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1. Abstract

Combinatorial therapies targeting the MAPK pathway and EGFR have shown
promising efficacy in clinical trials in BRAF mutant colorectal cancer (CRC)
patients. However, responses are limited in duration. In this thesis a broad panel
of cell lines resistant to seven different clinically-relevant drug combinations was
generated in a comprehensive effort to define the molecular landscape of acquired
resistance mechanisms in BRAF mutant CRC and guide development of
therapeutic strategies to overcome resistance. Genotyping of resistant cells
identified gene amplification of EGFR, KRAS, MET and mutant BRAF, as well as
acquired mutations in KRAS, EGFR and MAP2K1. In order to establish the clinical
relevance of the molecular mechanisms of drug resistance identified in vitro, deep-
sequencing was carried out on tumor samples from two BRAF mutant metastatic
CRC (mCRC) patients who acquired resistance to MAPK inhibitor treatment. In
one case emergence of a KRAS G12C mutation and increase of mutant BRAF
V600E allele were detected at relapse from combined treatment with BRAF and
MEK inhibitors. In the other patient an increase in MET gene copy number was
identified at resistance after combined BRAF and EGFR blockade.

The second part of this thesis investigated strategies to overcome acquired
resistance. In some cases we identified molecular mechanisms that are targetable
such as amplification or mutation of EGFR and MET gene amplification. The latter
also emerged in a tumor biopsy from a patient with clinical acquired resistance to
dual EGFR and BRAF blockade. Based on pharmacological data on BRAF mutant
resistant cells with acquired MET amplification, the patient received the BRAF

inhibitor vemurafenib combined with the dual ALK-MET inhibitor crizotinib



achieving four months of clinical response. However, despite the initial benefit,
disease progressed. Solid and liquid biopsies identified a further increase in MET
gene hyper-amplification as the most likely mechanism of acquired resistance to
the second combination of target therapies. Additionally we investigated strategies
to tackle BRAF mutant tumors after they had progressed on target therapies
independently on the specific molecular mechanism emerged at resistance. Such
strategies included ERK inhibitor-based combinations, proteasome degradation
impairment by carfilzomib, target therapy drug holidays followed by rechallenging.

Pharmacological testing of ERK inhibitor-based combinations or carfilzomib
impaired the viability of almost all resistant cells. Preliminary data indicated that
discontinuing drug treatment for a month was sufficient to restore drug sensitivity
in two out of four resistant cell models. These results suggest possibly strategies

to overcome resistance with promising clinical translation.



2. Introduction

2.1. Colorectal cancer —an overview

Colorectal cancer (CRC) is an enormous public health burden. In 2013, 771.000
people died as a result of CRC globally, making the disease the fourth-most
common cause of cancer-related death worldwide after lung, liver and stomach
cancer [1]. Both genetic and environmental factors play an important part in the
etiology of CRC. The majority of CRCs are sporadic and its high incidence in
developed countries can be attributed to the increasingly ageing population,
unfavorable modern dietary habits and an increase in risk factors, such as

smoking, low physical exercise and obesity (reviewed in [2]).

In the colon, the evolution of normal epithelial cells to adenocarcinoma follows a
predictable progression of histological and concurrent epigenetic and genetic
changes (Figure 1). Two pathways have been identified to lead transformation
from normal intestinal epithelium to cancer. According to the first, tumors will
develop sporadically stepwise from benign adenomatous polyps evolving into an
early adenoma and finally into a CRC [3]. These tumors usually arise in the left
colon and are characterized by chromosomal instability (CIN) resulting in
aneuploidy, with both chromosomal gains and losses [4-7]. CIN are the most
frequent and heterogeneous phenotype detected in CRC accounting for about
85% of the total CRCs [8]. At the beginning of the multistep process, aberrant
lesion of the intestinal crypt is formed, that is generally due to adenomatous

polyposis coli (APC) inactivation. The progression to adenoma and early



carcinoma needs instead first kirsten rat sarcoma (KRAS) activating mutation, then
protein 53 (p53) alteration and chromosome 18q loss of heterozygosity (LOH).
Other mutations, such as phosphatidylinositol 3-kinase (PIBKCA) activation, can
occur at the later stages in a small subset of CRCs. Other features of CIN
colorectal tumors are LOH, copy number amplification and chromosomal
imbalances in terms of number and size [9]. Genotyping studies have also found
that CIN cancers are associated with low or no microsatellite instability, also

referred as microsatellite stable (MSS) [10].

The second pathway leading to colorectal malignancies has identified a subset of
polyps, called sessile serrated polyps, which arise by molecular and histological
events that are distinct from the classic tubular adenomas (Figure 1) [6, 7].
Serrated polyps arising in the right colon are commonly not CIN but often exhibit
extensive DNA methylation of CpG islands (CIMP). Albeit during cancer formation
the methylation levels globally decrease, there is a local hypermethylation of
promoters that, in turn, can lead to a downregulation of expression of tumor
suppressor genes, such as APC and MutL homolog 1 (MLH1) [10, 11]. MLH1 is
protein involved in the mismatch repair (MMR) system. Impaired MMR during
replication gives rise to the accumulation of DNA mutations, which occur, in
particular, in short nucleotide repeat of 1-6 bp (called microsatellite), leading to
microsatellite instable (MSI) tumors [12]. Additionally, v-RAF murine sarcoma viral
oncogene homolog B (BRAF) mutation is considered as a driver in serrated
pathway and is overrepresented in sporadic CRC tumors with MSI and CIMP [4,

13, 14].
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Figure 1. Colorectal cancer progression models. Two different normal colon to
colorectal cancer sequences have been identified. Both sequences involve the
progression of normal colon epithelial cells to aberrant crypt foci, followed by early and
advanced polyps with subsequent progression to early cancer and then advanced cancer.
The ‘classic’ or traditional pathway (top) involves the development of tubular adenomas
that can progress to adenocarcinomas. An alternate pathway (bottom) involves serrated
polyps and their progression to serrated colorectal cancer. The genes mutated or
epigenetically altered are indicated in each sequence; some genes are shared between
the two pathways, whereas others are unique (for example, BRAF mutations and CpG
island methylator phenotype (CIMP) only occur in the serrated pathway). The signaling
pathways deregulated during the progression sequence are also shown. Figure adapted
from [15].

In 2012, the Cancer Genome Atlas (TCGA) project published the result of full
genomic profiling of 276 CRC samples, including exome sequencing, DNA copy
number, promoter methylation, mMRNA and miRNA expression [4]. This large-scale
analysis found that alterations in the WNT—-catenin, transforming growth factor-3
(TGFB), epidermal growth factor (EGF)—mitogen-activated protein kinase (MAPK)
and PI3K signaling pathways are nearly ubiquitous events in CRC [4, 16].
However, tumors with CIN (which are generally non-hyper-mutated) and tumors

with MSI (which are typically hyper-mutated) seem to have distinct sequence and

pattern of genetic and epigenetic events [17]. A possible example is the activation



of the WNT—B-catenin pathway which is mainly driven by APC mutations in MSS
samples [4], whereas ring finger protein 43 (RNF43) mutations and R-spondin
(RSPO) family fusions are strongly enriched in MSI CRC [16, 18]. Moreover,
genetic alterations of TP53 and DNA damage response kinase
ataxiatelangiectasia (ATM) have a mutually exclusive pattern and are predominant

in MSS and MSI tumors, respectively [4].

So far, chemotherapy is often the main treatment for advanced CRC and is
preceded, in some cases, by surgery at sites of metastasis. Cytotoxic regimens
including 5-fluorouracil/leucoverin/oxaliplatin (FOLFOX) and 5-
fluorouracil/leucoverin/irinotecan (FOLFIRI) and in selected cases FOLFOXIRI [19]
remain the backbone of first-line metastatic CRC therapy [20]. These treatments
achieved a median overall survival (OS) of around 20 months when administered
together or sequentially [20]. The introduction of biological agents with monoclonal
antibodies targeting the vascular endothelial growth factor - VEGF (bevacizumab)
and the epidermal growth factor receptor - EGFR (e.g., cetuximab and
panitumumab) have improved the survival outcomes, especially when used in
combination with cytotoxic chemotherapy [21, 22]. Nonetheless, use of such
biologic agents must be preceded by a detailed knowledge of the specific genomic
profiling of a given patient. For example, RAS mutations, which occur in 45-55%
of all patients with metastatic CRC [23], are contraindications to the administration
of anti-EGFR therapies, as these activating mutations occur downstream of EGFR
and are associated with poor outcomes when used in patients with RAS-mutated

metastatic CRC [24, 25].



2.2. The MAPK pathway

The RAS/RAF/MEK/ERK signaling cascade, known as the mitogen-activated
protein kinase (MAPK) pathway, regulates cell responses to environmental cues
[26] and plays an important role in human cancer [27]. Members of this pathway
includes the RAS small guanine-nucleotide binding protein and the protein kinases
RAF, MEK (mitogen and extracellular-regulated protein kinase), and ERK. All
these family proteins are characterized by multiplicity of their components. In
particular there are three RAS (KRAS, HRAS and NRAS), three RAF (ARAF,
BRAF, and CRAF), two MEK (MEK1 and MEK2), and two ERK (ERK1 and ERK2)
genes that encode proteins with non-redundant functions. The principal
mechanisms involved in the activation of MAPK pathway have been well
characterized [28]. Briefly, as depicted in Figure 2, the MAPK signaling is initiated
when an extracellular ligand binds to a specific receptor tyrosine kinase (RTK) at
the plasma membrane (such as EGFR). This binding promotes receptor
dimerization and autophosphorylation on intracellular tyrosine residues that in turn
act as recognition sites for proteins containing Src homology 2 (SH2) or
phosphotyrosine binding (PTB) domains, including the adaptor proteins Shc and
Grb2. Son of sevenless (SOS) is then recruited from the cytosol to the plasma
membrane through Shc and Grb2 and acts as the major guanine nucleotide
exchange factor (GEF) that catalyzes the conversion of inactive RAS-GDP to
active RAS-GTP [29]. Activated Ras-GTP can in turn recruit RAF to the inner face
of the plasma membrane, where it is activated (for review, [30]). RAF dimerization
is a required step in RAS-mediated RAF activation [31]. Like most kinases, the

RAF activation is a consequence of a structural conformational change. Under



normal signaling conditions, formation of this active conformation occurs through
an allosteric transactivation mechanism that is mediated by RAF dimerization and
necessitates RAS binding to promote dimer formation [32]. This allosteric
mechanism has been best characterized for RAS-induced BRAF/CRAF
heterodimers where BRAF activates CRAF [33, 34]; however, BRAF/BRAF and
CRAF/CRAF homodimers have also been observed under physiological
conditions, but their activity was lower than that of the heterodimers [35]. Once
activated, RAF family members can activate MEK, which in turn activates ERK,
which can then be translocated into the nucleus in order to propagate the
downstream affect her functions of the MAPK signaling pathway (Figure 2) [36].
Activation of ERK triggers an array of negative regulatory events that serve to
inhibit the pathway. Indeed, ERK phosphorylates and inhibits receptors [37], the
GDP-GTP exchange factor SOS [38], BRAF and CRAF [39]. It also increases the
expression of MAPK phosphatases that inhibit the pathway [40]. The duration and
intensity of MAPK signaling activity affects how cells respond to extracellular
signals [26]. Therefore, the pathway must be carefully controlled to assure
appropriate responses to environmental cues. In normal cells, outcomes include
survival, proliferation, senescence, and differentiation, but in cancer the
constitutive pathway activation favors survival and proliferation [36]. Most cancer-
associated lesions that lead to constitutive activation of the MAPK signaling are
often mediated by overexpression of receptor tyrosine kinases, activating
mutations in receptor tyrosine kinases, sustained autocrine or paracrine production

of activating ligands, oncogene mutations (such as KRAS and BRAF) [41].



Ligand

RTK

ARRRRRARRARARARARARARANIE:
‘W“)‘J;m\ w‘l‘\w‘z“i“\‘l\‘f' |
vuuduauuauuut 1Uuyut { { {
J-.‘u‘.ut.bbuﬂu.‘-’d-nu‘-bul- .

nannAnnnRNRARINNNNN
guuuyuuyuuuguuuuuuuy

Proliferation
Differentiation
Growth
Survival

Figure 2. Activation of the MAPK-signaling pathway. Ligand-mediated dimerization of
receptor tyrosine kinases (RTKSs) triggers the intrinsic tyrosine-kinase activity. This is
followed by autophosphorylation of specific tyrosine residues on the intracellular portion of
the receptor. These phosphorylated tyrosine residues then bind GRB2. This complex
recruits SOS, a cytosolic protein, into proximity to RAS on the plasma membrane. RAS
family proteins (HRAS, NRAS and KRAS) cycle between the GDP-bound inactive form
and the GTP-bound active form. In an inactivated state, RAS is in the GDP-bound form.
The binding of SOS to RAS causes a change in the RAS conformation and leads to the
dissociation of GDP and binding of GTP. GTP-bound RAS is the activator of this signaling
module. It initiates the signal cascade by phosphorylating RAF, which family include c-
RAF1, ARAF and BRAF. RAF, in turn, phosphorylates the MEK (MEK1 and MEK2), which
then phosphorylates ERK (ERK1 and ERK2). Activated ERKs then translocate into the
nucleus where they phosphorylate specific substrates that are involved in the regulation of
various cellular responses. (reviewed in [42]).

