as PAM sequence. The PAM
sequence is required for triggering the activity of Cas9 (Wang et al., 2022).

In the immune system of bacteria, the gRNA is formed by two RNA molecules, tracrRNA
containing the constant region required for binding of Cas9 nuclease, and crRNA containing
the variable region, which guides the Cas9 nuclease to the correct genomic region. For genome

editing purposes, it is possible to use either the tractRNA and crRNA duplex or single guide
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RNA, where the crRNA and tracrRNA are produced as a single RNA molecule (Turk &
Spencer, 2019).

The gRNA and Cas9 nuclease can be delivered into the cells as gRNA and Cas9 nuclease -
encoding DNA incorporated into single or several plasmid(s), mRNA or as RNP, which
contains the Cas9 nuclease in a complex with the gRNA (Horodecka & Diichler, 2021). Of
these delivery options RNPs have been shown to be the most effective and less cytotoxic in
vitro (Kouranova et al., 2016; Lattanzi et al., 2019). Several strategies for delivering RNPs into
cells exist and include lipid reagents as well as electroporation, where permeability of the cell
membrane is increased using electrical field pulses (Horodecka & Diichler, 2021).
Nucleofection is one electroporation-based method, which utilizes electric pulse and optimized
buffers for delivery. It is claimed to be superior in efficacy and low cytotoxicity over

traditionally used methods for electroporation (Pordevi¢ et al., 2022).

Once the double-strand break in the DNA has been introduced by the Cas9 nuclease, the cells
have two approaches for repairing it, one of which is nonhomologous end joining. This method
is prone to errors and, therefore, often leads to removal or addition of bases resulting in in-
frame indels or frameshift mutations. Frameshift mutations lead to premature stop codons and

thus cause loss of functional protein due to truncation, producing a knockout (Wang et al.,

2022).
1.6 Aims and hypotheses

Based on the previous results in the group, NRGs and their receptors are upregulated in
oncogene-addicted cancer cell lines upon SOC targeted therapy (Takala, 2022). Hence, the
main goal of this thesis was to determine functional relevance of this upregulation in drug-

tolerant persister cells.
1.6.1 Aims

The thesis work was divided into two aims. The first aim was to examine the ERBB receptor
and downstream signaling activation in drug-tolerant persister cells to investigate if the
increased expression of NRGs and their ligands induce activation of ERBB receptors and
downstream signaling. The second aim was to examine the necessity of NRG/ERBB signaling

for the survival of the drug-tolerant persister cells.
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1.6.2 Hypotheses

As the previous results in the group demonstrate that targeted therapy is associated with the
upregulation of the NRG/ERBB axis in oncogene-addicted cell lines, we hypothesized that the
ERBB receptor activation and downstream signaling is increased upon treatment by targeted
therapies in oncogene-addicted cancer cell lines. Furthermore, we hypothesized that

NRG/ERBB signaling is crucial for driving drug tolerance in oncogene-addicted cancers.
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2 Results

2.1 Activation of ERBB signaling in oncogene-addicted cancer cell lines upon

SOC targeted treatment

2.1.1 Robust reactivation of ERBB signaling upon 10-day SOC targeted treatment in
H3122 and HT-29 cells

To evaluate the activation of ERBB receptors and downstream signaling upon SOC targeted
therapy treatment, six oncogene-addicted cancer cell lines were treated with SOC targeted
therapies for 10 days. The included cell lines were A375 (BRAF V600E -mutated melanoma),
BT-474 (HER2-amplified breast cancer), EBC-1 (MET-amplified NSCLC), H3122 (ALK-
rearranged NSCLC), HCC827 (EGFR exon 19 -deleted NSCLC) and HT-29 (BRAF V600E -
mutated colorectal cancer). Activation of ERBB signaling as well as the total levels of the
signaling proteins were analyzed by western blotting on three timepoints including untreated
cells and cells treated for 1 and 10 days. The level of phosphorylated signaling protein was

considered to correspond to the level of activated protein.

Compared to the untreated control, the amount of phosphorylated ERK diminished on the first
day of drug treatment in crizotinib-treated H3122, osimertinib-treated HCC827 cells and A375
cells treated with dabrafenib and trametinib (Figure 2D, 2E and 2A). In these cells ERK
activation markedly increased on day 10 in relation to day 1, reaching a higher level compared
to the untreated control in A375 and H3122 cells. Elevated activation of ERK on day 10 relative
to untreated control and cells treated for 1 day could also be observed in HT-29 cells treated

with a combination of dabrafenib and cetuximab (Figure 2F).

Furthermore, AKT activation exhibited a similar pattern to ERK activation. In H3122 and HT-
29 cells, the activation was elevated on day 10 in comparison to control after initial reduction
on day 1 (Figure 2D and 2F). HCC827 cells showed a similar pattern in AKT activation but
the reactivation on day 10 did not exceed the level of activation in the untreated control (Figure
2E). Like other cell lines, lapatinib-treated BT-474 showed a marked reduction of
phosphorylated AKT and ERK on day 1 of treatment relative to untreated control (Figure 2B).
The level of activation of both downstream signaling proteins was slightly elevated on day 10

compared to day 1 but the difference was not as pronounced as in other cell lines.
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In A375 cells, the total ERBB2 and ERBB3 levels were elevated upon the treatment relative to
untreated control (Figure 2A). However, this cell line demonstrated very minimal levels of
ERBB receptor activation. Detection of phosphorylated or total ERBB4 proved unsuccessful

across cell lines, likely due to low basal expression of the receptor.

Decreased ERBB2 activation in lapatinib-treated BT-474 confirmed the effectiveness of the
drug in this cell line (Figure 2B). Activation of EGFR and ERBB3 was also dampened in the
drug-treated cells. The total EGFR and ERBB2 levels remained similar in all timepoints
whereas a very slight increase in overall ERBB3 level can be observed on days 1 and 10

compared to the untreated control.

Due to high sensitivity to crizotinib treatment, obtaining a proper sample for western blotting
from crizotinib-treated EBC-1 cells remained problematic (Figure 2C). First, the cells were
treated with a concentration of 1 uM but also an experiment with a lowered concentration was
carried out. The lowered concentration was chosen to be 100 nM, which is the lowest
concentration that still produces the maximum response to the drug according to dose-response
experiments previously performed in the group. Even with the lower drug concentration or by
pooling several technical replicates together upon sample preparation, obtaining a proper
western blot sample was not successful and no further experiments were conducted using EBC-

1 cells.

Although clear reactivation of AKT and ERK was observed in osimertinib-treated HCC827 cell
line on day 10 of treatment, it did not correlate with activation of the ERBB receptors (Figure
2E). Dampened activation of EGFR in the drug-treated cells confirmed that the osimertinib
treatment was effective in this cell line. Activated ERBB2 or ERBB3 were not detected in the
treated samples. Nevertheless, an increasing trend in the total ERBB2 level was observed upon
treatment. In addition, the overall ERBB3 level spiked on day 1 compared to the other

timepoints.

In H3122 cells, EGFR, ERBB2 and ERBB3 activation as well as total ERBB2 and ERBB3
levels were increased on day 10 when contrasted with untreated control and cells treated for 1
day (Figure 2D). In HT-29 cells, the same phenomenon was observed in EGFR and ERBB2
activation as well as in overall ERBB2 level (Figure 2F). In the same cell line, the total EGFR
level decreased on day 1 compared to the untreated control followed by an increase on day 10

relative to day 1.
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In conclusion, the RAS/RAF/MEK/ERK downstream signaling pathway was strongly
reactivated on day 10 in four out of six investigated cancer cell lines after initial downregulation
on day 1. The PI3K/AKT pathway was also notably reactivated on day 10 in half of the cell
lines. In H3122 and HT-29 cells the reactivation of these downstream signaling pathways

correlated with activation of EGFR, ERBB2 and ERBB3 or EGFR and ERBB2, respectively.
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Figure 2. ERBB signaling was reactivated upon 10-day treatment with SOC targeted therapy in
multiple oncogene-addicted cell lines. Six oncogene-addicted cell lines were treated with SOC
targeted therapies (a, A375: 1 uM dabrafenib + 100 nM trametinib, b, BT-474: 1 uM lapatinib, ¢, EBC-
1: 1 uM crizotinib, d, H3122: 1 uM crizotinib, e, HCC827: 1 uM osimertinib and f, HT-29: 1 uM dabrafenib
+ 10 pg/ml cetuximab) for 10 days and western blotting was used to analyze ERBB signaling activation.
B-tubulin was used as a loading control. Out of three independent experiments the results from the most
representative are shown here. The expected ERBB receptor sizes are 175 kDa for EGFR, 185 kDa for
ERBB2 and ERBB3, 180 kDa for ERBB4 and 80 kDa for s80HER4,
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2.1.2 ERBB receptor reactivation upon SOC targeted treatment peaks at 10 to 20
days in H3122 and HT-29 cells

Five oncogene-addicted cancer cell lines A375, BT-474, H3122, HCC827 and HT-29 were
treated with SOC targeted therapies for 30 days to address if ERBB signaling activation
changed during the evolution of the drug-tolerant cell population. The activation and total
signaling protein levels were again analyzed by western blotting, with samples collected on
days 1, 10, 20 and 30 after beginning the drug treatment as well as from untreated control cells.
The level of phosphorylated signaling protein was considered equal to the level of activated

protein.