2.2.1. RAF protein family
BRAF is a serine-threonine kinase, and together with ARAF and CRAF, forms the
RAF protein family in mammals. RAF proteins share three conserved regions:
CR1 (which bears a RAS-binding domain (RBD) and a cystein-rich domain (CRD))
and CR2 are both regulatory and present in the N-terminus. Moreover, CR3 is
located in the C-terminus and harbor the kinase domain. CR3 contains two regions

important for RAF activation: the activation segment and the negatively charged



regulatory region (called N-region) [30]. Though sharing several common
structural characteristics, the three RAF isoforms differ considerably in their modes

of regulation, tissue distributions and abilities to activate MEK [43]

2.2.2. Regulation of BRAF kinase activity
Trans-phosphorylation and autophosphorylation are important mechanisms by
which RAF protein activity are regulated. Activation of BRAF by RAS requires
autophosphorylation of threonine 599 and serine 602 [44]. Another serine, S446,
which is necessary for the activation of other RAF members, is constitutively
phosphorylated in BRAF, while the corresponding serine in ARAF and CRAF is
not. Indeed, in BRAF the S446 is located adjacent to two aspartic acids (D448,
D449) instead of two tyrosines which are present in ARAF and CRAF [44]. These
aspartic acids mimic phosphorylated tyrosines. As a result, BRAF has a stronger
basal activity and requires fewer phosphorylation steps to be active that the other

RAF proteins.

2.3. BRAF mutation in CRC

BRAF is the only RAF protein to be frequently mutated in cancer and its somatic
mutations were first reported in 2002 [45]. Among human cancers BRAF mutations
are found in over 60% melanoma samples [45] and in about 10-15% [46-49].
Approximately 90% of all BRAF mutations seen in CRC involve a single amino
acid substitution of valine by glutamate at the amino acid level within codon 600
(V600E) [50]. This BRAF mutation introduces a negative charge mimicking the

phosphorylation events that occur at threonine 599 and serine 602, and
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overcoming the requirement for phosphorylation at these sites in activation of
BRAF [44]. This amino acid change within the activation segment converts BRAF
into its active form, functioning as Ras-independent monomers [51], allowing the
constitutive activation of the MAPK signaling pathway [44], which in turn promotes
tumor cell proliferation and anti-apoptotic activity [52].

BRAF mutation is generally found in a mutually exclusive fashion with KRAS and
NRAS mutations, indicating that a single oncogenic insult to the ERK MAPK
pathway is sufficient for promoting tumorigenic activity [45, 46, 53, 54]. A recent
exome-wide mutational analysis of 119 BRAF mutant CRCs indicated that several
other pathways are concomitantly dysregulated in addition to MAPK signaling
(Figure 3) [49]. Indeed genes involving in the WNT—B-catenin, PI3K, TGF and
p53 signaling pathways are commonly mutated or epigenetically silenced
concomitantly to BRAF. Such a complex landscape might contribute to resistance

to BRAF target therapies when given as monotherapy.
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Figure 3. Concomitant genetic alterations in BRAF mutant CRC. BRAF mutant CRC
samples (n=119) were analysed for CIMP, MSI status, and either for truncating and
missense mutation (putative driver) on genes involved on MAPK, PI3K, P53, WNT and
TGFB signaling pathways. The most common alterations found in BRAF mutant CRC
samples affect PIK3CA, TP53 and RNF43 genes, which in turn dysregulate the PI3K, p53
and WNT pathways. Data were obtained from TCGA [4] and interrogated through
CbioPortal (http://www.cbioportal.org) [55, 56].
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2.4. Clinicopathologic characteristics of BRAF mutant CRC

BRAF mutant colorectal tumors are a specific disease subtype with a unique
patient population and associated prognosis. As previously mentioned, BRAF
mutant cancers are frequently CIMP and are strongly associated with MSI (around
50% of the MSI tumors are BRAF mutated [54]).

Generally, BRAF mutant tumors arise prevalently in right-sided proximal colon and
are more prevalent in women and in patients of advanced age (typically age >70
years). Additionally these tumors tend to be mucinous histology, serrated and
poorly differentiated (reviewed in [50]). Difference among BRAF mutant and wild-
type CRCs are evident also in the metastatic spread [57]. Indeed, patients with
BRAF mutations have a metastatic spread that occur more commonly via
peritoneal disease (46% vs. 24%) or distant lymph node metastasis (53% vs. 38%)
and less likely to result in lung metastasis (35% vs. 49%) when compared to BRAF
wild-type tumors [57]. This characteristic metastatic spread is highly clinically
relevant since these patients are less likely to undergo metastasectomy as their
disease is present in sites not favorable to resection. Additionally, BRAF mutant
CRC patients have a poorer overall survival with a median of 10.4 vs. 34.7 months
[50]. All these data suggest that BRAF mutation may serve as a main driver of
right-sided tumor biology, given the strong association between BRAF mutations
and proximal CRCs and may contribute to the differences in prognosis and

metastasis (Table 1).
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BRAF mutant CRC

Clinicopathological features Molecular features

Female patients More prevalentin MSI than in

MSS CRC
Age >70 years CIMP
Right-sided proximal tumors MLH-1 methylation

Mutually exclusive to KRAS

Poorly differentiated :
mutation

Mucinous histology>non-mucinous
histology

More peritoneal and lymph node
metastases

Less lung metastases

Table 1. Clinicopathologic and molecular features of BRAF mutant CRC

2.5. Prognostic role of BRAF mutation

Several studies have shown that BRAF mutations confer adverse prognosis in
CRC. BRAF mutations are negative prognostic markers and are associated with
short survival after recurrence in stage lll disease [58, 59], although this effect is
seen mainly in patients with BRAF mutant tumors that are MSS [20]. This is
consequent of the fact that MSI high tumors are generally associated with a good
overall prognosis [54].

Another study that evaluated the prognostic role of KRAS and BRAF mutations in
stage Il and 1l colon cancer patients (N=1,404). They found that patients with
BRAF mutant tumors had poor overall survival than those with wild-type tumors

[48]. The negative prognostic effect was more evident when patients were

14



stratified by MSS versus MSI because of the relatively good prognosis associated
with the latter. Similarly, in another study in which 2,720 patients with stage Ill
disease was enrolled, BRAF mutation was associated with a worse overall survival
and disease-free survival. Again these differences in survival were particularly
clear when microsatellite instability was accounted for [60].

Although some studies [48, 54] suggest that the adverse prognostic association of
BRAF mutation is limited to MSS tumors, other studies [58, 61, 62] suggest that
BRAF mutation is also prognostic among MSI cancers. Indeed, in an analysis of
1,253 patients with colon and rectal cancers, in which BRAF mutation was present
in the 14% of the cases, although patients with MSI tumors had a better prognosis
than MSS tumors in general, the MSI/BRAF mutant tumors did worse than their
MSI/BRAF wild-type counterparts [62].

Further studies have confirmed that BRAF mutation is also a negative prognostic
marker in the setting of metastatic disease [57, 63]. Importantly, unlike early stage
disease, MSI is a negative prognostic factor in metastatic disease. This effect is
likely driven by the concomitant presence of BRAF V600 mutations, since BRAF is
mutated in approximately 11% MSI cases in the metastatic setting [57, 64]. In
literature only few reports have described metastatic CRC with BRAF mutations
different from the common V600E (non-V600E BRAF mutations), for which the
incidence ranges from 1.6% to 5.1% [65-67]. A recent study in which 9,643
patients with metastatic CRC underwent next generation sequencing (NGS)
testing revealed that, the poor prognosis of BRAF is tightly associated with the
specific V60OE mutation [68]. Indeed the non-V60OE BRAF mutations, which

occurred in 2.2% of all patients tested, conferred excellent prognosis with
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improved overall survival, consistent with an earlier report on codons 594 and 596

[67].

2.6. Predictive role of BRAF mutation

The role of BRAF mutation status as a predictive molecular marker is less clear.
The presence of BRAF mutations in CRC is thought to play no role in the
sensitivity of tumors to standard cytotoxic chemotherapy, such as oxaliplatin and
irinotecan [63]. Nevertheless, in the MRC-FOCUS trial, which compared first-line
treatments with 5-fluorouracil, 5-fluorouracil/irinotecan and 5-fluorouracil/oxaliplatin
BRAF mutant CRC patients had a shorter overall survival compared to wild-type
CRCs; however, no statistical association was observed between BRAF mutations
and response to chemotherapy with oxaliplatin versus irinotecan [63]. Additionally,
a more recent study reported no differences in PFS of BRAF mutant CRC
irrespective of whether oxaliplatin- or irinotecan-based chemotherapy was
administered in the first-line setting (6.4 versus 5.4 months) [69].

Monoclonal antibodies targeting EGFR (such as cetuximab and panitumumab)
have been introduced in the management of metastatic CRC patients with
impressive results in the RAS wild type population. Although the predictive role of
RAS mutations to anti-EGFR therapies is well established, the predictive role of
mutated BRAF is less clear. Some retrospective studies hypothesize that BRAF
mutation may confer resistance to anti-EGFR therapies [47, 70].

Based on these results a number of clinical trials were retrospectively analysed to
systematically review the benefit of anti-EGFR therapies according to BRAF

mutational status [64, 71-73]. Among these studies, only one has shown a
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statistically significant detrimental effect of anti-EGFR therapy in BRAF mutant
metastatic CRC in terms of PFS but not for OS. The major problem of these
studies was that they were non-confirmatory since they contained a relatively
small number of BRAF mutant patients. Therefore, a number of meta-analyses
have investigated the predictor role of BRAF in anti-EGFR therapy improving the
statistical power of the studies (reviewed in [74]). Overall these studies suggest the
role of BRAF mutant as predictor of resistance to anti-EGFR monoclonal
antibodies and thus the need for BRAF mutational status assessment before
initiation of treatment with anti-EGFR therapies. This recommendation is
consistent with the consensus guidance from ESMO published in 2016 which
highlight that the BRAF mutational status should be analysed and reported as

standard in all metastatic cases [75].

2.7. BRAF inhibitor insensitivity in BRAF mutant CRC

BRAF V600E mutation leads to a constitutive activation of BRAF kinase activity,
resulting in phosphorylation and activation of the MEK kinases. Once activated,
MEK kinases phosphorylate and activate ERK kinases, which phosphorylate a
multitude of cellular substrates involved in cell proliferation and survival. BRAF
V600E inhibitors, such as vemurafenib and dabrafenib, induce dramatic response
rates of 50-80% BRAF mutant melanomas and are clinically approved [76, 77].
However, when CRC patients carrying the same BRAF V600E mutation were
treated with vemurafenib in monotherapy, only a 5% response rate was observed
[78]. Similarly, treatment with encorafenib, a potent and selective inhibitor specific

against mutant BRAF kinase, did not show response when used in monotherapy
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[79]. These results were unexpectedly disappointing compared to the clinical
activity observed in melanoma.

Pre-treatment and on-treatment biopsies analysis of BRAF mutant melanoma
patients has revealed that suppression of the MAPK signaling pathway is
necessary for tumor response [80]. However, BRAF mutant CRC cells showed
only a transient MAPK suppression with a rapid re-accumulation of phosphorylated
ERK (pERK) within six hours after BRAF inhibitor (BRAFi) treatment [81].
Therefore transient and incomplete MAPK pathway inhibition could be a key factor
of BRAFi resistance in CRC. In this tumor setting, the feedback reactivation of
MAPK signaling under BRAF or MEK inhibition appears to be driven by EGFR-
mediated activation of RAS and CRAF phosphorylation [81, 82]. This molecular
feedback could be explained by a model in which BRAF inhibition leads to arrest
of MEK and ERK kinase activity, which in turn leads to a reduced activation of
CDC25 phosphatases, which ultimately triggers an increase in EGFR
phosphorylation (pEGFR) due to decreased dephosphorylation [82].

Melanomas are sensitive to BRAF inhibitors as they originate from the neural crest
and do not express EGFR, making this feedback loop ineffective. On the other
hand, CRC derive from epithelial cells in which EGFR is generally constitutively
expressed [81, 82]. Interestingly, EGFR inhibitors displayed a synergistic effect
with BRAFi both in vitro and in vivo [81, 82]. Particularly, cell lines treated with
BRAF and EGFR inhibitors showed abrogation of AKT, MEK and ERK
phosphorylation. Moreover, activation of the PI3K signaling pathway has also been
hypothesized to explain resistance to BRAF inhibitors in BRAF mutant CRC cells

[55]. Therefore both EGFR activation and aberrant PI3K pathway signaling may
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underlie the limited therapeutic effect of BRAF inhibitor monotherapy in CRC
patients. Thus, combining an EGFR inhibitor and/or a PI3K inhibitor may be a

rational approach to treating these tumors [83].

2.8. BRAF inhibitor based combinations clinically tested in BRAF mutant
CRC
Table 2 summarizes the results of the ongoing trials testing EGFR, MAPK and

PI3K inhibitors in BRAF mutant CRC which are discussed in more details below.

2.8.1. Targeting BRAF and MEK
The first BRAF inhibitor combination trial for BRAF mutant CRC involved the
combination of the BRAF inhibitor dabrafenib and the MEK inhibitor trametinib
[84]. This trial started prior to the discovery of EGFR as a major driver of
resistance in BRAF mutant CRC. The rationale for this trial was based on the
finding that the combination of a BRAF inhibitor and a MEK inhibitor could produce
more potent and sustained suppression of MAPK signaling in BRAF mutant CRC
cells, leading to increased efficacy [85]. Forty-three BRAF mutant mCRC patients
were enrolled in this trial. Although some activity of this combination was
confirmed, this is far away from the impressive results in melanoma. The RR was
12% (one complete and four partial responses), 24 patients achieved stable
disease (56%), and 10 patients (23%) remained on treatment for more than

6 months. The median PFS was 3.5 months [84].
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Drugs N° of RR | DCR PFS Trial Reference
9 patients | (%) | (%) | (months)
Hyman
Vemurafenib 10 5 50 21 NCT01524978 et al. (2015)
[86]
Gomez-Roca
Encorafenib 18 0 67 4 NCT01436656 etal. (2014)
[79]
Vemurafenib + Hyman
. 27 4 73 3.7 NCT01524978 et al. (2015)
cetuximab
[86]
Vemurafenib + Yaeger
. 15 13 83 3.2 NCT01791309 et al. (2015)
panitumumab
[87]
Dabrafenib + Corcoran
. 20 10 90 3.4 NCT01750918 etal. (2016)
panitumumab
[88]
Encorafenib + van Geel et al.
. 26 19 77 3.7 NCT01719380 (2017)
cetuximab
[78]
Dabrafenib + Corcoran
t - 43 12 68 3.5 NCT01072175 et al. (2015)
rametinib
[84]
Dabrafenib + Corcoran
trametinib + 83 21 85 NA NCT01750918 et al. (2016)
panitumumab [88]
Encorafenib+ Van Cutsem et
binimetinib + 29 48 93 8 NCT02928224
. al (2018)[90]
cetuximab
Encorafenib + van Geel
cetuximab + 28 18 93 4.2 NCT01719380 etal. (2017)
alpelisib [89]

Table 2. BRAF inhibitor based combinatorial therapies in BRAF mutant CRC. PFS,
progression-free survival; RR, response rate; NA, not available.

2.8.2. Targeting BRAF and EGFR

As previously mentioned, clinical trials testing BRAF inhibition as single agent in
patients with metastatic CRC carrying BRAF mutations revealed disappointing
results [78, 79, 86]. However, the central role of EGFR driving the BRAF inhibitor

resistance in BRAF mutant CRC has led to the development of several clinical

trials evaluating combinations of BRAF and EGFR inhibitors. Twenty-seven
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patients were enrolled in the BASKET trial evaluating the combination of the
BRAFi vemurafenib and the EGFRi cetuximab in BRAF mutant CRC [386].
Although, half of these had tumor regression, they did not meet the standard
criteria for a partial response. Median PFS and OS for patients receiving
combination therapy were 3.7 and 7.1 month, respectively. Another study on 15
patients testing panitumumab and vemurafenib reported a total of 10 tumor
regressions, two of which had stable disease lasting over 6 months [87].
Dabrafenib was tested in combination with panitumumab. Analysis of the 20
patients receiving these drugs showed a 10% response rate (RR - one complete
and one partial) with an 80% rate of stable disease. Median duration of response
was 6.9 months and PFS was 3.5 months [88].

As previously mentioned, encorafenib treatment was ineffective when used in
monotherapy [79]. However when encorafenib was tested in combination with
cetuximab in 26 BRAF mutant CRC patients, a 19% RR (one complete, four partial
and one unconfirmed partial response) was observed. Fourteen patients achieved

stable disease and the median PFS was 3.7 months [89].

2.8.3. Targeting BRAF, MEK and EGFR
As BRAF inhibition can induce EGFR over activation, adding a MEK inhibitor to
the combination of a BRAF and an EGFR inhibitor may allow better MAPK
inhibition. This combination was tested on 35 BRAF mutant CRC patients [88].
The overall RR was 21%; median PFS is not yet mature. The BEACON phase Il
trial is currently evaluating the triple combination of encorafenib, binimetinib

(MEKIi) and cetuximab in patients with BRAF mutant mCRC. Interim results have
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revealed that this triplet can induce a median PFS of 8 months, with three patients
achieving CR and confirmed ORR of 48% [90]. Therefore these data provided
evidence of the meaningful clinical activity of the triple compare to double
regimen. Additionally, analysis of paired pre-treatment and on-treatment biopsies
obtained from BRAF mutant CRC patients revealed a 12% and 47% mean
decrease in pERK during treatment with BRAF+EGFR inhibitor and BRAF+MEK
inhibitor respectively. When BRAF+MEK+EGFR inhibitors were combined together
a mean reduction in pERK levels of 69% was observed. This reduction is
comparable to the mean 76% decrease observed in BRAF mutant melanoma
patients treated with dabrafenib alone [91]. Therefore, more robust suppression of
MAPK signaling may account for some of the increased efficacy of the triple

combination relative to each individual double combination.

2.8.4. Targeting BRAF, EGFR and PI3K
Another triple targeted inhibitor combination has also been evaluated in BRAF
mutant CRC patients, involving the addition of a PI3K alpha specific inhibitor
alpelisib to the BRAF inhibitor encorafenib and the EGFR antibody cetuximab. The
addition of a PI3K inhibitor is based on the hypothesis that activation of the
PIBK/AKT pathway is an underlying mechanism of both innate and acquired
resistance to BRAF inhibitors in BRAF mutant CRC [83]. In 28 BRAF mutant CRC
patients enrolled in a phase | study this triple combination has produced a RR of
18% and a PFS of 4.2 months. The disease control rate was 93% for the triplet
versus 77% for double combination. Importantly, the triplet arm, as consequence

of alpelisib treatment, had higher toxicities compared to the doublet combination
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without improving significantly the benefit. Alpelisib has demonstrated to be
ineffective in inhibiting PI3K pathway signaling in the presence of molecular
alterations leading to PTEN loss of function [92]. In the BRAF mutant CRC these
alterations are present in near 40% of the patients thus suggesting a possible

mechanism for the poor benefit introduced by alpelisib treatment [4].
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3. Aims of the study

Although the BRAF inhibitor based combinations revealed clinical benefit,
including prolonged stabilization and partial responses [89, 91, 93, 94], the long-
term efficacy of these treatments is limited by the emergence of drug resistance
[89, 91, 94, 95]. The molecular basis underlying intrinsic or acquired resistance to
these drug combinations in BRAF mutant mMCRC has not been comprehensively
defined. The mechanisms by which cancer cells evade targeted therapies are
usually molecularly heterogeneous, but they often converge downstream in the
pathway which was originally blocked by the targeted agent [96, 97]. On these
premises, we hypothesized that heterogeneous genetic alterations leading to
reactivation of the MAPK pathway could be responsible for acquired resistance to
regimens co-targeting EGFR, BRAF, MEK, and PI3K in CRC patients, despite
vertical pathway suppression at multiple key nodes. In this study, in order to
perform a comprehensive assessment of the landscape of potential acquired
resistance mechanisms, we cultured BRAF mutant CRC cell lines in the presence
of seven distinct clinically-relevant combinatorial regimens until the emergence of
resistant derivatives. These cell lines were subjected to genetic, biochemical, and
functional analyses to identify molecular alterations underlying drug resistance.
Genotyping two BRAF mutant CRC patients upon acquired resistance to BRAF
based target therapies provided evidence that in vitro resistant cell models
faithfully recapitulate what occur in clinic and represent valuable tools for key
functional studies aimed at identifying effective strategies to overcome drug

resistance (Figure 4).
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Figure 4. Schematic representation of the aims of the work.

In summary the aims of this study are:
e Develop preclinical models of BRAF mutant CRC cells with acquired

resistance to target therapy combinations;
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Find molecular mechanisms of acquired resistance to BRAF target therapy
combinations in CRC cell models;

Determine mechanisms of clinical acquired resistance to BRAF target
therapy in mCRC patients;

Identified possible strategies to overcome or delay resistance to BRAF

target therapy combinations.
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4. Methods

4.1. Celllines

BRAF mutant WiDr, HROC87 and VACO432 CRC cells were cultured at 37°C and
5% CO; in RPMI 1640, DMEM/F-12 and McCoy’s (Invitrogen), respectively,
supplemented with 10% fetal bovine serum, 2 mM L-glutamine and antibiotics (100
U/ml penicillin and 100 mg/ml streptomycin). The genetic identity of parental cell
lines and their resistant derivatives was confirmed by short tandem repeat profiling
(Cell ID System; Promega) at 10 different loci (D5S818, D13S317, D7S820,
D16S539, D21S11, vWA, THO1, TPOX, CSF1PO and amelogenin) not fewer than
2 months before drug profiling or biochemical experiments. Cell lines were tested
and resulted negative for Mycoplasma contamination with the VenorGeM Classic

Kit (Minerva Biolabs).

4.2. Drugs and generation of drug resistant cells

Vemurafenib, encorafenib, selumetinib, trametinib and carfilzomib were purchased
from Sequoia Chemicals; alpelisib, crizotinib and dabrafenib mesylate were from
ChemieTek; gefitinib and SCH772984 were from Selleck Chemicals. The EGFR
targeted monoclonal antibodies cetuximab and panitumumab were obtained from
the Pharmacy at Ospedale Niguarda, Milan. Cetuximab was administered at a
constant concentration of 5ug/ml, while vemurafenib, encorafenib, dabrafenib,
selumetinib, and trametinib have been initially given at a concentration of 2 uM,
500 nM, 90 nM, 2 uM, 30 nM, respectively. The concentrations of chemical

inhibitors were increased by discrete intervals until reaching a final concentration
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at which the cells showed resistance (Table 3). During drug selection cells were

neither passaged nor detached by plates thereby preserving polyclonality.

Drug treatment Cell Line Final Drug concentration
HROC87 S5uM+ C 5 ug/mi
S+C
WiDr S5uM+ C 5 ug/mi
WiDr D5uM+ C 5 pg/ml
D+C
VACO432 D5uM+ C 5 pg/ml
VACO432 (R.A) V5uM+ C 5 pg/ml
V+C
VACO432 (R.B) V3 uM + C 5 pg/ml
HROC87 E2puM+ C5 pg/ml
E+C
VACO432 E2uM+ C5 pug/ml
V+8 WiDr V3uM+S1uM
D+T VACO432 D0.25pyM +T0.12 uyM
E+C+A VACQ432 E1puM+ C5ug/ml+B0.5uM

Table 3: List of drug concentrations at which cell lines were made resistant. Drugs are
abbreviated as follow A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRI); D = Dabrafenib
(BRAFI); E= Encorafenib (BRAFi); S= Selumetinib (MEKi); T= Trametinib (MEKi); V=
Vemurafenib (BRAFI).

4.3. Drug proliferation assays

Cell proliferation experiments were carried out in 96-well plates in triplicate. Cells
were plated (3,000 cells/well for VACO432 and WiDr, 4,000 cells/well for
HROCS87) in 100 pl complete growth medium. At 24 hours post-seeding, 100 ul of
serum-free medium with or without cetuximab (5 pg/ml) was manually added to the

cells. All other drugs were added directly on the plate by TECAN D300e digital

dispenser (HP). After 72- 96 hour treatment cell viability was assessed by ATP
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content using CellTiter-Glo Luminescent Assay (Promega). Viability was
normalized as a percentage of control untreated cells. Data from growth-inhibition
assays were plotted using the nonlinear regression curve fit modelling from
GraphPad Prism-5 (GraphPad Software). For long-term proliferation assays, cells
were seeded in 6-well plates (20,000 cells/well) and cultured in the absence or
presence of drugs as indicated. Wells were fixed with 4% paraformaldehyde and
stained with 1% crystal violet-methanol solution (Sigma-Aldrich) after 12-14 days.

All assays were performed independently at least two times.

4.4. Western Blot analysis: drug treatments and antibodies

Before biochemical analysis, cells were grown in their respective media devoid of
drugs for four days and then treated for the times indicated in figure legends with
cetuximab 5 ug/ml, alpelisib 1 uM, dabrafenib 300 nM, encorafenib 400 nM,
vemurafenib 2 uM, selumetinib 1 yM, trametinib 30 nM, carfilzomib 200 nM,
crizotinib 300 nM, unless otherwise stated. Total cellular proteins was extracted by
lysing cells in boiling Laemmli buffer (1% SDS, 50 mM Tris-HCI [pH 7.5], 150 mM
NaCl) or in cold extraction buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 1%
Triton-X-100, 10% glycerol, 5 mM EDTA, 2 mM EGTA,; all reagents were from
Sigma-Aldrich) in the presence of 1 mM sodium orthovanadate, 100 mM sodium
fluoride and a mixture of protease inhibitors (pepstatin, leupeptin, aprotinin,
soybean trypsin inhibitor, and phenylmethylsulfonyl fluoride). The following primary
antibodies were used (all from Cell Signaling Technology, except where otherwise
indicated): anti-MET (clone D1C2, 1:1000); anti-phospho MET (Tyrl1234/1235,

Cat.#3126; 1:1,000); anti-EGFR (clonel3G8, Enzo Life Sciences; 1:100); anti-
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phospho EGFR (Tyr1068; 1:1,000); anti-BRAF (Santa Cruz Biotechnology;
1:1,000); anti-pBRAF (Ser445; 1:1000); anti-BRAF V600E (Ventana 1:500); anti-
phospho-MEK1/2 (Ser217/221; 1:1,000); anti-MEK1/2 (1:1,000); anti-phospho
p44/42 ERK (Thr202/Tyr204; 1:1,000); anti-p44/42 ERK (1:1,000); anti-phospho
AKT (Ser473; 1:1,000); anti-AKT (1:1,000); anti-PARP (1:1000); anti-ubiquitin
(Santa Cruz Biotechnology; 1:1,000); HSP90 (Santa Cruz Biotechnology; 1:500);

Actin (Santa Cruz Biotechnology; 1:1000); anti-vinculin (Millipore; 1:5,000).

4.5. Single cell cloning

Cells were washed with phosphate-buffered saline (PBS), tryspinized, re-
suspended in media and count to prepare a suspension of cells containing 1000
viable cells in 10 ml and later diluted to 50 viable cells in 10 ml. A volume of
200 yL was plated into each well of a 96-well culture plate (approximately 1 cell
per well). After 7 days wells containing only a single cell clone were marked; wells

with no clones or with more than one clone were excluded.

4.6. Gene copy number analysis gPCR

Parental and resistant cell lines were trypsinized, washed with PBS and
centrifuged; pellets were lysed and DNA was extracted using Wizard SV Genomic
kit (Promega) according to the manufacturer’s directions. Real time PCR was
performed with 10 ng of DNA per single reaction using GoTaq QPCR Master Mix
(Promega) with an ABI PRISM® 7900HT apparatus (Applied Biosytems). Sample

analysis was normalized to a control diploid cell line, HCEC [98]. HER2, MET,
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EGFR, KRAS and BRAF gene copy number was assessed. Primer sequences are

reported in Table 4.