In all cell lines the ERK activation was decreased on day 1 in comparison to the untreated
control cells and elevated on days 10 to 30 relative to day 1 (Figure 3). The ERK activation
reached its peak on days 10 and 30 in A375 cells treated with dabrafenib and trametinib, on day
10 in HT-29 cells treated with dabrafenib and cetuximab and on day 20 in lapatinib-treated BT-
474 cells (Figure 3A, 3E and 3B). Again, the AKT activation levels followed the same pattern
as ERK activation in all investigated cell lines excluding BT-474. The most notable difference
in AKT activation between days 1 and 10-30 was observed in crizotinib-treated H3122 cells
and HT-29 cells (Figure 3C and 3E). In H3122, AKT activation peaked on day 20, whereas in
HT-29 the level of activation remained similar on days 10 and 20, diminishing slightly on day
30.

Total ERBB2 level in A375 cells was increased in day 10 and 20 samples in relation to untreated
control and day 1 samples (Figure 3A). However, activation of all ERBB receptors was low in
this cell line. Furthermore, as the overall protein amount in the A375 30-day sample was low,

phosphorylated, and total EGFR and ERBB2 were not able to be blotted.

In lapatinib-treated BT-474 and osimertinib-treated HCC827 cells, ERBB2 and EGFR
activation, respectively, were diminished indicating proper inhibition by the drugs (Figure 3B
and 3D). BT-474 cells showed slightly elevated total ERBB3 level on day 1 of the treatment
compared to the untreated control. From day 10 the ERBB3 level began to decrease. The levels
of EGFR and ERBB2 were also decreasing in BT-474 cells during the course of the treatment.
In contrast, in HCC827 cells the total ERBB2 level was elevated on days 1 to 20 in relation to
the untreated control, being the highest on days 10 and 20. However, the activation of ERBB2

on days 1 to 20 was lower relative to the control. On day 30, the ERBB2 activation was
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increased compared to days 1 to 20 but still lower in comparison to the control. Interestingly,

the total ERBB3 level in HCC827 peaked on day 1.

In H3122 cells the activation of EGFR, ERBB2 and ERBB3 increased on days 10 to 20 in
comparison to control and day 1 samples, and notable reduction was observed on day 30
(Figure 3C). In HT-29 cells the same phenomenon was notably visible in ERBB2 activation
(Figure 3E). EGFR activation, in turn, reached its peak on day 10 in HT-29 cells. The total
EGFR levels correlated well with the phosphorylated receptor level in both H3122 and HT-29.
ERBB?2 activation, in turn, peaked on day 20 in H3122 and on day 10 in HT-29 with overall
ERBB?2 level strongly correlating with the phosphorylated receptor level. In HT-29 cells the
total ERBB3 level was elevated on days 1 to 20 relative to the remaining samples. Again,
detection of phosphorylated and total ERBB4 levels in all cell lines was overall unsuccessful.
However, in H3122 cell line total ERBB4 level seemed to be increased on days 10 and 20

compared to other timepoints and untreated control.
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Figure 3. ERBB receptor reactivation upon SOC targeted therapy treatment peaked around 10 to
20 days in H3122 and HT-29 cells. Five oncogene-addicted cell lines were treated with SOC targeted
therapies (a, A375: 1 uM dabrafenib + 100 nM trametinib, b, BT-474: 1 uM lapatinib, ¢, H3122: 1 uM
crizotinib, d, HCC827: 1 uM osimertinib and e, HT-29: 1 uM dabrafenib + 10 ug/ml cetuximab) for 30
days and western blotting was used to study ERBB signaling activation. 3-tubulin was used as a loading
control. The results are from a single experiment. The expected ERBB receptor sizes are 175 kDa for
EGFR, 185 kDa for ERBB2 and ERBB3, 180 kDa for ERBB4 and 80 kDa for s80HER4,

Additionally, growth curves depicting change in cell number over the course of the 30-day drug
treatment were produced to detect the timepoint, where the cells started proliferating again,
which would indicate resistance development. A375 and BT-474 cells were highly sensitive to
the targeted drugs. The number of A375 and BT-474 cells decreased the whole duration of the
30-day drug treatment the cell number being 90 % lower on day 30 compared to the time of

seeding (Figure 4A and 4B). The trend in H3122 cell number was increasing from day 1
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onwards reaching 262 % increase on day 30 in comparison to the number of cells originally
seeded on the cell culturing dish (Figure 4C). The number of HCC827 cells decreased from
day 1 until day 20 but due to the high standard deviation, it is hard to conclude the trend on day
30 (Figure 4D). The number of HT-29 cells decreased from day 1 to day 10 and thereafter the
number of cells started to increase reaching 95 % more cells on day 30 relative to the time of
seeding the cells (Figure 4E). In conclusion, A375 and BT-474 were the most sensitive cell
lines to the used targeted therapies, whereas H3122 seemed to be the least sensitive cell line

followed by HT-29.
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Figure 4. Change in cell number upon 30-day SOC targeted therapy treatment. Five oncogene-
addicted cell lines were treated with SOC targeted therapies for a total of 30 days. The number of cells
was counted at 1, 10, 20 and 30 days after beginning the treatment. Change in the cell humber
compared to the number of cells seeded on the plate before start of the treatment (0 %) is presented.
The data is shown as a mean from two technical replicates and the error bars represent standard
deviation.

Overall, the ERBB signaling activation on days 1 and 10 closely resembled the results obtained
from the previously described similar 10-day experiments (section 2.1.1). In general, the total
and phosphorylated protein levels correlated, indicating that elevated protein levels

corresponded to increased protein activation. This correlation was the weakest in HCC827 cell



27

line. The peak in ERBB signaling activation was observed in most cell lines on 10 to 20 days
of the drug treatment. H3122 and HT-29 cells, the least therapy-sensitive cell lines
characterized by the highest increase in cell number over the 30-day treatment period, also

displayed the most robust reactivation of the ERBB signaling axis.
2.2 Necessity of NRG/ERBB signaling for survival of drug-tolerant cells

The necessity of signaling through ERBB receptors for the survival of drug-tolerant cells was
assessed in H3122 and HT-29 cells, which exhibited the most vigorous activation of the ERBB
signaling axis upon SOC targeted therapy treatment. This was achieved by knocking out the
ERBB receptors individually using CRISPR-Cas9 and treating the resulting knockout cell pools
consisting of homozygous and heterozygous knockout cells, wild-type cells as well as cells with

in-frame indels with the same SOC targeted therapies as previously.
2.2.1 Selection of best gRNAs for knocking out ERBBs using CRISPR-Cas9

The efficacy of gRNAs for knocking out ERBB receptors by CRISPR-Cas9 was assessed in
T47D cells, which were chosen for the purpose as they express all ERBB receptors. CRISPR-
Cas9 system was delivered into the cells as RNP using nucleofection and the level of the ERBB
receptors in the CRISPR-treated cells 3 days post-nucleofection was analyzed by western blot.

Two gRNAs per ERBB gene were tested.

Nucleofection efficiency was evaluated by nucleofecting pmaxGFP™

plasmid, which encodes
GFP, into T47D cells. The cells were imaged 24 h after nucleofection. Fluorescence and bright-
field images were captured from three parts of the cell culturing dish. Total cell area from the
bright-field images and the area of the cells expressing GFP from the fluorescence images were
determined using ImagelJ software. Nucleofection efficiency was determined as total area of
GFP-expressing cells divided by the total cell area and the mean efficiency and standard
deviation were calculated from the three image pairs. The nucleofection efficiency obtained in

this way was 19.3 % (SD 6.4) (Figure S5A).

The gRNAs used to knock out EGFR, namely EGFR_AA and EGFR_AC, notably reduced
overall EGFR abundance when contrasted with wild-type control (Figure 5B). The gRNA
ERBB2 AB employed for ERBB2 knockout, in turn, diminished the overall ERBB2 level
slightly in relation to the wild-type control. However, the gRNAs employed for ERBB3 or
ERBB4 knockouts did not result in reduction of the total ERBB3 or ERBB4 level, respectively.
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Due to the limitations in time, additional gRNAs were not evaluated and the most efficient
among those assessed were selected. Therefore, gBRNAs EGFR_AA, ERBB2 AB, ERBB3 AA

and ERBB4 AA were chosen to be used in the main experiments.
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Figure 5. Nucleofection and CRISPR-Cas9 knockout efficiency in T47D cells. a, pmaxGFP™
plasmid was nucleofected into T47D cells to determine the nucleofection efficiency. The cells were
imaged 24 h post-nucleofection. Fluorescence and bright-field images from three separate parts of the
cell culturing dish were taken. The nucleofection efficiency was calculated as mean from the three image
pairs and was defined as total area of GFP-positive cells/total cell area. The nucleofection efficiency
determined in this way was 19.3 % (SD 6.4). Scale bars, 150 um. b, gRNAs for knocking out ERBB
receptors (2 per ERBB gene) were tested in T47D cells. CRISPR-Cas9 system was delivered into the
cells as RNP using nucleofection. Knockout efficiency was analyzed by western blotting 3 days post-
nucleofection. B-tubulin was used as a loading control. The expected ERBB receptor sizes are 175 kDa
for EGFR, 185 kDa for ERBB2 and ERBB3, 180 kDa for ERBB4 and 80 kDa for s80HER4. wt = wild-type.
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2.2.2 CRISPR efficiency in H3122 and HT-29 cells

The efficiency of knocking out ERBB receptors in H3122 and HT-29 cells by CRISPR-Cas9
was evaluated by western blotting 7 days after introducing the CRISPR-Cas9 system into the
cells by nucleofection. EGFR and ERBB2 were sufficiently knocked out in H3122 cells as the
total EGFR and ERBB2 levels were reduced in relation to the wild-type control as well as the
other knockout cell pools (Figure 6). However, the efficiency of knocking out ERBB3 remained
poor. ERBB4 was not detected in any sample, likely due to the low basal expression of the

receptor in both cell lines.

Unexpectedly, EGFR, ERBB2 and ERBB3 abundance in wild-type HT-29 sample were
markedly higher compared to all ERBB knockout cell pools. The wild-type sample band
exhibited greater compression in comparison to the remaining bands, thereby precluding
accurate interpretation of the results. A repeat of the immunoblotting should be performed to

enable reliable interpretation.
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Figure 6. Western blotting analysis of CRISPR-Cas9 knockout efficiency in H3122 and HT-29
cells. ERBB receptors in H3122 and HT-29 cells were knocked out separately using CRISPR-Cas9.
The cells were grown for 7 days before determining the knockout efficiency using western blotting. 3-
tubulin was used as a loading control. The expected ERBB receptor sizes are 175 kDa for EGFR, 185
kDa for ERBB2 and ERBB3, 180 kDa for ERBB4 and 80 kDa for s80HER4, wt = wild-type.

2.2.3 Dependency of H3122 cells on EGFR, ERBB2, and ERBB3, and ERBB2
dependency in HT-29 cells

To study the necessity of the ERBB receptors for the survival of the drug-tolerant H3122 and
HT-29 cells, ERBB receptors were knocked out separately in H3122 and HT-29 cells using
CRISPR-Cas9, and the knockout cell pools, containing wild-type cells and cells with in-frame
indels in addition to heterozygous and homozygous knockouts, were treated with SOC targeted
therapies for 10 days. Genomic DNA from the drug-treated and untreated control cells was
extracted and the genomic regions targeted by CRISPR-Cas9 were amplified by PCR. The
correct PCR products of 207-229 bp in size were amplified successfully (Figure 7A). However,
an additional band around 600-700 bp in size was detected when amplifying the CRISPR-
targeted region in ERBB3 gene. As a result, the correct PCR product had to be separated by

agarose gel electrophoresis and purified from the gel.



32

The PCR products were sequenced by next-generation sequencing and the data processing was
performed using CRISPResso2 software. CRISPR knockout efficiency, defined as the
proportion of frameshift mutation allele reads in the untreated control sample, was overall low
in all samples (Figure 7B). The proportion of alleles with a frameshift mutation was higher in
H3122 cells compared to HT-29 cells, varying between 30 % and 56 %. In HT-29 cells, ERBB3
was knocked out with the highest efficiency of 45 %, although the percentage of frameshift
mutation alleles varied between 16 % and 22 % when knocking out EGFR, ERBB2 or ERBB4.
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Figure 7. CRISPR knockout efficiency determined as the proportion of reads of alleles with
frameshift mutation was overall low in H3122 and HT-29 cells. ERBB receptors were knocked out
separately by CRISPR-Cas9 in H3122 and HT-29 cell lines and the cells were treated with targeted
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therapies (H3122: 1 yM crizotinib and HT-29: 1 uM dabrafenib + 10 ug/ml cetuximab) for 10 days.
Genomic DNA from the cells was extracted, the region targeted by CRISPR-Cas9 was amplified by PCR
and the PCR products were sequenced by next-generation sequencing. a, Amplification of PCR
products with the correct size was determined by agarose gel electrophoresis. PCR product sizes:
EGFR_AA 228 bp, ERBB2_AB 207 bp, ERBB3_AA 229 bp and ERBB4_AA 212 bp. b, To depict
CRISPR knockout efficiency, the percentage of reads with unmodified, modified and frameshift mutation
alleles from untreated control samples were plotted.

The fold change to untreated cells (day 0) in variant allele frequency (VAF) was plotted for
unmodified and frameshift mutation alleles against treatment time. During crizotinib treatment
in H3122 cells, the proportion of alleles with a frameshift mutation declined while the
proportion of wild-type allele increased, when either EGFR, ERBB2 or ERBB3 was knocked
out (Figure 8A). The strongest effect was observed when either EGFR or ERBB2 was knocked
out. There, the frequency of frameshift mutation alleles decreased 0.7 and 0.8 fold as well as
wild-type alleles increased 1.2 and 1.3 fold on day 10 of treatment compared to day O,
respectively. In HT-29 cells the differences in fold change in VAF were more minor between
the untreated and treated conditions compared to H3122 cells, although a decreasing trend in
frameshift mutation allele frequency and increase in unmodified allele frequency were observed

upon knockout of each ERBB receptor.

Ten most frequent alleles with a frameshift mutation were chosen from each untreated control
sample and the difference in frameshift mutation allele frequency between untreated and treated
cells was compared by Wilcoxon signed-rank test. A p-value below 0.05 was considered to
indicate statistically significant difference. The frameshift mutation allele frequency showed
statistically significant decrease in crizotinib-treated H3122 cell pools with EGFR, ERBB?2 and
ERBB3 knockout (p = 0.0020, p=0.0195 and p = 0.0371, respectively) (Figure 8B). The most
marked decrease was observed in EGFR-knockout cell pool. In HT-29 cells, only ERBB?2
knockout led to statistically significant decrease in frameshift mutation allele frequency upon

combination treatment with dabrafenib and trametinib (p = 0.0371).
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Figure 8. The necessity of ERBB receptors for drug-tolerant H3122 and HT-29 cells. ERBB
receptors were knocked out separately by CRISPR-Cas9 in H3122 and HT-29 cell lines and the cells
were treated with targeted therapies (H3122: 1 yM crizotinib and HT-29: 1 uM dabrafenib + 10 pg/ml
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cetuximab) for 10 days. Genomic DNA from the cells was extracted, the region targeted by CRISPR-
Cas9 was amplified by PCR and the PCR products were sequenced by next-generation sequencing. a,
The fold change in the frequency of unmodified and frameshift mutation alleles to day 0 of treatment
was plotted against the time on treatment. b, The change in VAF upon drug treatment from ten most
frequent alleles containing a frameshift mutation was analyzed by Wilcoxon signed-rank test. *p < 0.05
and **p < 0.01.

In conclusion, the CRISPR knockout efficiency was not ideal and, consequently, the decrease
in ERBB frameshift mutation allele frequencies was not drastic. Still, statistically significant
decrease in frameshift mutation allele frequency in EGFR, ERBB2 and ERBB3 knockout cell
pools was observed in H3122, which is in line with the increased activation of these receptors
observed upon treatment of wild-type H3122 cells. In addition, statistically significant
reduction in ERBB?2 frameshift mutation alleles correlates with the strong activation of ERBB2
observed in wild-type HT-29 upon treatment with dabrafenib and cetuximab. These results
suggest an important role of signaling through ERBB2 in drug-tolerant HT-29 cells as well as
EGFR, ERBB2 and ERBB3 in drug-tolerant H3122 cells. Out of these receptors the H3122

cells were most dependent on EGFR.
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3 Discussion

Exogenous NRG1 has been linked to resistance to targeted therapies in different cancer contexts
(Cheng et al., 2015; Wilson et al., 2012). The results from our group also demonstrate how
many oncogene-addicted cancer cell lines are rescued from targeted therapy treatment by
exogenous NRG1. Additional data further demonstrates that treating cancer cell lines with
targeted therapies and in absence of exogenous NRG1 leads to increased expression of NRGs
and their receptors in autocrine fashion (Takala, 2022). Ultimately, this thesis aimed to
determine the functional relevance of upregulation of NRGs and their receptors in drug-tolerant
cells. The first aim was to study activation of ERBB receptors and downstream signaling upon
treatment with SOC targeted therapies to observe if the increased gene expression correlates
with increased protein and activation levels. The second aim was to study the necessity of the

ERBB receptors to the survival of the drug-tolerant cells.

To achieve the first aim, oncogene-addicted cancer cell lines were treated with SOC targeted
therapies for 10 days. Additionally, 30-day long treatments were included to study the change
in the ERBB signaling activation over a longer time period as the drug-tolerant cells evolved.
Marked reactivation of RAS/RAF/MEK/ERK and PI3K/AKT downstream signaling pathways
was observed in every treated cell line excluding BT-474. Correlating with the reactivation of
these downstream signaling pathways, H3122 and HT-29 cells demonstrated the most robust
activation of ERBB receptors EGFR and ERBB2 as well as ERBB3 in the case of H3122 cells.
To achieve the second aim, ERBB receptors were knocked out in these two cell lines to
investigate if signaling through the receptors upregulated upon the drug treatment is crucial for
the survival of the drug-tolerant cells. The results from the knockout experiments imply the
importance of EGFR, ERBB2 and ERBB3 receptors for drug-tolerant H3122 cells and ERBB2
for drug-tolerant HT-29 cells.

According to the first hypothesis, activation of the NRG/ERBB axis would be a universal
resistance mechanism occurring in oncogene-addicted cancers with different driver mutations
and different tissue of origin. However, marked upregulation of ERBB receptors was not seen
in all investigated cell lines, which would indicate that rather being universal resistance
mechanism across different oncogene-addicted cancers, ERBB signaling would be more crucial
in certain cancer contexts, including ALK-positive NSCLC and BRAF-mutated colorectal

cancer.
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Interestingly, after robust reactivation on day 10 of treatment, the ERBB receptor activation
diminished in H3122 and HT-29 cells between days 20 and 30 of treatment. This could imply
that the drug-tolerant cells begin to rely on signaling through receptors alternative to ERBBs
during the evolution of the drug-tolerant cells. As the activation of AKT and ERK remained
relatively high in both H3122 and HT-29 cells on day 30, it would be likely that the alternative
receptors would also activate the PI3K/AKT and RAS/RAF/MEK/ERK downstream signaling
pathways.

According to the second hypothesis, the drug-tolerant cells upregulating the ERBB signaling
axis could not survive under drug exposure without these upregulated ERBB receptors. The
results from the knockout experiments show how in H3122 cells the receptors that demonstrated
notably increased activation in the drug-tolerant cells, including EGFR, ERBB2 and ERBB3,
seemed to have functional relevance as was expected. In HT-29 cells the most prominent
reactivation was observed in ERBB2, which also demonstrated to be important to the drug-
tolerant cells. However, although notable reactivation of EGFR was detected as well, this

receptor did not appear to be relevant for drug-tolerant HT-29 cells in this experimental setup.