Primer name Sequence

HER2 gDNA FW TATGCAGGGCTGACGTAGTGC

HER2 gDNA REV  [AATGTGTGCCACGAAACTGCT

KRAS gDNA FW CTGAGCTCCCCAAATAGCTG

KRAS gDNA REV  |IAGGTTAGGGCTAGGCACCAT
5 MET gDNA FW TGTTTTAAGATCTGGGCAGTG
g MET gDNA REV AATGTCACAACCCACTGAGG
e EGFR gDNA FW TCCAGGAGGTGGCTGGTTA
~|EGFR gDNA REV  |CTAAGGCATAGGAATTTTCGTAGTACATATT
§ BRAF gDNA FW GGGAAGTAAAGACAGGGAGGT
o |[BRAF gDNA REV  [AGAGAGGTAGGAAAGGGCAAG
G [CHR12 gDNA FW  [GGGATCTTATGATGTGTCAGG
O [cHR12 gDNA REV _JACTCTTGGTCTCAGTCTGCC

STS gDNA FW CCTTCAAGAGAAAGACGACAG

STS gDNA REV

AGGACTTATAAAAGGCAAGGG

ULK2 gDNA FW

TTTGTGTGTGTGACGGAGTCT

ULK2 gDNAREV  |AGGCTAAGGCAGGAGAATGAG
BRAFex15FW  [TGCTTGCTCTGATAGGAAAATG
BRAF ex 15 RV AGCATCTCAGGGCCAAAAAT
KRAS ex 2 FW GGTGGAGTATTTGATAGTGTATTAACC
KRAS ex 2 RV AGAATGGTCCTGCACCAGTAA
KRAS ex 3 FW IAAAGGTGCACTGTAATAATCCAGAC
KRAS ex 3 RV ATGCATGGCATTAGCAAAGA
KRAS ex 4 FW TGGACAGGTTTTGAAAGATATTTG
KRAS ex 4 RV ATTAAGAAGCAATGCCCTCTCAAG
NRAS ex 2 FW GTACTGTAGATGTGGCTCGC

Z2|NRAS ex 2 RV AGAGACAGGATCAGGTCAGC

§ NRAS ex 3 FW CTTATTTAACCTTGGCAATAGCA

3 [NRAS ex 3RV GATTCAGAACACAAAGATCATCC

S|EGFRex 12 FW _ |CCTCAAGGAGATAAGTGATGGAG

EGFRex 12 RV

AAAGGACCCATTAGAACCAACTC

MAP2K1 ex 2 FW

TCCCGCGAAATTAATACGACTTGACTTGTGCTCCCCACTT

MAP2K1 ex 2 RV

GCTGGAGCTCTGCAGCTAAGGCAAACTCACCTTTCTGGC

MAP2K1 ex 3 FW

TCCCGCGAAATTAATACGACGTGCCAATGCCTGCCTTAGT

MAP2K1 ex 3 RV

GCTGGAGCTCTGCAGCTACCACCCAACTCTTAAGGCCA

MAP2K1 ex 6 FW

TCCCGCGAAATTAATACGACGCCTTGGTGTACAGTGTTTGC

MAP2K1 ex 6 RV

GCTGGAGCTCTGCAGCTAACATGTAGGACCTTGTGCCC

MAP2K2 ex 2 FW

TCCCGCGAAATTAATACGACAGGTAGCTAACCCCTACCCT

MAP2K2 ex 2 RV

GCTGGAGCTCTGCAGCTAAATCAGAATGCAGAGACCCG

Table 4: List of primers for gene amplification and sequencing
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4.7. Candidate-gene mutational analysis

Cell line DNA was extracted by Wizard® SV Genomic DNA Purification System
(Promega) according to manufacturer’s directions. The following genes and exons
were analyzed by automated Sanger sequencing by ABI PRISM 3730 (Applied
Biosystems): KRAS (exons 2, 3 and 4), NRAS (exons 2 and 3), BRAF (exon 15),
EGFR (exonl12), MAP2K1 (exons 2 and 3), MAP2K2 (exon 2). Primer sequences

are listed in Table 4.

4.8. Next Generation Sequencing (NGS) on plasma samples

A minimum of 10 ml of whole blood was drawn in EDTA tubes before commencing
treatment and at radiological progression. Plasma was separated within 2 h
through two different centrifugation steps (1,600g followed by 3,000g both
centrifugations for 10 minutes at RT). PBMC were also obtained which served as a
reference control for germ-line genomic DNA.

Preparation of libraries was performed using up to 150 ng of plasma ctDNA and
100 ng germ-line DNA obtained from PBMC. Germ-line gDNA was fragmented
using transposons, adding simultaneously adapter sequences. For ctDNA libraries
preparation was used NEBNext® Ultra™ DNA Library Prep Kit for lllumina® (New
England BioLabs Inc., Ipswich MA), with optimized protocol. Germ-line gDNA from
PBMC after the tagmentation step, and ctDNA were used as template for
subsequent PCR to introduce unique sample barcodes. Fragment size distribution
of DNA was assessed using the 2100 Bioanalyzer with a High Sensitivity DNA
assay kit (Agilent Technologies, Santa Clara, CA). Equal amount of DNA libraries

were pooled and subjected to targeted panel hybridization capture. Libraries were
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then sequenced using Illumina MiSeq or Next-Seg-500 sequencers (lllumina Inc.,
San Diego, CA, USA). FastQ files generated by the sequencers were mapped to
the human reference genome (assembly version hgl9) using BWA-mem algorithm
[99] SAMtools package was used to sort aligned reads and to remove PCR
duplicates. We used a custom script for NGS in order to call somatic variations
when supported by at least 1.5% allelic frequency and 5% significance level
obtained with a Fisher's Test, as previously described [100, 101]. Mutations were
annotated by a custom pipeline printing out gene information, number of normal or
mutated reads, the allelic frequencies and the variation effect (synonymous,
nonsynonymous, stop-loss and gain). Each of these entries was associated with

the corresponding number of occurrences in the COSMIC database [102].

4.9. NGS on formalin-fixed and paraffin-embedded (FFPE) samples

Formalin-fixed and paraffin-embedded (FFPE) tumor samples were sliced in 5 pm-
thick sections and manually micro-dissected under light microscope control to
isolate the highest amount of tumor cellularity compared to contaminating non-
neoplastic cells (hopefully 70% or more). Samples were treated with xylene and
100% ethanol to remove all wax traces and DNA was then isolated using the
GeneRead DNA FFPE kit (Qiagen, Hilden, Germany) according to manufacturer’s
instructions. Subsequently, DNA amount and quality were controlled by means of
NanoDrop platform (Invitrogen, Life Technologies, Foster City, CA, USA) following
manufacturer’s details. NGS analysis was performed by using small genomic DNA
samples (20 ng/pl) and the lon-Torrent™ Personal Genome Machine platform (Life

Technologies-Thermo Fisher Scientific, USA). A detailed description of the applied
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T-NGS procedures has been previously published [103]. For this study, we used
two custom panels, the first of which designed to amplify 3358 amplicons (246,15
kb) from 110 oncogenes and tumor suppressor genes recurrently mutated in
human cancers and a second custom panel to analyse 26 amplicons (2,77 kb)

corresponding to the EGFR extra-cellular region (exons from 1 to 14).

4.10. Droplet Digital PCR (ddPCR)

Genomic DNA from CRC cells and isolated circulating free DNA from plasma was
amplified using ddPCR™ Supermix for Probes (Bio-Rad) using BRAF
(PrimePCR™ ddPCR™ Mutation Assay, Bio-Rad) ddPCR assay for V600E
mutation and MET and EIF2C1 (reference) for gene copy number variations
(PrimePCR ddPCR Copy Number Assay, Bio-Rad). ddPCR was then performed
according to manufacturer’s protocol and the results reported as percentage or
fractional abundance of mutant DNA alleles to total (mutant plus wild type) DNA

alleles, as previously described [101].

4.11. Fluorescence In Situ Hybridization (FISH) and Silver In Situ
Hybridization (SISH)

Dual color FISH analysis, both on metaphase chromosomes and interphase

nuclei, obtained from cultured cells and on 3 ym FFPE tissue sections, was

performed by using Chr7q (7ql11.21) / BRAF (7g34) probes (Abnova); Chr7q /

EGFR probes (7pl2)(Abnova); Chrl2g (12g12) / KRAS (12pl2.1) probes

(Abnova); D7Z1 (7pl1.1-gq11.1) / c-MET (7931.2) probes (Cytocell), respectively

labelled with FITC and Texas Red.
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For both cell lines and clinical samples, dehydration was carried out in ethanol
series (70%, 90%, 100%), followed by 3 washes (5 each) and air drying. Probes
and target DNA were co-denatured for 5min at 75°C and then hybridized
overnight at 37 °C. Slides were washed with washing solution | (0.4x SSC, 0.3%
NP-40) for 5 min at 73 °C, for 1 min with washing solution Il (2x SSC/0.1% NP-40)
at room temperature (Abnova) and finally counterstained with 4',6-diamidino-2-
phenylindole (DAPI). FISH signals were evaluated with a Zeiss Axioscope

Imager.Z1 (Zeiss) equipped with single and triple band pass filters.

Bright field dual-color SISH analysis was performed on 3 ym FFPE tissue sections
by using the MET DNP Probe along with the Chromosome 7 DIG Probe (Ventana
Medical Systems) on a BenchMark Ultra Platform (Ventana Medical Systems)
according to the manufacture’s protocol.

For both SISH and FISH analyses the probes signals were counted in at least 100
non overlapping tumor cells nuclei from each case. Two independent molecular
pathologists (Annunziata Gloghini and Emanuele Valtorta) scored the slides in a
blinded fashion. MET gene amplification was defined as positive when: a)
MET/CEP7 ratio was > 2 or b) average number of MET signals per tumor cell

nucleus was > 6.

4.12. Immunohistochemistry (IHC)
IHC was carried out on a BenchMark Ultra Platform (Ventana Medical Systems,
Tucson, AZ) by using the OptiviewDAB Detection Kit (Ventana Medical Systems).

MET IHC was evaluated according to a semi-quantitative assessment (H-score)
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which combines staining intensity (scored from 0 to 4) with the percentage of
positive cells (scored 0—100%). Each individual intensity level is multiplied by the
percentage of cells and all values are added to obtain the final IHC score, ranging
from 0 to 400. Scores from 0 to 200 are considered negative/low expression and

scores from 201 to 400 are considered positive/high expression.

4.13. Preparation of cytoclots

WiDr cytoclots were prepared by pelleting up to 50x10° cells and re-suspending
them in 1% agar, followed by polymerization in dry ice for a few seconds, fixation
in paraformaldehyde 4% and ethanol 70% at +4°C for 4 hours, and final

embedding in paraffin wax.

4.14. Cytotoxicity and cell cycle analysis assays

For cell cycle flow cytometric analysis, VACO432 resistant cells were allowed to
grow for 24 hours followed by 72 hours of treatment with SCH772984 alone or in
combination with dabrafenib and/or cetuximab. Drugs were used at the
concentrations listed in Table 5. Cells were fixed and stained with propidium
iodide (DNA Con3 — CONSUL TS, Orbassano, Italy) overnight. All samples were
acquired with the CyAn ADP (Beckman Coulter) and analyzed with FlowJo
software (Tree Star).

For cytotoxicity assays VACO432 resistant cells were seeded at 4,000 cells/well in
96-well black optical-bottom plates (Nunc, Life Technologies). After 24 hours cells
were treated with the same drug combinations and concentrations applied for cell

cycle analysis. The CellTox Green cytotoxicity assay was performed according to
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manufacturer instructions and fluorescence was read by TECAN Spark 10M plate
reader at 535 nm. As toxicity control, Lysis Solution was added (4 ul per 100 ul of
cells) 30 minutes prior to reading. Subsequently, the amount of viable cells for
each well was quantified by CellTiter-Glo Luminescent Assay (Promega).
Background fluorescence (medium and CellTox Green dye) was subtracted and

data were first normalized to the amount of cells and after to untreated control.

Drugs Drug concentrations
Encorafenib + Cetuximab E 550 nM + C 5 pg/ml
Dabrafenib + Cetuximab D 550 nM + C 5 pg/ml
Vemurafenib + Cetuximab V1.1uM + C 5 pg/mi
Encorafenib + Cetuximab + Alpelisib E 550 nM + C 5 ug/ml + A 300 nM
Selumetinib + Cetuximab S1.1puM+ C 5 pg/ml
Dabrafenib + Trametinib D185nM + T 30 nM
Dabrafenib + Trametinib + Cetuximab D185 nM +T30nM + C 5 pg/ml
SCH772984 (ERKIi) ERKi 185 nM
SCH772984 (ERKIi) + Cetuximab ERKi 185 nM + C 5 pg/ml
SCH772984 (ERKIi) + Dabrafenib ERKi 185 nM + D 550 nM
SCH772984 (ERKIi) + Dabrafenib + Cetuximab|ERKi 185 nM + D 550 nM + C 5 pg/ml

Table 5. Drug concentrations applied in the cross-resistance combinatorial screening
depicted in Figures 26 and 27. Drugs are abbreviated as follow A=Alpelisib (PI3K
inhibitor); C= Cetuximab (EGFRI); D = Dabrafenib (BRAFi); E= Encorafenib (BRAFi); S=
Selumetinib (MEKIi); T= Trametinib (MEKI); V= Vemurafenib (BRAFi).
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4.15. Viral Infection

For Lentiviral particle production, HEK293T cells were co-transfected in 15-cm
dishes with the packaging plasmid MDLg/pRRE (2.5 pg) and pRSV.REV (6.25 ug),
the vesicular stomatitis virus (VSV) envelope plasmid pMD2.VSV-G (9 ug) and
one of the following plasmid: pCCL-MET wild-type (a gift of Elisa Vigna, IRCCS,
Candiolo, Turin), hBRAF V600E cDNA (a gift of Maria S. Soengas, CNIO, Madrid,
Spain), EGFR WT cDNA (a gift from Dr. C. Sun and Prof R. Bernards, NKI,
Amsterdam), EGFR G465R mutant cDNA [104] or lenti-control plasmid (25 pg).
Cells were tranduced in six well plates (3 x 10° per well in 2 ml of medium) in the

presence of polybrene (8 pg/ml) (Sigma).