3.1 Significance of NRG/ERBB signaling to drug tolerance in different

oncogene-addicted cancer contexts
3.1.1 HERZ2-amplified breast cancer

In the HER2-amplified breast cancer cell line, BT-474, only slight reactivation of the
downstream signaling pathways was observed. The most notable reactivation was observed in
the RAS/RAF/MEK/ERK pathway during the experiment where the cells were treated for a
total of 30 days. No signs of reactivation of the ERBB receptors were observed. Previously,
BT-474 has been reported to be completely rescued from lapatinib by exogenous NRGI1
(Wilson et al., 2012). In the same study, BT-474 was treated with 1 uM lapatinib with or without
50 ng/ml NRGI1 for 2 h. With lapatinib alone no phosphorylated AKT or ERK is detected but
in combination with NRG1 phosphorylation of AKT, ERBB3 and ERBB4 are observed. A
similar experiment was also performed using another HER2-amplified cell line, AU565. No
AKT or ERK activation is detected when treating the cells with lapatinib alone and activation
of AKT but not ERK is observed upon combination treatment with lapatinib and NRG1 (Wilson
et al., 2012). However, in the study they did not report experiments with a longer treatment

period.
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Previous results from our group report increased expression of ERBB3, ERBB4 and all NRGs
in BT-474 upon 10-day lapatinib treatment (Takala, 2022). Based on this and the capability of
NRGI1 to rescue BT-474 from sensitivity to lapatinib, reactivation of ERBB3 and ERBB4 in
drug-tolerant BT-474 cells upon treatment with lapatinib would have been expected.
Nevertheless, the level of all activated ERBB receptors diminished after beginning the

treatment and remained down until the end of the 30-day treatment period.

Nevertheless, a slight increase in total ERBB3 level on day 1 of treatment relative to untreated
control was observed. An increasing trend in the overall ERBB3 level has been previously
reported upon 1 uM lapatinib treatment for 48 h, where the overall ERBB3 level began to
increase from the timepoint 4 h onwards (Garrett et al., 2011). The modest increase in ERBB3
level on day 1 of treatment observed in this thesis aligns with the referenced study. Still, as the
total ERBB3 level decreased between days 1 and 10 followed by continuous decrease thereafter,

it would seem that the ERBB3 upregulation is not a sustained effect.

In the same study, immunoprecipitation to isolate ERBB3 following western blot analysis
results in detection of increased phosphorylation of ERBB3 on Tyr1197 at 24 h of the treatment.
However, the other used anti-phospho-ERBB3 antibodies detecting phosphorylation on
Tyr1222 and Tyr1289 only resulted on visible bands on timepoint 0 (Garrett et al., 2011). The
antibody used to detect phosphorylated ERBB3 in this thesis recognizes phosphorylated
Tyr1289. It could be possible that the sites other than Tyr1289 are phosphorylated in the drug-
treated samples and, therefore, the choice of antibody affected that only little phosphorylated
ERBB3 was detected in the drug-treated samples. Another possible explanation for the lack of
activated ERBB3 detected would be that the receptor remained in the inactive form in the
absence of activating stimuli. It would be interesting to test other antibodies detecting
phosphorylated ERBB3, including phosphorylation on Tyr1197, to see if more phosphorylated
ERBB3 could be detected.

3.1.2 EGFR-mutated NSCLC

Although reactivation of PI3K/AKT and RAS/RAF/MEK/ERK downstream signaling
pathways, marked activation of ERBB receptors upon SOC targeted therapy treatment was not
observed in the NSCLC cell line HCC827 with EGFR exon 19 deletion. Interestingly, according
to the previous RT-qPCR data from our group, HCCS827 cells upregulate the expression of
ERBB2, ERBB3 and ERBB4 upon osimertinib treatment (Takala, 2022). Although the

upregulation did not result in increased receptor activation, the upregulated expression of
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ERBB?2 correlates with the increased overall ERBB2 abundance in the treated cells. Increase in
the total ERBB3 level was also observed on day 1 of the treatment correlating with the increase

in ERBB3 expression but on day 10 the abundance was diminished relative to day 1.

Several factors could explain why the increased ERBB expression does not correlate with
increased receptor activity. The receptor could be degraded rapidly before becoming activated
or low levels of ligands could contribute to decreased activation of the receptor. In the case of
ERBB3, the translation of the mRNA could be repressed on day 10 leading to lower total

ERBB3 abundance than could be expected based on the previous gene expression data.

Others report how HCC827 and another NSCLC cell line with EGFR exon 19 deletion, PC9,
are not rescued from targeted therapy by exogenous NRG1. Additionally, treatment of PC9
with erlotinib alone or in combination with NRG1 does not lead to activation of ERBB3, AKT
or ERK in either condition (Wilson et al., 2012). Furthermore, overexpression of NRG1 in
HCCB827 cells that are treated with erlotinib does not induce resistance to the treatment (Wilson
et al., 2015). All things considered, it seems that HCC827 does not properly activate the
NRG/ERBB signaling axis, which could be the reason why it is not rescued from the treatment

by exogenous NRGI.

3.1.3 BRAF V600E -mutated melanoma

Overall, the activation of ERBB receptors in BRAF V600OE -mutated melanoma cell line A375
was very minimal. Previously, A375 cells have been shown to be partially rescued from BRAF
inhibition by vemurafenib when exposed to exogenous NRG1 (Wilson et al., 2012). Marked
elevation on total ERBB2 level was observed on days 10 and 20 of treatment in A375 cells,
which correlates with the previous work in our group demonstrating upregulation of ERBB2,
ERBB3 and ERBB4, as well as NRG3 in A375 upon combination treatment with dabrafenib and
trametinib (Takala, 2022).

Slightly elevated overall ERBB3 level was also detected on day 1 of treatment relative to the
untreated control. In literature upregulation of ERBB3 upon BRAF inhibition has been
reported: Treating BRAF-mutated melanoma cell lines WM 115 (V600D mutation) and 1205Lu
(V600E mutation) with vemurafenib overnight leads to increase in total ERBB3 level compared
to untreated control in both cell lines. Additionally, 1205Lu cells increase ERBB3 expression

in the same experimental setup. In A375 cells, the ERBB3 expression on the cell surface
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analyzed by flow cytometry is increased upon overnight vemurafenib treatment compared to

DMSO control (Abel et al., 2013).

The necessity of ERBB3 to drug-treated BRAF-mutant melanoma cell lines has been
investigated before. In one study, ERBB3 was blocked with an antibody, huHER3-8, in 1205Lu,
M238 (BRAF V600E -mutated melanoma) and A375 cells treated with vemurafenib. The cells
were further stimulated with NRG1 before western blot analysis revealing ablation of AKT
activation by the ERBB3-targeting antibody. The cytotoxicity of the vemurafenib and anti-
ERBB3 antibody combination was also assessed. Cell death is induced upon ERBB3-blocking
in vemurafenib-treated and NRG1-stimulated cells to the same level as in vemurafenib-treated
cells. As blocking of ERBB3 in vemurafenib-treated cells that were not stimulated by NRG1
does not induce cell death compared to cells treated with vemurafenib as single agent, the
authors suggest that the basal ERBB3 activation does not affect survival of the cells (Kugel et
al., 2014).

In this thesis, the activation of ERBB3 in treated A375 cells was very low, which would support
the idea that ERBB3 does not have a major role in the survival of the cells. The activation of
ERBB2 was also low in the cells although pronounced elevation of total ERBB2 abundance
was observed. Considering the observed ERBB2 dependence of the colorectal cancer cell line
HT-29 harboring the same BRAF mutation as A375 cell line, it could be interesting to further
study the importance of ERBB2 for drug-tolerant A375 cells.

3.1.4 ALK-positive NSCLC

Increased activation of EGFR, ERBB2 and ERBB3 was observed in ALK-positive NSCLC cell
line H3122 upon crizotinib treatment. These receptors were also demonstrated to be important
to the treated cells by the ERBB knockout study. Previous reports also describe the importance
of NRG receptors, as H3122 is completely rescued from ALK-inhibitor TAE684 sensitivity by
exogenous NRG1 (Wilson et al., 2012). Similarly, overexpression of NRG1 by introducing
open reading frame of NRG1 into H3122 cells increases the viability of the cells upon treatment
with either crizotinib or TAE684 (Wilson et al., 2015). The observed reactivation of ERBB2
and ERBB3 also aligns with the previous data from our group that demonstrates increased
expression of ERBB2, ERBB3, ERBB4, NRGI and NRG4 in H3122 cells upon crizotinib
treatment (Takala, 2022). EGFR is not upregulated upon the treatment (Takala, 2022), which
would suggest that the reactivation of the receptor is due to post-translational regulation, such

as decreased level of degradation.
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Bypass signaling through EGFR has been well characterized as a resistance mechanism in ALK-
rearranged NSCLC. EGFR activation by crizotinib has been reported in crizotinib-resistant
H3122 cell line established by continuous exposure to increasing concentrations of crizotinib.
The activation is reported to be likely through non-genomic mechanism and the cells regain
their sensitivity upon discontinuation of the drug treatment (Yamaguchi et al., 2014). In another
study, increased EGFR as well as ERBB2 and ERBB3 activation is observed in TAE684-
resistant H3122 cell line compared to treatment naive cells after 6 h treatment with TAE684
(Tanizaki et al., 2012). Furthermore, in patient samples of crizotinib-resistant 4LK-positive
NSCLCs, the EGFR activation is increased compared to crizotinib-sensitive samples collected

before starting crizotinib therapy in four out of nine samples (Katayama et al., 2012).

In this thesis, H3122 cells demonstrated the greatest dependence on EGFR out of all ERBB
receptors. As EGFR signaling has already been established as a resistance mechanism in this
cancer context, the result highlights the validity of our experimental setup for investigating the

dependence of the drug-tolerant cells on the ERBB receptors.

In addition to the aforementioned studies, exogenous EGFR ligands EGF, TGF-a and HB-EGF
have been shown to reduce crizotinib-sensitivity in ALK-rearranged lung cancer cell lines
including H3122. This is suggested to occur in paracrine manner as coculture of the cancer cells
with epithelial cells expressing EGFR-ligands increases H3122 cell viability upon 72 h
crizotinib treatment. In the same study EGF, TGF-a and HB-EGF levels from the cell culturing
medium of H3122 cells were measured after 48 h of culturing the cells and the levels are very
low (Yamada et al., 2012). The EGFR activation level in untreated H3122 cells was low
supporting the data from this study by Yamada et al. However, EGFR being reactivated on days
10 and 20 of the crizotinib-treatment in H3122 cells cultured alone indicates that H3122 cells
do produce EGFR ligands under the drug treatment and activate the receptors in autocrine

manner.

In addition to EGFR, the role of ERBB2 and ERBB3 in drug tolerance to ALK inhibition can
be supported by the results of this thesis. Signaling through ERBB2/ERBB3 heterodimer as a
mechanism to resistance is also suggested by a previous study where ALK-rearranged cell lines
H3122, H2228 and MGHO006 were treated for five days with recombinant NRG1 and TAE684.
The recombinant NRG1 promotes resistance to the drug in these cell lines but this effect of
NRG1 is lost if the cells are treated with TAE684 and lapatinib in combination (Wilson et al.,
2015). In the referenced study the cells were stimulated with exogenous NRG1. Therefore, the
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results of this thesis provide new insights into the importance of ERBB2 and ERBB3 receptors
in drug-tolerant cells that are not influenced by stimulation with exogenous NRGI.
Furthermore, it would be interesting to attempt blocking ERBB2 and/or ERBB3 in combination
with ALK inhibition without stimulating the cells with NRG1 to investigate if the combination
would affect the viability of the drug-tolerant cells.

3.1.5 BRAF V600E -mutated colorectal cancer

According to previous work in our group, ERBB2, ERBB3 and ERBB4 as well as NRG4 are
notably upregulated upon SOC targeted therapy treatment in BRAF V600E -mutated colorectal
cancer cell line HT-29 (Takala, 2022). Reactivation of ERBB2 in HT-29 cells observed in this
thesis correlates with this previous data. Interestingly, EGFR but not ERBB3 activation was
enhanced in this cell line in the drug-tolerant cells. Similarly to H3122 cells, this would indicate
that the reactivation of EGFR would be caused by decreased level of receptor degradation rather
than changes in the level of gene transcription. Also, the lack of ERBB3 activation could be
explained by rapid degradation of the receptor before being activated or, alternatively, lack of

activating stimulus.

Increase in ERBB3 signaling in BRAF-mutated colon or colorectal cancer upon vemurafenib
treatment has been reported previously by several others. 48 h treatment with vemurafenib leads
to elevated ERBB3 expression and total protein level in BRAF V600E -mutated colon cancer
stem cells. In addition, exogenous NRG1 increases proliferation of the BRAF V600E -mutated
colon cancer stem cells in a dose-dependent manner in cells treated with vemurafenib for 5 days
compared to vemurafenib treatment alone (Prasetyanti et al., 2015). In another study, BRAF
V600E colorectal adenocarcinoma cell line, COLO-201, was treated with vemurafenib alone or
in combination with NRG1 and activation of ERBB3 and AKT is only able to be detected with
cotreatment of vemurafenib and NRG1 (Wilson et al., 2012). In this thesis, the total ERBB3
abundance slightly increased relative to the untreated control on days 1 to 20 similarly to what
was seen in the study by Prasetyanti et al. In the study they did not assess the amount of
phosphorylated receptor and the results of this thesis point to increased total ERBB3 abundance
not translating to more activation of the receptor. As the study by Wilson et al. also reports
activation of ERBB3 and AKT only upon NRG1 stimulation, likely exogenous NRG1 would

be required to see a robust activation of the ERBB3 receptor.

The same study by Prasetyanti et al. also investigated the effect of ERBB3 expression silencing
and ERBB3 blocking by an antibody in the BRAF V600E mutant colon cancer stem cell lines.
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They treated the cells with silenced or blocked ERBB3 with combination of NRG1 and
vemurafenib and observed a lower proliferation in these groups compared to control where the
ERBB3 was not blocked or silenced. If the ERBB3-silenced cells and control cells were treated
with vemurafenib alone, the effect is not as prominent, which again indicates that the exogenous

NRGI is important to these cells (Prasetyanti et al., 2015).

Very robust activation of ERBB2 was observed in the drug-tolerant HT-29 cells and the
CRISPR-sequencing result supported the importance of the ERBB2 receptor to the drug-
tolerant cells. Based on this, targeting ERBB2 in addition to BRAF and EGFR in BR4F-mutated
colorectal cancer could potentially be an effective treatment combination in the clinic. This
could also be achieved by combining a BRAF inhibitor with a pan-ERBB inhibitor targeting all
ERBBs excluding the pseudokinase ERBB3. This combination has been evaluated in colorectal
cancer cell lines, of which the ones with high basal levels of ERBB2 have been shown to
respond better to vemurafenib and pan-ERBB inhibitor afatinib combination treatment
compared to cell lines expressing ERBB2 on lower levels, which suggest that ERBB2
expression status could be used to determine, which patients could benefit from the vemurafenib

and afatinib treatment combination (Miele et al., 2020).
3.2 Possible sources of error and study limitations
3.2.1 ERBB signaling activation experiments

The ERBB receptors are similar in structure and size. It is possible that the primary antibodies
used to detect the receptors by western blot may cross-react with other ERBBs increasing risk
to inaccurate interpretation of the results. A strong EGFR protein expression was observed in
the EGFR-mutant HCC827 cell line. In the total and phosphorylated ERBB4 blots the band
observed right below 180 kDa marker in the untreated sample could be caused by cross-reaction
of the primary antibody with EGFR (175 kDa in size) instead of ERBB4 (180 kDa in size).
Similarly, BT-474 cell line expresses high levels of ERBB2 due to the gene amplification.
Strong band slightly above the 180 kDa marker in the phosphorylated and total ERBB4 blots
in the untreated control sample is likely result of the primary antibody cross-reacting with the

overexpressed ERBB2 (185 kDa in size) rather than binding the actual ERBB4.

In this study the levels of NRGs or other ERBB receptor ligands produced by the treated cells
were not measured. Even though the activation of ERBB receptors indicates the presence of

ligands, it would have been meaningful to investigate if the upregulation of the NRGs reported
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by the previous work in our group translates to increased NRGs on the protein level. However,
the detection of NRGs was not possible as no NRG-targeting antibodies that would be

adequately characterized are available (Montero et al., 2008).
3.2.2 ERBB receptor dependency experiments

The differences in frameshift mutation allele frequencies between the untreated and treated
conditions appeared to be small although statistically significant. This could be explained by
the overall low knockout efficiency in H3122 and HT-29 cells. The nucleofection efficiency in
T47D was determined to be low and it can be expected that the low knockout efficiency in
H3122 and HT-29 cells is also largely due to the poor nucleofection efficiency. The poor
nucleofection efficiency results in fewer cells with a homozygous knockout. Homozygous
knockout would be required to observe a drop in the frameshift allele frequency upon treatment
assuming that the receptor is crucial for the survival of the cells. Knockout studies in mice
demonstrate how homozygous knockout of EGFR, ERBB2 or ERBB3 is required to observe the
developmental deficits caused by lack of the receptors (Erickson et al., 1997; Lee et al., 1995;
Miettinen et al., 1995). Similarly here, the cancer cells with a heterozygous ERBB receptor
knockout would be expected to not be affected by the lack of one of the ERBB alleles.

Therefore, low nucleofection and thus low knockout efficiency in this experimental setup could
lead to biologically significant receptors being missed. This is because not enough homozygous
knockout cells are present in the knockout cell pool so statistically significant difference in the
frameshift allele frequency cannot be detected between the untreated and treated sample.
Considering this, the statistically significant differences reported, although being small, could
indicate biological significance of the receptors to the drug-tolerant cells. Additionally, as
notably increased activation of EGFR was observed in wild-type HT-29 drug-tolerant cells, it
would have been expected to observe a reduction in EGFR frameshift allele frequency over the
course of the treatment in the knockout cell pool. Here, it could be possible that the low
knockout efficiency in HT-29 cells would be the reason why such reduction was not observed.
Therefore, further studies would be needed to assess the significance of EGFR to the drug-
tolerant HT-29 cells.

Another limitation to the study is the lack of additional control consisting of CRISPR-treated
cells that are cultured for the whole duration of the drug-treatment (10 days) in absence of the
drug. This control would have been important to show that the proportion of knockout cells

does not decrease itself by time and that the decrease is indeed caused by the effect of drugs.
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It would be worthwhile to repeat the knockout experiments including the additional untreated
control cells cultured as long as the drug-treated cells. Still, more important would be to
overcome the low knockout efficiency mainly including the issues with the low nucleofection
efficiency. Additionally, cell lines with homozygous ERBB receptor knockout could be
produced and used for the experiments. This would exclude the influence of the knockout
efficiency on the results. The use of knockout cell lines would also enable the use of cell
viability tests to investigate if the viability of the drug-tolerant knockout cells is decreased

compared to the wild-type cells by the drug treatment.
3.3 Conclusion and future directions

The results of this thesis indicate the importance of ERBB2 and ERBB3 to drug-tolerant H3122
cells as well as highlight the already established role of EGFR in drug resistance in ALK-

rearranged NSCLC. The results also demonstrate the importance of ERBB2 to drug-tolerant
HT-29 cells.