4.16. Clinical samples

- Patient 1 is a chemorefractory metastatic CRC patient which was enrolled in the
CMEK162X2110 clinical trial (Trial registration ID: NCT01543698) at Niguarda
Cancer Center, Milan, Italy. Blood samples from this patient were obtained at
baseline (September 2013) and at progression (March 2014) through a separate
liquid biopsy research protocol approved by the Ethics Committee at Ospedale
Niguarda, Milan, Italy. The study was conducted according to the provisions of the
Declaration of Helsinki, and the patient signed and provided informed consent
before sample collection.

- Patient 2. Tumor samples were collected in accordance with an Institutional
Review Board—approved protocol, to which the patient provided written informed
consent, and all studies were conducted in accordance with the Declaration of

Helsinki. Targeted NGS on FFPE tissues was performed in the Department of
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Diagnostic Pathology and Laboratory Medicine at Fondazione IRCCS Istituto
Nazionale dei Tumori, Milan, Italy. Whole exome sequencing and digital PCR on
plasma samples were performed at IRCCS Candiolo, Turin, Italy. The patient's
insurance company covered the cost of off-label combinatorial therapies
(panitumumab+ vemurafenib; crizotinib+vemurafenib), to which the patient gave
informed consent. CT scans were obtained as part of routine clinical care, while
FDG-PET/CT scans were performed as part of an ancillary study protocol for

patients receiving targeted treatments.
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5. Results

5.1. Molecular mechanism of acquired resistance to BRAFi therapy

combinations in BRAF mutant CRC cells

5.1.1. Generation of models of acquired resistance to combinatorial
therapies targeting EGFR-BRAF-MEK-PI3K
We selected three BRAF V600E mutant CRC cell lines, HROC87, WiDr and
VACO432, that are resistant to single-agent BRAFi or MEKI, but sensitive to

combined BRAFi+MEKIi or their combinations with cetuximab (Figure 5).
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Figure 5. Combinations of MEK inhibitor (selumetinib) or BRAF inhibitor
(vemurafenib) with EGFR inhibitor (cetuximab) display synergistic anti-proliferative
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activity in BRAF mutant WiDr, VAC0432 and HROC87 CRC cells. WiDr, VAC0432
and HROCB87 parental cells were treated with increasing concentration of selumetinib or
vemurafenib with or without cetuximab (5 pug/ml). Cell viability was assayed after by an
ATP assay. Data points represent the mean + s.d. of two independent experiments, each
performed in triplicate.

To gain a comprehensive understanding of potential therapeutic resistance
mechanisms in BRAF mutant CRC, the above mentioned cell lines were cultured
in the presence of seven different drug combinations in clinical trials until resistant
derivatives emerged. The drugs included the BRAFi dabrafenib, encorafenib, and
vemurafenib; the MEKi selumetinib and trametinib; the EGFR-targeted antibody

cetuximab; and the selective PI3K-a inhibitor (PI3Ki) alpelisib (Figure 6).
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Figure 6. Schematic representation of RAS/RAF/MEK and PI3K/AKT pathways. The
orange boxes show the drugs used for generating BRAF mutant CRC cell lines resistant
to target therapies. The actual list of drug combinations used for generating resistant cell
line models is shown on the right; all of these are being evaluated in clinical trials. Drugs
are abbreviated as follow A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRIi); D =
Dabrafenib (BRAFi); E= Encorafenib (BRAFi); S= Selumetinib (MEKi); T= Trametinib
(MEKI); V= Vemurafenib (BRAFI).
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A total of twelve resistant cell line models were generated. Of note, the amount of
cells attached to the plate during drug selection did not require any passages until
resistant clones emerged. Therefore all resistant cell models maintained their
polyclonality. Two independent resistant cell populations were obtained by growing
VACO432 cells with vemurafenib and cetuximab (V+C) and these were therefore
indicated as resistant A (R.A) and resistant B (R.B). Resistance to drug treatment
was confirmed by cell viability assay comparing parental and resistant cell
derivatives. All resistant cell models were clearly refractory at the drug

concentrations tested (Figure 7).
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Figure 7. Generation of BRAF mutant CRC cells resistant to EGFR targeted
monoclonal antibodies and BRAF/MEK or PI3K inhibitors. Parental and resistant cells
were treated for 72h with different drug combinations. Cetuximab and BYL719 were given
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at a constant concentration of 5 pg/ml and 100 nM, respectively. For generating VACO432
D+C cells, dabrafenib was used at the concentrations reported in figure. For the
vemurafenib and selumetinib combination, a fixed 300 nM concentration of selumetinib
was applied.

5.1.2. Cells with acquired resistance to BRAF inhibitor combinations
display biochemical reactivation of MAPK signaling
Prior studies indicate that tumors with acquired resistance to BRAF or EGFR
targeted agents in monotherapy maintain sustained levels of MEK/ERK or
(occasionally) AKT phosphorylation even in the presence of drug [105-109]. We
tested whether the same biochemical rewiring could occur in cells made resistant
to combinations of therapies targeting EGFR-BRAF-MEK-PI3K. Amounts of total
MEK, ERK, or AKT proteins were not substantially different between parental cells
and their resistant counterparts. However, variation of their phosphorylation levels
(PMEK, pERK, or pAKT) was evident after drug treatment. Some, but not all,
resistant models displayed increased phosphorylation of AKT at Ser473 upon drug
treatment. However, every resistant model showed sustained levels of ERK
phosphorylation despite drug treatment, in stark contrast to parental cells in which
robust inhibition of ERK phosphorylation was observed with all treatments (Figure
8). Overall, these analyses indicate that combinatorial EGFRiI/BRAFI/MEKIi/PI3Ki
treatments abrogate ERK phosphorylation in parental sensitive cells, but that their
resistant counterparts can sustain MAPK signaling in the presence of these

therapeutic combinations (Figure 8).
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Figure 8. BRAF mutant CRC cells with acquired resistance to target therapy
maintain ERK1/2 phosphorylation under drug treatment. WiDr, VACO432 and
HROCS87 parental and resistant cells were treated with different drug combinations as
indicated: cetuximab (C, 5 ug/ml); dabrafenib (D, 300 nM); encorafenib (E, 400 nM);
alpelisib (A, 1 pM); vemurafenib (V, 2 puM); selumetinib (S, 1 pM) and trametinib (T, 30
nM). Drug treatment was given for 5 hours prior to protein extraction.

5.1.3. Acquired molecular alterations in BRAF mutant CRC cell lines
confer resistance to BRAF inhibitor combinations
In order to identify candidate drug resistance mechanisms leading to biochemical

reactivation of MAPK signaling, we focused our analysis on components of the
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MAPK pathway by performing copy-number analyses of HER2, EGFR, MET,
KRAS and BRAF and Sanger sequencing of the most pertinent exons of EGFR,

KRAS, NRAS, BRAF, MAP2K2 and MAP2K1.

Quantitative PCR (qPCR) on genomic DNA extracted from resistant cells showed
no changes in HER2 gene copy number while MET, EGFR, KRAS, or BRAF gene
copy number increased in four WiDr derivatives resistant to V+S, E+C+A, D+C or
S+C, respectively (Figure 9A). All gene amplifications were only found in the
resistant cell populations and were confirmed by fluorescence in situ hybridization
(FISH) analyses (Figure 9B). Sanger sequencing of hotspot regions of EGFR
(exon 12), KRAS (exons 2, 3, and 4), NRAS (exons 2 and 3), BRAF (exon 15),
MAP2K1 (exons 2 and 3) and MAP2K2 (exon 2) revealed acquired gene
mutations in eight cell lines, as summarized in Table 6. All resistant cell
populations retained the original BRAF V600E mutation. All other mutations found

in resistant cells were not detected in their parental counterparts.
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Figure 9. EGFR, MET, KRAS or BRAF gene amplification confer acquired resistance
to BRAF combination therapies. (A) Quantitative PCR for copy number evaluation of
resistant cell lines in respect to their parental counterparts. WiDr V+S, E+C+A, D+C and
S+C resistant lines displayed gene amplification of EGFR, MET, KRAS and BRAF,
respectively. (B) FISH analysis on chromosome metaphase spreads confirmed gene
amplification. Cell nuclei were colored by DAPI, FISH probes EGFR, MET, KRAS, BRAF
were labeled with texas red (red signal) and chromosome 7 (Chr7) and 12 (Chrl2) with
FITC (green signal). EGFR and MET gene amplification was found extrachromosomally
as double minutes, while a focal intrachromosomal amplification of KRAS and BRAF loci
could be identified. Drugs are abbreviated as follow A=Alpelisib (PI3K inhibitor); C=
Cetuximab (EGFRI); D = Dabrafenib (BRAFi); E= Encorafenib (BRAFi); S= Selumetinib
(MEKI); V= Vemurafenib (BRAFi).
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BRAF/MET

Cell line EGFR NRAS MAP2K1 MAP2K2
gene CNV
D+T VACO432 WT WT WT L115P WT none
V+$§ WiDr EGFR ampl. WT WT WT WT none
HROCS87 WT G13D WT WT WT none
E+C
VACO432 WT A146T WT WT WT none
VACO432 WT A146T WT WT WT none
D+C
WiDr WT KRAS ampl. WT WT WT none
VAiC‘)::}Z WT G12D WT WT WT none
V+C
VAC;OB432 G465R WT WT WT WT none
A146V
VACO0432 WT A146T WT WT WT none
E+C+A
WiDr WT WT WT WT WT MET ampl.
HROCS87 WT WT WT V211D WT none
S+C
WiDr WT WT WT WT WT 600E ampl.

Table 6. Molecular alterations emerged upon resistance to targeted therapy
combinations in BRAF mutant CRC cell lines. Drugs are abbreviated as follow
A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRi); D = Dabrafenib (BRAFi); E=
Encorafenib (BRAFi); S= Selumetinib (MEKIi); T= Trametinib (MEKIi); V= Vemurafenib
(BRAFI).

5.1.3.1. KRAS alterations
Alterations in KRAS were the most common resistance mechanisms observed.
Acquired KRAS mutations affecting exons 2 and 4 (G12D, G13D and A146T/V)

were found in five different cell line models resistant to doublet BRAFI+EGFRI or
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triplet E+C+A. In one case, multiple KRAS mutations were concomitantly present
in the resistant cell population, suggesting polyclonality. Prior functional studies in
cell models have already demonstrated a causative role of exon 2 KRAS
mutations in driving resistance to BRAFI+EGFRI [97]. Our data suggest that exon
4 KRAS mutations may also promote resistance. Additionally, KRAS amplification
was identified in WiDr resistant to BRAFI+EGFRI (D+C). KRAS amplification was
found in the post-treatment biopsy of a CRC patient with acquired resistance to
BRAF/EGFR inhibition [97, 110]. These findings suggest that the cell models
generated in this work have the potential to recapitulate clinically-relevant

resistance mechanisms.

5.1.3.2. BRAF V600E amplification
Increased BRAF gene copy number was seen in WiDr resistant to MEKI+EGFRI
(S+C). Selective amplification of mutant BRAF V600E allele was previously
identified in a BRAF mutant CRC patient with acquired resistance to
BRAFI+EGFRI [97], in CRC cell lines with secondary resistance to the MEKIi
selumetinib [85, 111], as well as in melanoma patients upon progression on the
BRAFi vemurafenib [112], but not yet implicated in refractoriness to combined
MEKI+EGFRIi. To assess whether BRAF gene amplification had occurred in an
allele selective manner, we performed digital PCR analyses. WiDr parental cells
carried 1 mutant and 3 wild-type alleles of BRAF, while their S+C resistant
derivatives displayed a 9:1 mutant/wildtype ratio (Figure 10A). Western blot with a
diagnostic antibody specific for the V600OE variant showed that the mutant protein

was selectively overexpressed (Figure 10B). Finally, we validated that ectopic
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overexpression of mutant BRAF in WIDr parental cells can confer resistance to

combined MEKI+EGFRI (Figure 10C, 10D).
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Figure 10. BRAF V600E amplification acquired in WiDr resistant to selumetinib and
cetuximab (S+C), confers resistance to combination of MEK and EGFR inhibitors in
CRC cells. (A) Digital PCR shows selective amplification of the BRAF V600E mutant
allele in WiIDr cells resistant to combined cetuximab and selumetinib. (B) Biochemical
analysis on WiDr parental and resistant S+C was performed with the indicated antibodies.
(C) Western blot analysis of proteins extracted from WiDr cells 5 days after transduction
with a lentiviral vector expressing the hBRAF V600E cDNA. (D) WiDr-BRAF V600E
transduced cells displayed similar viability than the WiDr resistant cells upon treatment
with MEK and EGFR inhibitors. Five days after transduction, cells were treated for 72
hours before viability was assessed by measuring ATP content. Data are expressed as
average * s.d. of two independent experiments, each performed in triplicate. Drugs are
abbreviated as follow C= Cetuximab (EGFRI); S= Selumetinib (MEKIi).
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5.1.3.3. MAP2K1 mutations
Two different MAP2K1 mutations leading to the V211D and L115P amino acid
changes were identified in HROC87 and VACO432 resistant to MEKI+EGFRI
(S+C) and BRAFI+MEKI (D+T), respectively. These mutations have previously
been reported to confer resistance to MEK allosteric inhibitors in melanoma and
CRC by preventing drug binding [106, 113], so they were not subjected to further

functional validation.