These results contribute to understanding the behavior of drug-tolerant cell populations and the
evolution of the ERBB signaling in these cells over a longer time-period. Discovering the
pathways crucial for the viability of these drug-tolerant cells can enable finding more effective
treatment strategies to possibly eradicate these cells. Based on the results of this thesis it could
be suggested that targeting EGFR, ERBB2 and ERBB3 in addition to ALK inhibition might
benefit the patients with ALK-positive NSCLC and hinder the resistance development. Also,
targeting ERBB2 in addition to EGFR and BRAF in BR4F-mutated colorectal cancer could be
more effective than the current SOC. Effectiveness of pan-ERBB inhibitors in combination
with the drug targeting the oncogenic driver mutation could also be evaluated as possible
treatment combination in treatment of these two cancers. All in all, more studies are required

to validate the potential of these treatment combinations in the clinic.
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4 Materials and methods

4.1 Cell culture

EBC-1, H3122, HCC827, HT-29 and T47D cells were cultured in RPMI 1640 medium
(Euroclone, cat. no. ECB9006L), whereas A375 and BT-474 cells were cultured in DMEM
(Euroclone, cat. no. ECB7501L). Both cell culture mediums were supplemented with 10 % fetal
bovine serum (Biowest, cat. no. S181B), 1 % penicillin-streptomycin (Euroclone, cat. no.
ECB3001D) and 1 % L-glutamine (Euroclone, cat. no. ECB3004D). In addition, the medium
for T47D cells contained 0.01 mg/ml human insulin (Merck, cat. no. 19278-5ML). All cell lines
were sustained in a humidified incubator with 5 % CO; level and +37 °C temperature. The cells

were passaged to new cell culture plates once reaching 80 % confluency using trypsin (Thermo

Fisher Scientific, Gibco™, cat. no. 25-200-072).
4.2 ERBB knockouts using CRISPR and nucleofection

The necessity of the ERBB receptors for the survival of drug-tolerant cells was studied by
knocking out the ERBB receptors separately. CRISPR-Cas9 using RNP and nucleofection to

deliver the RNP into the cells was used to produce the knockout cell pools.
4.2.1 RNP complex assembly

To produce a complete gRNA, crRNA (Appendix 2 - crRNA sequences) and tracrRNA
(Integrated DNA Technologies (IDT), cat. no. 1073190) solutions were mixed 1:1 in a PCR
tube (Table 1), which was then incubated at +95 °C for 5 min. Thereafter, the solutions were
let to cool at room temperature (+20-25 °C). Next, Alt-R™ S.p. Cas9 Nuclease V3 (IDT, cat.
no. 1081059) was diluted in Cas9 working buffer (20 mM HEPES, 150 mM KCl, 1 mM MgCla,
10% glycerol and 1 mM TCEP) and added to the crRNA:tracrRNA solution by slowly
pipetting. The solution was incubated for minimum of 20 min at room temperature for RNP
complex assembly.

Table 1. The components for preparation of crRNA:tracrRNA solution (left column) and RNP complexes
(right column). The volumes are per one reaction.

crRNA:tracrRNA solution RNP complexes

2.6 yl Cas9 working buffer 3.36 pl Cas9 working buffer

1.2 ul 100 yM crRNA diluted in IDT Nuclease- 1.64 yl Alt-R™ S.p. Cas9 Nuclease V3
Free Duplex buffer (cat. no. 1072570)

1.2 ul 100 uM tracrRNA 5 pl crRNA:tracrRNA solution
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4.2.2 Nucleofection

The cells to be nucleofected were detached using trypsin and pelleted by 5 min centrifugation
at 300 rcf. The cell pellet was resuspended in suitable Nucleofector® solution (Table 2). Then,
20 pl of the cell suspension was added to a PCR tube containing 10 pl of the RNP complex
solution prepared in section 4.2.1 and mixed well by pipetting. 20 pl of the solution was
transferred to a well of Nucleocuvette® strip and the nucleofection was performed using the X
Unit of 4D-Nucleofector® system from Lonza. To determine nucleofection efficiency, 0.5 pl

of pmaxGFP™

plasmid (Lonza, cat. no. V4XC-1032) encoding GFP was nucleofected alone
in a separate reaction. After nucleofection, the cells were let to sit in the Nucleocuvette® strip
for 10 min to increase the nucleofection efficiency. Thereafter, 100 ul of cell culture medium
was added to each well and cells were transferred to a well of 6-well plate containing 2 ml of
cell culturing medium.

Table 2. Nucleofection conditions for each cell line including the number of nucleofected cells per one
reaction, nucleofector solution and program.

Cell line Number of cells per one | Nucleofector Nucleofector
reaction solution program

T47D 400 000 SE (Lonza, cat. no. EN-104
V4XC-1032)

H3122 400 000 SE (Lonza, cat. no. CA-137
V4XC-1032)

HT-29 300 000 SF (Lonza, cat. no. FF-137
V4XC-2032)

4.2.3 Post-nucleofection

The newly nucleofected cells were incubated in a humidified incubator at 5% CO2 and +37 °C
for minimum of 48 h. Thereafter, the cells were either passaged onto larger cell culture dishes
in order to grow enough cells for 10-day drug treatments described in section 4.3.3 or the cells
were used for preparing samples for western blotting as described in 4.4.1. The cells
nucleofected with pmaxGFP™ plasmid were imaged 24 h post-nucleofection using bright-field

and fluorescence imaging with EVOS M5000 Imaging System from Thermo Fisher Scientific.
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4.3 10- and 30-day drug treatments with SOC targeted therapies

To study ERBB receptor and downstream signaling activation, oncogene-addicted cancer cell
lines were treated for 10- and 30-days with SOC targeted therapies. In addition, to study the
necessity of the ERBB receptors for the viability of drug-tolerant cells, ERBB receptor
knockout cell pools (section 4.2) were treated with the SOC targeted therapies for 10 days.

4.3.1 10-day treatment of wild-type oncogene-addicted cancer cells

The cells were seeded on cell culturing dishes of 10 cm or 15 cm in diameter as listed in Table
3. One day post-seeding, the drug treatments were started. The drugs and drug concentrations
used for each cell line are listed in Table 4. The drugs (excluding cetuximab) were first diluted
in DMSO to reach a concentration of 1 mM before mixing them to the cell culture medium to
reach the final drug concentration. DMSO with a final concentration of 14 mM was used for
the control cells. Before adding the new drug medium, the old cell culture medium was
removed, and the cells were washed with PBS (Thermo Fisher Scientific, GibcoTM, cat. no.

10010-015).
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Table 3. The number of cells seeded per dish for 10-day SOC targeted therapy treatments in wild-type
oncogene-addicted cancer cell lines. The cells were seeded on cell culturing dishes, which were either
10 cm or 15 cm in diameter. One dish was used per condition.

Cell line Number of cells seeded per dish
Control 24-h 10-day

treatment treatment
A375 300 000 300 000 5000 000
Melanoma cells/ 10 cm cells/ 10 cm cells/ 15 cm
with BRAF dish dish dish
V600E point
mutation
BT-474 700 000 700 000 5000 000
Breast cells/ 10 cm cells/ 10 cm cells/ 10 cm
cancer with dish dish dish
HER?2
amplification
EBC-1 500 000 500 000 3500 000
NSCLC with cells/ 10 cm cells/ 10 cm cells/ 15 cm
MET dish dish dish
amplification
H3122 500 000 500 000 2 000 000
NSCLC with cells/ 10 cm cells/ 10 cm cells/ 15 cm
ALK fusion dish dish dish
HCC827 800 000 800 000 2 000 000
NSCLC with cells/ 10 cm cells/ 10 cm cells/ 15 cm
EGFR del19 dish dish dish
HT-29 500 000 500 000 3 000 000
Colorectal cells/ 10 cm cells/ 10 cm cells/ 15 cm
cancer with dish dish dish
BRAF V600E
point
mutation
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Table 4. The SOC targeted drug treatments used for each cell line. Same drugs and drug concentrations
were used in experiments described in sections 4.3.1, 4.3.2 and 4.3.3.

Cell line Treatment Drug target
A375 1 uM Dabrafenib BRAF and MEK
Melanoma with BRAF V600E | (MedChemExpress, cat. no.
point mutation HY-14660) + 100 nM
Trametinib (Selleck Chemicals,
cat. no. S2673)
BT-474 1 UM Lapatinib (Cayman HER2
amplification
EBC-1 1 uM or 100 nM Crizotinib MET
NSCLC with MET amplification | (Tocris Bioscience, cat. no.
4368)
H3122 1 UM Crizotinib (Tocris ALK
NSCLC with ALK fusion Bioscience, cat. no. 4368)
HCC827 1 uM Osimertinib (Cayman EGFR
NSCLC with EGFR del19 Chemical, cat. no. 16237)
HT-29 1 uM Dabrafenib BRAF and EGFR
Colorectal cancer with BRAF (MedChemExpress, cat. no.
V600E point mutation HY-14660) + 10 ug/ml
Cetuximab (Merck, Erbitux®,
stock concentration 5 mg/ml)

Samples for western blotting (section 4.4.1) were prepared from the cells on control and 24-h
treatment dishes 24 h after beginning the drug treatment. Furthermore, western blotting samples
from the cells on the 10-day treatment dish were prepared 10 days after beginning the treatment,

and the drug medium for these cells was changed to fresh one on the fifth day of the treatment.
4.3.2 30-day treatment of wild-type oncogene-addicted cancer cells

The cells were seeded on cell culturing dishes of 10 and 15 cm in diameter as described in Table
5. The drug treatment was started one day after seeding and was performed the same way as
described in section 4.3.1. The drug medium was changed to fresh one every 3-4 days. Western
blotting samples (section 4.4.1) were prepared from the control and 24-h treated cells 24 h after
starting the drug treatment and from cells treated for longer the samples were prepared at their
given timepoint (Table 5). Before lysing the cells, they were counted using Bio-Rad TC10™

automated cell counter.
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Table 5. The number of cells seeded per dish for 30-day treatment of wild-type oncogene-addicted
cancer cell lines. Cell culturing dishes of 10 or 15 cm in diameter were used and the cells were seeded
on two dishes per condition.