5.1.3.4. MET amplification
MET increased gene copy number and overexpression (Figure 9, Figure 11A)
was identified in WiDr resistant to BRAFI+EGFRi+PI3Ki (E+C+A), a triple
combination for which determinants of resistance have not been characterized so
far. However, MET amplification or MET protein activation have previously been
implicated as mechanisms of resistance to targeted agents, including vemurafenib
in melanomas and EGFR directed monoclonal antibodies in CRC patients [114-
116]. Functional experiments indicated that ectopic expression of MET in WiDr
parental cells is able to confer resistance to the triplet regimen that includes PI3K

inhibition (Figure 11B).
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Figure 11. MET amplification confers resistance to combination of BRAF, EGFR and
PI3KCA inhibitors in BRAF mutant CRC cells. (A) Biochemical analysis of WiDr
parental and resistant E+C+A , and of WiDr cells transducted with MET cDNA (here called
Lenti-MET). HSP90 was used as a loading control. (B) WiDr Lenti-MET cells displayed
similar viability than the WiDr resistant E+C+A cells upon treatment with encorafenib,
cetuximab and alpelisib. Cells were treated for 72 hours before viability was assessed by
measuring ATP content. Data are expressed as average *= s.d. of two independent
experiments, each performed in triplicate. Drugs are abbreviated as follow A=Alpelisib
(PI3K inhibitor); C= Cetuximab (EGFRI); E= Encorafenib (BRAFi).

5.1.3.5. EGFR amplification and mutation

Amplification of EGFR was found in WiDr resistant to BRAFI+MEKi (V+S).
Although EGFR signaling has been implicated in intrinsic resistance to BRAFi
monotherapy in BRAF mutant CRC [81, 82], EGFR gene amplification has not
previously been established as a potential resistance mechanism in BRAF mutant
CRC. This result is consistent with previous observations that induction of EGFR
protein expression can drive resistance to BRAFi or MEKi in melanoma [117].
Ectopic overexpression of EGFR in WIDr parental cells was able to confer
resistance to combined BRAFi+MEKi or BRAFI+EGFRI (Figure 12A and 12B).

A single point mutation affecting the ectodomain of EGFR (G465R) was found in

VACO432 V+C (R.B). Although this variant has previously been shown to disrupt
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receptor-antibody interaction, leading to cetuximab or panitumumab resistance in
RAS/BRAF wild-type CRCs [104, 118], mutations affecting the EGFR ectodomain
have not been reported previously as potential resistance mechanisms in the
context of BRAF mutant tumors. To investigate the role of this mutation, we
induced ectopic expression of EGFR G465R in VACO432 parental cells. Analysis
of transduced cells indicated that the EGFR G465R mutation is able to sustain

ERK phosphorylation and cell proliferation in the presence of combined V+C

treatment (Figure 12C and 12D).

A WiDr B

3 WiDr

100

D ®
o o

-+ -+ - +- 4+
| == ~|pEGFR

[ mm ®®|EGFR RN
. @ OQ

Cell Viability
]

n
=3

Py
N
%,
Py
)
&

|= === =-;|pERK

|========|ERK

VACO432

\ C
@@\\f" N @
<

-+ -+ -+ -+
[+ 98 4 w4 o0 1 o 9| DEGFR

Cell Viability
N B O
o O o o

- . > O & &
[ =~EGFR & E S
Q¥ ¥ (oé(
- C
le-@@= ==|pERK o

RS S esma R,

[=======vinculin

Figure 12. EGFR amplification or ectodomain mutations play a causative role in
acquired resistance to BRAF combination therapies. (A) Biochemical analyses of
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WiDr parental and V+S resistant cell lines, and of WiDr cells transduced with either GFP
cDNA or EGFR WT cDNA. Cells were treated with vemurafenib and selumetinib before
protein extraction. Actin was used as a loading control. (B) Effect of vemurafenib (at the
indicated molar concentrations) in combination with selumetinib (0.5 uM) on the viability of
WiDr cells transduced with EGFR WT cDNA. (C) EGFR and ERK expression and
phosphorylation in VACO432 parental and resistant B cells, and in cells transduced with
either GFP cDNA or EGFR G465R cDNA variants. VACO432 cells were treated with
vemurafenib and cetuximab for 5 hours before protein extraction. Vinculin was used as a
loading control. (D) Effect of vemurafenib (at the indicated molar concentrations) in
combination with cetuximab (5 pg/ml) on the viability of VACO432 cells transduced with
EGFR G465R cDNA. In all cases cell viabilty was assessed by ATP content
measurement after 72 hours of treatment. Data are expressed as average + s.d. of two
independent experiments. Drugs are abbreviated as follow C= Cetuximab (EGFRI); S=
Selumetinib (MEKIi); V= Vemurafenib (BRAFi).

5.1.4. Single clone analyses revealed intercellular heterogeneity upon
acquired resistance to MAPK inhibitorial therapies
Genomic instability, a feature observed in a high proportion of solid tumors [119],
affects DNA sequence, chromosome structure and chromosome number,
generating a high level of intercellular genetic heterogeneity [120]. Although drug
pressure triggers a selective evolution of a tumor [121, 122], it is known that for
any given therapy there may be multiple mechanisms of resistance [123, 124]. In
order to identify whether specific genetic alterations acquired upon resistance
were homogeneously shared in the cell population, we performed limiting cell

dilution to obtain single cell clones.

BRAF gene copy number was analyzed in clones derived from WiDr resistant S+C
cells. Compare to WiDr parental cell line, quantitative PCR for BRAF gene copy
number revealed a fold change of 7.7 in WiDr resistant S+C cells, and an average

of 10.1 (ranging from 2 to 38) in its derivative clones (Figure 13A). However, even
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if the levels of BRAF copy number appeared to be heterogeneous among different
clones, all of them displayed selective amplification of the mutant V600E allele

(Figure 13B).
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Figure 13. Single clone analyses of BRAF gene copy number and BRAF/KRAS
mutations revealed intercellular heterogeneity. (A) Quantitative PCR for BRAF copy
number evaluation of WiDr cells resistant S+C and from its derivative clones. (B) Digital
PCR shows that resistant cell clones carry selective amplification of the BRAF 600E
mutant allele. (C-D) Genetic alteration distribution of BRAF and KRAS in cell clones
obtained from VACOA432 resistant D+C and V+C (R.A). Genetic data are present as
OncoPrint through cBioPortal [55, 56]. Drugs are abbreviated as follow C= Cetuximab
(EGFRI); D = Dabrafenib (BRAFi); S= Selumetinib (MEKIi); V= Vemurafenib (BRAFi).
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KRAS mutations were analyzed in two VACOA432 resistant cell models. KRAS
A146T was detected in VACO432 resistant to D+C. Of the 18 clones derived from
this population and analyzed by Sanger sequence, 17 (95%) displayed
concomitant BRAF and KRAS mutations and one (5%) showed only BRAF
mutation (Figure 13C). Additionally, analysis of the second VACO432 resistant
model, V+C (R.A) clones revealed a similar heterogeneous distribution of BRAF
and KRAS mutations. In detail, among 11 clones, individual BRAF or KRAS
mutation was present in two (18%) and three (27%) cases respectively;
concomitant BRAF and KRAS mutations were identified in 6/11 (55%) VACO432
resistant V+C (R.A) clones (Figure 13D). The absence of detectable KRAS
mutations in some clones suggests that additional undetermined genetic or not

genetic alterations triggering resistance might occur in a fraction of cells.

5.2. Clinical acquired resistance to BRAF inhibitor based combinations

In vitro modeling of acquired resistance in cancer cell lines has proven effective in
identifying resistance mechanisms that occur clinically [100, 125]. In the previous
part of my thesis, | described the molecular alterations acquired upon resistance to
BRAFi based therapy in BRAF mutant CRC cells (summarized in Figure 14).
Ultimately, any preclinical work requires validation in the clinic. To test whether the
resistance mechanisms identified in vitro might recapitulate what is observed in
CRC patients, we analyzed, by next generation sequencing, DNA samples
(derived from tissue or plasma — liquid biopsy) from two individuals before
treatment and upon resistance to target agents. Here we describe two cases that

highlight the clinical relevance of the work.
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Figure 14. Molecular alterations emerged upon resistance to targeted therapy
combinations in BRAF mutant CRC cell lines.

5.2.1. Clinical acquired resistance to combined BRAF and MEK
targeted treatments - Patient #1

Patient #1 was a BRAF mutant metastatic CRC patient who received treatment
based on the BRAFi encorafenib (LGX818) in combination with the MEKI
binimetinib (MEK162). The patient was treated from September 2013 to March
2014, obtaining a partial response in January 2014, followed by radiological
progression in March 2014. No post-treatment tumor tissue was available for this
patient, so the identification of clinical acquired resistance mechanisms to targeted
therapy combination was performed by genotyping of liquid biopsy samples. Liquid
biopsy is non-invasive test that detects in plasma fragments of circulating tumor

DNA (ctDNA) that are shed into the blood from primary tumor and metastatic sites.
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Plasma samples from Patient #1 were available before treatment and after
disease progression. ctDNA was extracted and subjected to molecular profiling by
next-generation sequencing (NGS) analysis of a custom panel of 226 cancer
related genes [101]. The analysis revealed that the percentage of reads carrying
TP53 p.R282W mutated allele were consistent between the baseline and the
progression plasma (Figure 15), indicating similar circulating tumor DNA (ctDNA)
content in both samples. By contrast, the proportion of BRAF V600E mutant reads
at resistance was twice as much as those in the baseline, suggesting selective
amplification of the BRAF mutant allele. NGS analysis revealed concomitantly the
emergence of a KRAS G12C allele, which was undetectable in the pretreatment
sample. BRAF mutant allele amplification and KRAS oncogenic alterations were
found in several of our resistant cell models to BRAF combinatorial therapies,
confirming the clinical relevance of the alteration that was identified in the panel of

cells that we generated.
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Figure 15. Next generation sequencing of ctDNA of BRAF mutant CRC patient #1 at
resistance to combined BRAF/MEK inhibition revealed an increase of BRAF V600E
number of reads and the emergence of a KRAS G12C mutation. The lines indicate
percentage of reads carrying the variant (mutated) allele over the total number of reads
covering that position, detected by next generation sequencing in circulating tumor DNA
(ctDNA) at baseline and resistance. PD, progressive disease.

5.2.2. Clinical acquired resistance to combined BRAF and EGFR
targeted treatments - Patient #2
Patient #2 was a BRAF V600E CRC metastatic patient with acquired resistance to
panitumumab and vemurafenib after 4 months treatment (the patient clinical
history is summarized in Figure 16). At disease progression, a liver tumor biopsy
was obtained in order to investigate molecular mechanisms of acquired drug
resistance. Molecular analyses were carried out in parallel both in pre-treatment
primary tumor tissue and in post-treatment liver biopsy. Amplicon-based NGS of
selected exons in 110 genes did not identify nucleotide variants in genes (such as
EGFR, KRAS, NRAS or MAP2K1) previously implicated in resistance to EGFR
monoclonal antibodies or BRAF target therapies. Immunohistochemical and in situ

hybridization (ISH) analyses of HER2 and MET on archival rectal sample and
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post-progression liver biopsy were performed. No changes in HER2 expression or
gene copy number status were observed (data not showed). However, a marked

difference was seen in MET expression (Figure 17)
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Figure 16. Summary of patient #2 clinical history. The clinical course of patient #2 with
colorectal cancer is summarized, with serum cancer antigen 19-9 tumor marker levels
shown throughout treatment (green line). Shaded boxes indicate periods of administration
of the indicated chemotherapeutic agents. Blue vertical lines indicate timing of tumor
specimen acquisition from surgical procedures or biopsy, as well as dates of tumor
assessment by either CT scan or FDG-PET/CT scan.
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Figure 17. MET amplification is selected for in a BRAF mutant CRC biopsy from
patient #2 at resistance to combined BRAF and EGFR targeted treatments. In panel
Al-4 and B1-4: analyses performed on archival surgical specimen and on post-
progression liver rebiopsy, respectively. A1-B1. Conventionally stained section using
Hematoxylin & Eosin, showing poorly differentiated carcinoma of the rectum (Al) and liver
metastasis (B1) (A1-B1, original
detection of MET protein. The primary tumor displays heterogeneous immunostaining
ranging from weak to moderate (at the center) intensity (A2). Metastatic tumor cells
display homogeneous, strong immunostaining (B2) (A2-B2, original magnification X20);
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A3-B3. Dual color FISH analysis using D771 (7p11.1-q11.1) / ¢c-MET (7q31.2) probes
(Cytocell), respectively labeled with FITC and Texas Red. The primary tumor (A3, original
magnification x100) shows heterogeneous, MET gene copy number, ranging from 1 to 8,
while metastatic tumors cells (B3, original magnification x100) contain high MET gene
copy number (ranging from 2 to 30) featuring MET gene amplification.

Analysis of the archival rectal sample showed heterogeneous MET
iImmunostaining, with a strong membrane signal in about 50% neoplastic cells,
while the remaining cell population showed a weak to moderate membranous
staining. Heterogeneity was also observed in MET gene copy number. By FISH
analyses, we estimated that the signals corresponding to the MET and CEP7
(chromosome seven a-centromeric) probes ranged from 1 to 8 (mean values of
3.52 and 2.89 for MET and CEP7, respectively), with a gene-to-chromosome ratio
of 1.2, indicating chromosome 7 polysomy. However, in a small fraction of cells
within the pre-treatment sample, the gene-to-chromosome ratio was =6, indicating
subclonal MET gene amplification (Figure 17 and Table 7). In the post-
progression liver biopsy, MET was strongly expressed at the membrane level in
about 90% neoplastic cells. In this sample, MET copy number varied from 1 to 30
(mean 8.5) while CEP7 ranged from 1 to 16 (mean 3.24) with an overall gene-to-
chromosome ratio of 2.62. At least 75% cells in the liver biopsy were found to
carry MET gene amplification (defined by a gene-to-chromosome ratio =6),
indicating that dual EGFR-BRAF blockade had positively selected for MET

amplified clones.
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Pre-treatment tumor sample Post-treatment tumor sample

MET IHC H-score 150 H-score 270
MET FISH 16% amplified cells 75% amplified cells
HER-2 IHC Negative Negative
Next-generation BRAF V600E BRAF V600E
sequencing* (allelic frequency 27%) (allelic frequency 14%)
SDHD 140V SDHD 140V
(allelic frequency 44%) (allelic frequency 57%)
No additional mutations

*Based on the percentage of mutant reads, both pre-treatment and post-treatment tissue samples
displayed substantially comparable tumor purity.

Table 7. Summary of molecular data from the fluorescence in-situ hybridization (FISH)
and sequencing analyses conducted on both the pre-treatment primary tumor and the liver
biopsy obtained after progression on panitumumab plus vemurafenib treatment from
Patient #2.

In order to assess whether MET overexpression alone is causally responsible for
resistance to combinatorial vemurafenib and panitumumab treatment, we
conducted in vitro forward genetic experiments. Ectopic overexpression of MET in
WiDr parental cells was able to confer resistance to combined vemurafenib and
panitumumab by activating ERK signaling (Figure 18A) and sustaining
proliferation (Figure 18B). Therefore, these results suggest a causal relationship
between MET amplification and resistance to targeted therapy combinations in

BRAF mutant CRC.
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Figure 18. MET overexpression confers resistance to targeted therapy
combinations in BRAF mutant CRC cells. (A) BRAF mutant WiDr cells were
transduced with either control (empty) or MET—expressing lentiviral vectors. Cells were
then treated with vemurafenib (2 yM), panitumumab (5 pg/ml) and their combination for 5
hours prior to protein extraction and Western blot. (B) After 96-hour treatment with
panitumumab (5 pug/ml) or vemurafenib (1 uM) or their combinations, the viability of empty
or lenti-MET transduced cells was assessed by relative ATP content measurement.
Results represent mean + SD of at least 2 independent observations, each performed in
triplicate. ** P<0.01; *** P<0.001 Bonferroni’'s adjusted ANOVA p values.
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5.3. Overcoming the emergence of acquired resistance to BRAF inhibitor
combination therapies

In the first part of this thesis we identified multiple and convergent resistance
mechanisms to BRAF inhibitor combination therapies. Tumors develop resistance
to virtually all targeted therapies, including monoclonal antibodies and kinase
inhibitors. The mechanisms by which tumors develop acquired resistance to target
therapy can broadly be categorized into two classes, which include: secondary
alterations in the drug target and activation of bypass signaling pathways.
Identifying drug-resistance mechanisms is highly important to establish future
treatment strategies to overcome resistance. Therefore, in the second part of this
thesis, | have explored preclinical approaches to guide therapeutic development

for BRAF mutant resistant CRC.

5.3.1. Combinatorial therapies blocking the altered target

5.3.1.1. Overcoming resistance triggered by EGFR alterations
EGFR is druggable through monoclonal antibodies, such as cetuximab or
panitumumab, or by small molecule, as gefitinib and erlotinib. Since cetuximab
was associated with response to EGFR amplification [126], we hypothesized that
anti-EGFR therapy could restore sensitivity to BRAFi+MEKi in the EGFR-amplified
WiDr V+S resistant model. Single agent or two-drug combination therapies based
on BRAF, EGFR or MEK inhibitors did not impair the viability of WiDr V+S.
However, when EGFRi was added to BRAFi+MEKi in a triple combination cell

viability was drastically reduced (Figure 19A). Therefore adding anti-EGFR to
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BRAFi+MEKi combination might overcome the resistance mediated by EGFR
amplification in BRAF mutant CRC.

In VACO432 V+C (R.B) resistance was mediated by EGFR G465R ectodomain
mutation. Consistent with its known role in impairing the binding of cetuximab and
panitumumab to the extracellular domain of EGFR, combining gefitinib (a small
molecule binding the intracellular kinase domain of EGFR) with BRAFi was able to
overcome resistance reducing the cell viability of VACO432 V+C (R.B) (Figure

19B).
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Figure 19. Overcoming resistance mediated by EGFR amplification or ectodomain
mutations. (A) Effect on cell viability of the addition of cetuximab to V+S treatment in
WiDr resistant cells carrying EGFR amplification. Cells were treated with vemurafenib (1
uM), selumetinib (0.5 uM) or cetuximab alone or in their combinations. (B) VAC0O432 with
acquired EGFR G465R mutation upon treatment with vemurafenib and cetuximab retain
sensitivity to vemurafenib and gefitinib treatment. All survival data were assessed by ATP
content measurement after 72 hours of treatment. Data are expressed as average = s.d.
of two independent experiments. Drugs are abbreviated as follow C= Cetuximab (EGFRI);
S= Selumetinib (MEKI); V= Vemurafenib (BRAFi).
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Globally, these data could be of interest in the future to overcome the emergence
of resistance mediated by activated EGFR signaling in patients carrying BRAF

mutant CRC tumors.

5.3.1.2. Overcoming resistance triggered by MET amplification — from
bench to the clinic and back

As described in paragraph 5.1.3.4, we detected the emergence of MET increased
gene copy number and overexpression in a drug resistant WiDr subline (WiDr
Res.E+C+A) obtained by prolonged exposure of parental cells with cetuximab in
association with the BRAF inhibitor encorafenib and the selective PI3K-a inhibitor
alpelisib (Figure 9 and 11), a triplet regimen that is being tested in clinical trials
[95]. WiDr resistant E+C+A cells were clearly refractory to EGFR, BRAF and MEK
targeted therapies, either as single agents or in combination (Figure 20A).
Importantly, the dual ALK-MET inhibitor crizotinib alone showed no effects on the
proliferation of WiDr resistant cells, whereas its combination with BRAF kinase
inhibition by vemurafenib led to a marked decrease of cell viability over prolonged
times (Figure 20A). Additionally, crizotinib when combined to vemurafenib was
able to impair viability in WiDr MET-transduced cells (Figure 20B). Altogether,
these results suggest a potential therapeutic in vitro strategy to overcome MET-

mediated resistance.
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Figure 20. MET inhibition combined with BRAF blockade impairs proliferation of
BRAF mutant / MET amplified CRC cells. (A) Long-term colony forming assay of MET
amplified encorafenib+cetuximab+alpelisib resistant WiDr cells treated for 12-14 days in
the absence or presence of panitumumab (EGFRi, 5 upg/ml), trametinib (MEKi, 10 nM),
crizotinib (0.3 pM), vemurafenib (BRAFi, 1.5 yM) or their combinations. Results are
representative of at least 2 independent observations. (B) BRAF mutant WiDr cells were
transduced with either control (empty) or MET—expressing lentiviral vectors. After 96-hour
treatment with vemurafenib (1 uM), crizotinib (0.3 pM) or their combinations, the viability
of empty or lenti-MET transduced cells was assessed by relative ATP content
measurement. Results represent mean + SD of at least 2 independent observations, each
performed in triplicate. ** P<0.01; *** P<0.001 Bonferroni’s adjusted ANOVA p values.

Drugs are abbreviated as follow A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRI); E=
Encorafenib (BRAFi).
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5.3.1.3. MET and BRAF inhibitor combination could transiently
overcome target therapy resistance in Patient #2

Its known that cancer cell lines could harbor most of the same genetic changes
found in patient tumors, and could be used to learn how tumors are likely to
respond to new drugs, increasing the success rate for developing new
personalized cancer treatments [127]. Therefore, based on the recent phase 1
data about the combination of crizotinib and vemurafenib [128] and the in vitro
data showing that these drugs can affect viability of BRAF mutant / MET amplified
CRC cells (Figure 20A), patient #2 was treated accordingly starting from January
2016. Longitudinal collections of plasma ctDNA samples were analyzed at
baseline and during treatment by droplet digital PCR (ddPCR) for BRAF V600E
mutation and MET copy number variation (CNV). After 2 months of treatment, a
computed tomography (CT) revealed a reduction in metastatic lesions and a
partial response was confirmed (Figure 21). In parallel, serum CA19-9 marker
declined by >50% after only 2 weeks (Figure 16), and the amounts of mutated
BRAF V600E alleles in ctDNA declined by = 99% within 3 weeks from treatment

initiation.
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Figure 21. Clinical course of the disease of Patient #2 during treatment with
vemurafenib+crizotinib. Computed tomography scans document the disease status before
treatment (left panel), after the initial response (middle panel) and at disease progression
(right panel).

5.3.1.4. Emergence of hyper-MET amplification conferred further
resistance to MET and BRAF inhibitor combination in Patient #2

A subsequent CT scan of Patient #2 obtained after 4 months showed progressive
disease (PD) (Figure 21) and serum CA 19-9 marker increased by = 90% (Figure
16). In order to uncover the potential mechanisms of acquired resistance to the
combination of MET and BRAF inhibitors, we performed whole exome sequencing
(WES) analysis on plasma ctDNA obtained prior to treatment and at progressive
disease. Germline DNA isolated from PBMC was used as reference genome.
BRAF V600E mutant ctDNA alleles were used as normalizer for the amount of
circulating tumor DNA in the pool of all circulating fragments. The number of reads
supporting BRAF V600E mutation were comparable in the pre-treatment and post-
resistance samples (46.4 and 49.45 respectively) suggesting an equal amount of

CtDNA (Figure 22).
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Figure 22. Whole exome sequencing of ctDNA of BRAF mutant CRC patient #2 at
resistance to combined BRAF/MET inhibition revealed an increase in MET gene
copy number despite a constant percentage of BRAF V600E allele. The blue line
indicate percentage of BRAF mutant allele and the red bars indicate the MET copy
number variation, detected by whole exome sequencing in ctDNA at baseline (pre-
treatment) and resistance (post-crizotinib+vemurafenib).

Mutational analysis did not identify any genetic alteration (point mutation)
potentially triggering drug resistance. Interestingly however, an increased MET
CNV was detected at progression. To validate this finding, and to understand
clonal dynamics in this patient during treatment, BRAF V600E mutation and MET
CNV were longitudinally monitored during treatment in plasma ctDNA by droplet
digital PCR (ddPCR) (Figure 23). This technology is based on micro
compartmentalization of the PCR reaction and can be used to interrogate the
mutational status of selected genes with high sensitivity (0.01 to 0.001%) [101].
Therefore this technique could facilitate the detection and quantification of drug

resistant subclones in plasma ctDNA. The dynamics of mutant BRAF V600E
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alleles correlated with clinical and radiographic response. A rapid decrease in
BRAF V600E mutation and MET CNV in plasma ctDNA was observed within two
weeks from vemurafenib+crizotinib treatment initiation. The dynamics of mutant
BRAF V600E allele anticipated radiological progression, as mutant BRAF in
plasma increased again as early as 8 weeks after starting therapy. At progression,
the percentage of BRAF VG600E alleles were comparable to the pre-treatment
sample, while — proportionally — a notable increase in the number of MET copies

was detected (Figure 23), thus validating exome data.
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Figure 23. Longitudinal analysis of BRAF V600E mutated alleles and MET copy
number variation in plasma ctDNA samples from patient #2. Blue and the red lines
indicate the frequency of BRAF mutation (percentage of alleles) and MET copy number
variation, respectively, detected in ctDNA at the selected time points by ddPCR. Gray
arrows represent treatments administered to the patient. CT scan results as RECIST
evaluation are indicated below the arrows. PR — partial response; PD — progressive
disease.
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To further validate MET hyper-amplification, and to exclude tumor burden-related
MET CNV, we performed gene copy number analysis by MET/CEP7 bright field in
situ hybridization (ISH) in tissue specimens obtained before and after treatment.
Upon resistance to BRAFi+crizotinib, the patient consented to inguinal lymph node
tumor biopsy, which displayed a further increase in MET gene amplification by
ISH, compare to the pre-treatment lesion (Figure 24 — upper panels). Therefore,
the results in liquid and tissue biopsies suggest that clones with higher levels of

MET gene amplification had been selected by the treatment.