Cell line Number of cells seeded per dish
Control 24-h 10-day 20-day 30-day

treatment treatment treatment treatment
A375 300 000 300 000 5000 000 5000 000 5000 000
Melanoma cells/ 10 cm cells/ 10 cm cells/ 15 cm cells/ 15 cm cells/ 15 cm
with BRAF dish dish dish dish dish
V600E point
mutation
BT-474 700 000 700 000 5000 000 5000 000 5000 000
Breast cells/ 10 cm cells/ 10 cm cells/ 10 cm cells/ 15 cm cells/ 15 cm
cancer with dish dish dish dish dish
HER?2
amplification
H3122 500 000 500 000 2 000 000 2 000 000 2 000 000
NSCLC with cells/ 10 cm cells/ 10 cm cells/ 15 cm cells/ 15 cm cells/ 15 cm
ALK fusion dish dish dish dish dish
HCC827 800 000 800 000 2 000 000 2 000 000 2 000 000
NSCLC with cells/ 10 cm cells/ 10 cm cells/ 15 cm cells/ 15 cm cells/ 15 cm
EGFR del19 dish dish dish dish dish
HT-29 500 000 500 000 3 000 000 3 000 000 3 000 000
Colorectal cells/ 10 cm cells/ 10 cm cells/ 15 cm cells/ 15 cm cells/ 15 cm
cancer with dish dish dish dish dish
BRAF V600E
point
mutation

4.3.3 10-day treatment of ERBB receptor knockout cell pools

The cells were seeded for the experiment according to Table 6. The drug treatments were started
one day post-seeding and performed the same way as described in section 4.3.1. The cell culture
mediums were changed for 10-day treatment dishes on the fifth day after beginning the drug
treatments. Genomic DNA was extracted from the cells either 24 h (control cells) or 10 days
(drug-treated cells) after beginning the treatment according to the protocol described in section

4.5.1.
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Table 6. The number of cells seeded per dish for 10-day treatment of ERBB receptor knockout cell
pools. The cells were seeded on cell culturing dishes of 10 or 15 cm in diameter, and one dish was used
per condition.

Cell line Number of cells seeded per
dish
24-h control | 10-day
treatment
H3122 500 000 2 000 000
NSCLC with cells/ 10 cm cells/ 15 cm
ALK fusion dish dish
HT-29 500 000 3 000 000
Colorectal cells/ 10 cm cells/ 15 cm
cancer with dish dish
BRAF V600E
point
mutation

4.4 Western blot
4.4.1 Sample preparation

First, the cells were detached using trypsin and transferred to a falcon tube following
centrifugation at 300 rcf for 5 min at +4 °C. The supernatant was removed, and the cells were
resuspended in ice-cold PBS and transferred to an Eppendorf tube following centrifugation at
300 rcf for 5 min at +4 °C. PBS was removed and the cells were resuspended in an appropriate
volume of lysis buffer (Appendix 1 - Preparation of buffers for western blotting) ranging
roughly from 100 to 400 pl depending on the pellet size. Next, the sample was centrifuged at
21 130 rcf for 5 min at +4 °C. The supernatant containing the protein was transferred to a new

Eppendorf tube.

Protein concentration in the lysates was determined using Bradford assay. Briefly, the Bio-Rad
Protein Assay Dye Reagent Concentrate (cat. no. 5000006) was diluted 1:5 in Milli-Q water.
200 pl of the diluted reagent and 2 pl of lysate was mixed in one well of a 96-well plate.
Absorbance was measured using Multiskan FC from Thermo Fisher Scientific. Each sample

was measured in duplicates.

After determining the protein concentrations, 6X SDS sample buffer (Appendix 1 - Preparation
of buffers for western blotting) was added 1:6 to the lysates and the samples were boiled at

+95 °C for 5 min to denature protein.
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4.4.2 SDS-page

The components for SDS-page gels are listed in Table 7. First, the components of resolving gel
were mixed in a falcon tube and the solution was cast between two glass slides. The resolving
gel was let to polymerize for 30 min before the stacking gel and comb were added on top.

Table 7. The components for preparation of SDS-page gels. The given volumes are for preparation of
one gel.

Stacking gel Resolving gel (8% acrylamide)
Milli-Q water 1.525 ml Milli-Q water 3.625 ml
30% acrylamide 325 pl 30% acrylamide 2 mi
4xTris-Cl/SDS pH 6.8 | 625 pl 4xTris-CI/SDS pH 8.8 | 1.875 ml
10% APS 12.5 pl 10% APS 25l
TEMED 5 ul TEMED 5ul

15 to 45 pg of the protein sample was loaded per well. BlueStar Plus Prestained Protein Marker
(Nippon Genetics, cat. no. MWP04) was used as the protein size marker. The gel was run at
70 V for 20 min before increasing the voltage to 120 and, thereafter, the gel was let to run for

90 min.
4.4.3 Protein transfer, blocking and imaging of the membranes

Wet tank transfer was performed using Mini Trans-Blot® cell from Bio-Rad and Bio-Rad 0.2
pum nitrocellulose membranes (cat. no. 1620112). Preparations for the protein transfer were
performed according to the manufacturer’s instructions (Bio-Rad, n.d.). The transfer was

carried out at 20 V overnight at +4 °C.

Following protein transfer, the membranes were blocked in 5 % milk powder in Tris-buffered
Saline with Tween 20 (TBST) for 1 h following 3 x 5 min washing in TBST (Appendix 1 -
Preparation of buffers for western blotting) on a shaker. Incubation with the primary antibodies

(Table 8) was performed overnight at +4 °C.
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Table 8. Primary antibodies and their dilutions used for western blotting. NaNs solution was added to
each antibody dilution 1:1000 to increase its storage time. BSA = bovine serum albumin.

Primary antibody

Dilution

2220)

Anti-pEGFR (Cell Signaling Technology, cat. no.

1:1000 in 5 % BSA in TBST

Anti-pERBB2 (Cell Signaling Technology, cat.
no. 2247)

1:1000 in 5 % BSA in TBST

Anti-pERBB3 (Cell Signaling Technology, cat.
no. 4791)

1:1000 in 5 % BSA in TBST

Anti-pERBB4 (Cell Signaling Technology, cat.
no. 4757)

1:1000 in 5 % BSA in TBST

Anti-EGFR (Cell Signaling Technology, cat. no.
2232)

1:1000 in 5 % BSA in TBST

Anti-ERBB2 (Invitrogen, cat. no. MA5-14057)

1:2000 in 5 % BSA in TBST

12708)

Anti-ERBB3 (Cell Signaling Technology, cat. no.

1:1000 in 5 % BSA in TBST

4795)

Anti-ERBB4 (Cell Signaling Technology, cat. no.

1:1000 in 5 % BSA in TBST

Anti-ERBB4 (Abcam, cat. no. ab32375)

1:1000 in 5 % BSA in TBST

Anti-pAKT (Cell Signaling Technology, cat. no.
4060)

1:1000 in 5 % BSA in TBST

Anti-AKT (Cell Signaling Technology, cat. no.
2920)

1:1000 in 5 % BSA in TBST

Anti-pERK (Cell Signaling Technology, cat. no.
9101)

1:1000 in 5 % BSA in TBST

Anti-ERK (Cell Signaling Technology, cat. no.
9102)

1:1000 in 5 % BSA in TBST

Anti-B-tubulin (Merck, cat. no. T7816)

1:10 000 in 5 % BSA in TBST

After the overnight incubation with primary antibodies, the membranes were washed in TBST

3x5min following 1h incubation with the secondary antibodies (Table 9) at room

temperature. Thereafter, the membranes were washed again in TBST 3 x 5 min and imaged

using Odyssey® CLx from LI-COR Biosciences.

Table 9. Secondary antibodies and their dilutions used for western blotting.

Secondary antibody

Dilution

IRDye® 800CW Donkey anti-Rabbit IgG (LI-
COR Biosciences, cat. no. 926-32213)

1:15 000 in 5% milk powder in TBST

IRDye® 800CW Donkey anti-Mouse 1gG (LI-
COR Biosciences, cat. no. 926-32212)

1:15 000 in 5% milk powder in TBST
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4.4.4 Stripping

In order to remove bound primary and secondary antibodies before reprobing, the membranes
were incubated in stripping buffer (Appendix 1 - Preparation of buffers for western blotting)
3x 10 min at room temperature following washing in TBST 3 x 5 min. Thereafter, the
membranes were re-blocked and incubated together with new primary antibodies as described

in section 4.4.3.
4.5 Sample preparation for Next-generation sequencing

Next-generation sequencing was used to determine the proportion of wild-type and ERBB
knockout cells in CRISPR-treated pool of cells containing wild-type cells, heterozygous and

homozygous knockout cells as well as cells with in-frame indels.
4.5.1 DNA extraction

The cells were detached using trypsin, transferred into a falcon tube, and centrifuged for 5 min
at 300 rcf. Then, the cells were resuspended in PBS, transferred into an Eppendorf tube, and
centrifuged again 5 min at 300 rcf. PBS was removed and DNA extraction was performed using
NucleoSpin® Tissue kit from Macherey-Nagel (cat. no. 740952) following the manufacturer’s
protocol. In brief, the cells were resuspended in 200 pl of buffer T1. 25 pl of Proteinase K and
200 pl of buffer B3 were added and the sample was mixed by vortex. Then, the sample was
incubated at +70 °C for 15 min. 210 pl of 99.5 % ethanol was added to the sample and the
sample was mixed again by vortex. The whole sample was transferred into NucleoSpin® Tissue
Column placed into a collection tube. Then, the sample was centrifuged 1 min at 11 000 rcf and
the flow-through was discarded. The membrane was washed first with 500 ul buffer BW and
then with 600 pl buffer BS. The sample was centrifuged for 1 min at 11 000 rcf after addition
of each washing buffer as well as once after completing the washing steps to dry the membrane.
Finally, the DNA was eluted to 100 pl buffer BE and the DNA concentration was determined
using NanoDrop ND-1000 Spectrophotometer.

4.5.2 PCR and agarose gel electrophoresis

For the next-generation sequencing, short DNA sequences of 200-250 bp containing the
genomic area targeted by CRISPR-Cas9 had to be amplified from the extracted genomic DNA.
Primers for this purpose were designed and ordered from Eurofins Scientific (Appendix 3 -

PCR primer sequences). The set up for PCR reactions and the PCR cycling conditions are listed
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in Table 10. All components were assembled in ice before transferring the reaction mixtures

into Applied Biosystems™ Veriti™ 96-Well Thermal Cycler.

Table 10. PCR reaction set up (left side) and cycling conditions (right side). The PCR master mix
contained Phusion High-Fidelity DNA Polymerase.

Component Amount Step Temperature | Time
Phusion® Hot Start Flex 2X | 25 Initial 98 °C 30s
Master Mix (NEB, cat. no. Denaturation

M0536) Denaturation | 98 °C 10s
Forward primer (10 uM) 2.5yl 35 cycles Annealing 61 °C 20's
Reverse primer (10 yM) 2.5 ul Extension 79 oC 10s
Template DNA 150 ng Final 79 oC 5 min
AccuGENE™ water To 50 pl Extension

Following PCR, amplification of the correct DNA sequence was confirmed using agarose gel
electrophoresis. Gel with 1% agarose in Tris-acetate-EDTA buffer and 1:25 000 Midori Green
Advance DNA stain (Nippon Genetics, cat. no. MG04) was prepared. 5 ul of PCR product was
mixed with 1 pl of Gel Loading Dye, Purple (6X) (NEB, cat. no. B7024S) and loaded onto the
agarose gel. GeneRuler 100 bp DNA Ladder from Thermo Fisher Scientific (cat. no. SM0241)
was used as a DNA size marker. The gel was imaged using ChemiDoc™ MP Imaging System
from Bio-Rad. In case additional, undesired DNA sequences were amplified in addition to the
correct PCR product, the PCR products were separated by agarose gel electrophoresis from the

whole remaining PCR sample.

NucleoSpin® Gel and PCR Clean-up kit from Macherey-Nagel (cat. no. 740609) was used to
either purify the PCR product directly or from agarose gel. In brief, 45 pl of the PCR sample
was mixed with 90 pl of buffer NTI or in case of purification from agarose gel, 200 ul of buffer
NTI was added per 100 mg of gel. The gel was dissolved by incubation at +50 °C for 5-10 min.
Then, the whole sample was transferred into NucleoSpin® Gel and PCR Clean-up Column
provided in the kit and centrifuged 30 s at 11 000 rcf to bind the DNA on the membrane. The
membrane was washed twice by adding 700 pul of buffer NT3 following 30 s centrifugation at
11 000 rcf. The membrane was dried by 1 min centrifugation at 11 000 rcf. The DNA was
eluted into 40 pl of buffer NE and the DNA concentrations were determined using NanoDrop
ND-1000 Spectrophotometer. 35 ul of the purified PCR product with DNA concentration
between 10 and 40 ng/ul was sent for deep sequencing by the CRISPR Sequencing service from
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Center for Computational and Integrative Biology DNA core of Massachusetts General

Hospital (MGH CCIB DNA Core, 2023).
4.6 Data analysis

To determine nucleofection efficiency from bright-field and fluorescence cell images, Imagel
software was used to determine the total cell area and the area of cells expressing GFP. The
deep sequencing data was processed using CRISPResso2 software (Clement et al., 2019). To
assess whether the VAF data followed normal distribution, the results from D’Agnostino-
Pearson test, Anderson-Darling test and Shapiro-Wilk test were compared. As the data did not
follow normal distribution, the Wilcoxon signed-rank test was used to determine the difference
in frameshift mutation allele frequencies between untreated and treated samples. A p-value
below 0.05 was considered as a mark for statistically significant difference. The statistical

testing was done, and all graphs were produced using GraphPad Prism version 10.2.0.
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6 List of abbreviations

ALK

CYT

EGFR

EMLA4

ERBB

ERK

HB-EGF

HER

M

MEK

NRG

NSCLC

PI3K

PTK

RTK

SSOHER4

SOC

TACE

TBST

TGF-a

VAF

anaplastic lymphoma kinase

cytoplasmic

epidermal growth factor receptor

echinoderm microtubule-associated protein-like 4
erythroblastic leukemia viral oncogene homolog
extracellular-signal-regulated kinase
heparin-binding EGF-like growth factor

human epidermal growth factor receptor
juxtamembrane

mitogen-activated protein kinase/ERK kinase
neuregulin

non-small cell lung cancer

phosphoinositide 3-kinase

protein tyrosine kinase

receptor tyrosine kinase

intracellular domain of ERBB4

standard-of-care

tumor necrosis factor-o converting enzyme
tris-buffered saline with tween 20

transforming growth factor a

variant allele frequency
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Appendices

Appendix 1 - Preparation of buffers for western blotting
Lysis buffer

Amounts for preparation of 20 ml of lysis buffer used for preparation of samples for western blotting.
Lysis stock containing all the components except the protease and phosphatase inhibitor cocktail was
prepared and stored at 4 °C. The protease and phosphatase inhibitor cocktail was added separately to
the used volume of lysis stock each time before adding the lysis buffer to the cells.

Component Amount
NP-40/Triton X-100 200

1M Tris-ClpH 7.4 200 pl

0.5 M EDTA 40 pl

1 M NaF 200

MQ water 19.36 ml
100X Halt™ Protease and Phosphatase Inhibitor | 1:100 dilution
Cocktail (Thermo Fisher Scientific, cat. no.

78440)

6x SDS sample buffer

Components for preparation of 6x SDS sample buffer.

Component Amount
4x Tris-Cl/SDS pH 6.8 7 mi
Glycerol 3ml
SDS 19

DTT 0.93¢g
Bromphenol blue 1.2mg

10x Western buffer

Components for preparation of 2 L of 10x western buffer, which was used for preparation of SDS-page
running buffer and transfer buffer.

Component Amount
Tris 60.4 g
Glycine 288 ¢g
MQ water 2L




Running buffer

Components for preparation of 5 L of SDS-page running buffer.
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Component Amount
10x western buffer 500 ml
SDS 59
MQ water 45L
Transfer buffer
Components for preparation of 5 L of transfer buffer.
Component Amount
10x western buffer 500 ml
Methanol 1L
MQ water 35L

Stripping buffer

Components for preparation of 2 L of stripping buffer.

Component Amount
Glycine 15.01 ¢
HCI 10 ml
MQ water 2L

10x TBST

Components for preparation of 2 L of 10x TBST. The 10x buffer was diluted 1:10 in MQ water before

use.
Component Amount
NaCl 176 g
Tween20 10 ml
1 M Tris-HCI pH 7.5 200 ml
MQ water 18L
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Appendix 2 - crRNA sequences

Sequences of crRNAs used for knocking out ERBB receptors by CRISPR-Cas9. The crRNAs were
ordered from IDT.

crRNA name Sequence
Hs.Cas9.EGFR.1.AA TGCTGACTATGTCCCGCCAC
Hs.Cas9.EGFR.1.AC GAGTAACAAGCTCACGCAGT
Hs.Cas9.ERBB2.1.AB GCCCTTACACATCGGAGAAC
Hs.Cas9.ERBB2.1.AC GATAGACACCAACCGCTCTC
Hs.Cas9.ERBB3.1.AA GAGGGACCCAGGTCTACGAT
Hs.Cas9.ERBB3.1.AB CACTGTACAAGCTCTACGAG
Hs.Cas9.ERBB4.1.AA CGTTGCCATAAGTCCTGTAC
Hs.Cas9.ERBB4.1.AB AGTCACAGGCTACGTGTTAG

Appendix 3 - PCR primer sequences

Nucleotide sequences, Tm values and GC content of DNA primers used for amplifying regions of
genomic DNA targeted by CRISPR-Cas9. The annealing temperature for each primer pair is included.

Primer name Nucleotide sequence Tm GC Annealing
content temperature

EGFR_AA_fwd ATGCGAAGAGCACATGCATC 61°C 50 % 63 °C
EGFR_AA rev TATGCGACACTTACAGCTGC 60 °C 50 %

ERBB2_AB_fwd TGTTACTAACCCGTCCTCTC 58 °C 50 % 61 °C
ERBB2_AB_rev CCTGTATGACACCTGCATTC 58 °C 50 %

ERBB3_AA_fwd TGACAGGCTATGTCCTCGTG 61°C 55 % 64 °C
ERBB3_AA rev TACCAGTCTTGGGCTGGCTG 64 °C 60 %

ERBB4_AA_fwd GATGACCAGAGGCATGAAATG 59 °C 48 % 61 °C
ERBB4_AA rev CTCCTAGTCAAGGAGTGAAAG 57 °C 48 %