Since evaluation of MET activation has recently been proposed to better correlate
with transcription rather than protein expression due to the rapid turnover of the
activated protein [129], we investigated MET transcript levels in inguinal lymph
node tumor tissue by RNA in situ hybridization (RNA ISH). Expression of MET
transcript was seen in the liver biopsy taken after vemurafenib+panitumumab.
Upon resistance to vemurafenib+crizotinib, RNA ISH demonstrated MET RNA
overexpression (Figure 24 - bottom panels). Intriguingly, MET hyper-
amplification coupled with BRAF V600E may have driven a particularly aggressive
disease behavior, since the patient died about two months following disease

progression.
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Figure 24. MET gene hyper-amplification and MET mRNA expression emerge in
patient #2 after target therapy. In situ hybridization analyses for MET gene and mRNA
levels were performed on a liver biopsy obtained upon resistance to
vemurafenib+panitumumab but before vemurafenib+crizotinib (baseline, on the left), as
well as inguinal lymph node (on the right) biopsy obtained upon acquired resistance to
vemurafenib+crizotinib. A) Dual colour bright field in situ hybridization (ISH) for MET gene
(black dots) and CEP7 (red dots). The baseline sample obtained at acquired resistance to
vemurafenib+panitumumab but prior to vemurafenib+crizotinib (baseline) shows MET
amplification, with a mean gene copy number of 8.8 (range 2-20). Upon acquired
resistance to vemurafenib+crizotinib, tumour cells display MET ‘hyper-amplification’, with
a further increase of MET gene copy number in inguinal lymph node biopsy. In the bottom
part is depicted the In situ hybridization for MET mRNA. Although MET gene transcription
(score = 1) is present in the liver biopsy upon acquired resistance to
vemurafenib+panitumumab (on the left — bottom part), this is further increased in the
inguinal lymph node obtained upon resistance to vemurafenib+crizotinib (on the right —
bottom part), with evidence of strong MET mRNA overexpression (score = 4). Scale bar
represent 12.5 pm.
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Finally, to test whether MET overexpression is causally responsible for resistance
to BRAFi+crizotinib combination treatment, we conducted in vitro forward genetic
experiments. As previously mentioned, WiDr resistant E+C+A was sensitive to
BRAFi+crizotinib treatment. We found that exogenous hyper-expression of MET in
the same WiDr E+C+A cells (called WiDr E+C+A hyper-MET®™ Figure 25A)
could confer resistance to dual BRAF and MET inhibition and prevented drug

combination induced cytotoxicity (Figure 25B, D and E).

&
,(b
é\@
A v B +WiDr Empty
<% « WiDr E+C+A
S v s * WIDr E+C+A hyper-MET>™"
Q’@Q & X 32 120 .
2 100
= 80
o MET S e
L e —-—-— 5 0
g\ 20
' 0
S — — Actin 108 107 105 105
Vemurafenib + Crizotinib
c D * WiDr E+C+A untreated WiDr E+C+A hyper-METampl untreated
WiDr E+C+A vemu+criz & WiDr E+C+A hyper-METampl vemu-+criz
6- - 6106
[l

Il WiDr Empty

4| @ WIDr E+C+A 4106

Il WiDr E+C+A hyper-METampl

2x106

Relative Light Units

o3
day0 day1 day2 day3 day4 day5

Relative CellTox Green incorporation

Figure 25. MET gene hyper-amplification confers resistance to combined BRAF and
MET inhibition in WiDr cells. (A) BRAF'*®F mutant WiDr parental or its MET amplified
derivative cell line (WiDr resistant E+C+A) were transduced with either control (empty) or
MET—expressing lentiviral vector (called WiDr E+C+A hyper-MET®™), respectively.
Protein extraction and Western blotting with total MET antibodies revealed a gradient of
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MET protein expression among the three different cell lines. Actin is reported for
normalization purposes. (B) Cell viability by ATP assay of WiDr empty, E+C+A and
E+C+A hyper-MET®™ cells after treatment for 72 hours with the indicated molar
concentrations of vemurafenib in association with constant 0.2 yM crizotinib. (C) WiDr
empty, E+C+A and E+C+A hyper-MET®™ were treated for 72 hours with 1 pM
vemurafenib and/or 0.2 pM crizotinib in mono or combinatorial therapies. CellTox green
cytoxicity assay was performed to identify cells with compromised membrane integrity
characteristic of cell death. Data are expressed as fold change relative to DMSO treated
control cells. (D) Proliferation rate of WiDr E+C+A and E+C+A hyper-MET®*™ cells was
measured by ATP assay. Cells were cultured from day O to day 5 in absence or presence
of the following drug combination: 1 yM vemurafenib and 0.2 uM crizotinib. Data are
expressed as relative light units. Results represent mean + SD of 2 independent
observations, each performed in duplicate or triplicate. Statistical differences in BRAF
mutant cell viability or cytotoxicity between E+C+A and E+C+A hyper-MET*™ cells was
determined with the Mann-Whitney U test (*P < .05, **P < .01). Drugs are abbreviated as
follow A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRI); E= Encorafenib (BRAFi).

5.3.2. Vertical combined suppression of the MAPK pathway has
residual activity on drug resistant cells

Not all the acquired alterations that might occur upon resistance are druggable.
Indeed, in our cell models resistance is frequently mediated by KRAS, which is
currently considered not directly targetable (with the exception of the KRAS G12C
mutant [51]). Therefore alternative therapeutic approaches are needed in these
instances.

Based on our observations that all resistant cell models show persistent MAPK
signaling activation (Figure 8), we postulated that they could retain sensitivity to
suppression of the pathway downstream. In this regard, previous data indicate that
some melanomas with acquired resistance to BRAFi monotherapy can benefit
from additional treatment based on combined BRAFi and MEKIi blockade [130].
Additionally, vertical triple blockade of EGFR+BRAF+MEK displayed the highest

ability to suppress ERK phosphorylation in BRAF V600E CRC cells [131] and this
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combination has been shown to induce response rates of up to 40% in BRAF
mutant CRC patients [91]. Similarly, previously published reports have
documented promising preclinical activity of ERK inhibition in BRAFi or MEKIi
resistant melanoma models [106, 132-134] as well as in MEKIi+BRAFi or
BRAFI+EGFRI resistant BRAF mutant CRC cells [97]. However, it has not yet
been widely established whether ERK inhibitors might exhibit improved ability to
overcome resistance when given as monotherapy, or in combination with BRAFi
and/or EGFRI. Accordingly, we hypothesized that acquired resistance to BRAFi
combinations could be overcome by more profound MAPK pathway suppression
achieved by triplet combinations or by the incorporation of ERK inhibitor-based
combinations. In order to test these hypotheses, the effect on viability was
systematically tested across all resistant cell line models for all drug combinations
used to generate resistant derivatives, as well as combinations incorporating the
ERK inhibitor (ERKI) SCH772984 and the vertical
cetuximab+dabrafenib+trametinib  (BRAFI+MEKI+EGFRI) triplet combination

(Figure 26).
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Figure 26. Viability of parental and resistant cell lines treated with different drug
combinations targeting EGFR, BRAF, MEK, ERK and PI3K. Survival fraction of cell
population was determined by ATP assay after 72h of treatment. Relative survival was
normalized to untreated controls. Cell viability is represented as a yellow/blue. Drugs were
used at concentrations reported in Table 5. Drugs are abbreviated as follows B=BYL719
(PI3K inhibitor); C= cetuximab (EGFRIi); D = dabrafenib (BRAFi); E= encorafenib
(LGX818, BRAFi); S= selumetinib (MEKI); T= trametinib (MEKI); V= vemurafenib (BRAFi);
ERKi: ERK inhibitor. Results represent mean of at least two independent experiments.
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As expected, parental cell lines were highly sensitive to all drug treatments
(Figure 26). In general, resistant cell lines derived from one BRAFI+MEKIi
combination (D+T or V+S) showed cross-resistance to the other BRAFi+MEKI
combination; and cell lines resistant to cetuximab in combination with encorafenib,
dabrafenib or vemurafenib were cross-resistant to other BRAFI+EGFRI
combinations, irrespective of the specific drug used in the selection protocol. This
suggests that resistance mechanisms emerging under the selective pressure of
these specific drug combinations are capable of conferring resistance to that class
of inhibitors, and are unlikely to be related to any unique properties of the specific

drugs used.

Interestingly, the addition of PI3Ki to BRAFI+EGFRI treatment did not robustly
affect viability in any of the resistant cells relative to BRAFi+EGFRI alone. This
finding is consistent with initial results of a clinical trial comparing encorafenib and
cetuximab to encorafenib, cetuximab, and alpelisib, which have not demonstrated
a clear benefit in response rate or progression-free survival with the addition of the
PI3K inhibitor alpelisib [93, 95]. In marked contrast, the triple combination of
BRAFI+EGFRI+MEKIi showed improved efficacy in many models relative to either
BRAFi+EGFRIi, BRAFi+MEKi, or MEKIi+EGFRI. Finally, the addition of BRAFi
and/or EGFRIi to ERKi appeared to improve efficacy in some resistant models
relative to ERKIi alone, suggesting that ERKi may best be administered as part of
therapeutic combinations in future clinical trials for BRAF mutant CRC. Indeed,

analysis of resistant cell lines indicated that ERK inhibition could induce
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cytotoxicity, which was further enhanced when combined with BRAFi and/or

EGFRI (Figure 27A and 27B).
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Figure 27. Cytotoxic effects of ERK inhibitor combinatorial therapy on VACO432
resistant derivatives. VACO432 resistant cell lines were cultured without drugs for four
days and then treated for 72 hours with 185 nM ERKi, SCH772984, alone or in double or
triple combination with 550 nM dabrafenib and/or 5 pg/ml cetuximab, after which
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cytotoxicity and cell cycle analysis were assessed. (A) CellTox green cytotoxicity assay
was performed to identify cells with compromised membrane integrity characteristic of cell
death. Data are expressed as fold change relative to DMSO treated control cells.
Histograms and error bars indicate mean * s.e.m of three independent experiments. (B)
VACO432 resistant cell lines were analyzed for cell cycle and sub-G1 group by flow
cytometry. Plots of cell number versus propidium iodide fluorescence intensity are shown.

The percentage indicate the sub-G1 fraction. Drugs are abbreviated as follow A=Alpelisib
(PI3K inhibitor); C= Cetuximab (EGFRIi); D = Dabrafenib (BRAFi); E= Encorafenib
(BRAFi); V= Vemurafenib (BRAFi).

5.3.3. Carfilzomib treatment overcomes resistance to MAPK/PI3K
combinatorial therapies.
It was previously reported that BRAF mutant CRC cells are particularly sensitive to
proteasome inhibition. Vulnerability to proteasome inhibitors such as carfilzomib is
dependent on persistent BRAF signaling, because BRAF V600E blockade by
vemurafenib can reverse sensitivity to the proteasome inhibitor carfilzomib in
BRAF mutant CRC cells [135]. Since the resistant models retained the BRAF
V600E mutation, we hypothesized that these cells could maintain sensitivity to
carfilzomib. We tested this hypothesis treating all resistant cell models with the
proteasome inhibitor carfilzomib. We observed that all cell models resistant to
MAPK pathway inhibition, after carfilzomib treatment, had higher amount of
ubiquitinated proteins when compared to untreated cells; this is consistent with a
similar effect observed in parental cells upon carfilzomib exposure (Figure 28A).
Moreover, resistant cells maintained high sensitivity to carfilzomib in short-term
viability assays, with the exception of VACO432 resistant to BRAF+EGFR+PI3K
inhibitors (E+C+A) (Figure 28B). These results suggest that carfilzomib treatment

could be a valid strategy to overcome resistance to MAPK/PI3K targeted
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therapies. However, the presence of a non-responder cell model suggests that
possible unknown genetic or non-genetic alterations could be acquired during the
MAPK/PI3K pathway inhibition resistance process. Given the preliminary nature of
these findings, further studies would be necessary to deeply define a biological link

between BRAF and proteasome activity.
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Figure 28. BRAF mutant CRC cell lines with acquired resistance to MAPK
combinatorial therapies show sensitivity to the proteasome inhibitor carfilzomib. (a)
Biochemical analysis revealed ubiquitinylated proteins accumulation after 6 hours
treatment with 200 nM of carfilzomib. An antibody against actin was used as a loading
control. (b) Effect on cell viability after 72h of carfilzomib treatment. Cell viability was
estimated by determining ATP content and data are expressed as average * s.d of two
independent experiments. Drugs are abbreviated as follow A=Alpelisib (PI3K inhibitor); C=
Cetuximab (EGFRI); D = Dabrafenib (BRAFi); E= Encorafenib (BRAFi); S= Selumetinib
(MEKi); T= Trametinib (MEKI); V= Vemurafenib (BRAFi).
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5.3.4. Drug discontinuation to reverse sensitivity and prolong

treatment benefit

5.3.4.1. Drug discontinuation revealed addiction to MEKi and EGFRI
inhibitors in BRAF V600E amplified-WiDr cells

Dependency of tumors on the therapeutic drugs to which they have acquired
resistance is supported by observations from cultured cells [117, 136-139], animal
models [136, 140] and patients [141-143]. Therefore an intermittent drug-schedule
or drug discontinuation upon the emergence of resistance might represent
possible approaches to overcome and/or delay the emergence of resistance, with
potential applications in cancer treatment.
Based on this hypothesis, we investigated whether the molecular phenotype
conferring selective advantage during drug exposure could be counter-selected in
the absence of drug. At the time of writing this thesis, pilot experiments have been
performed only in 4 WiDr resistant cell models (carrying either EGFR, KRAS, MET
or BRAF V600E gene amplification) but we intend to pursue this approach in the
future in a wider panel of resistant cell models.
To assess MAPK inhibition (MAPKIi) dependency, we seeded 4 WiDr resistant cell
lines in absence or presence of drugs combination to which they had become
resistant. Our preliminary observations indicate that only the WiDr S+C cells,
bearing the BRAF V600E amplification, revealed a rapid loss-of-fithess upon drug
discontinuation (Figure 29A). Indeed, after 12 days of drug deprivation, cell
survival assessed by clonogenic assay was impaired (Figure 29A) and apoptosis

was evident, as indicated by an increase in PARP cleavage (Figure 29B).
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Figure 29. WiDr S+C shows addiction to drug treatment (A) WiDr resistant cells were
seeded in 24-well plates (3000 cells for well). After 24 hours drugs, in the same
combination for which every models acquired the resistance, were added. The drugs
concentration used were: vemurafenib 2uM, dabrafenib 0.5uM, encorafenib, alpelisib and
selumetinib 1uM, cetuximab 5ug/ml. For WiDr S+C, selumetinib was used at the
concentration of 2uM. After 12 days cells were fixed with PAF 4% and coloured by crystal
violet. (B) Western blot analysis of full-length PARP or cleaved PARP showed that
combination of EGFR and MEK inhibitors and the absence of drug leads to apoptosis
respectively in WiDr parental and resistant S+C cells. Drugs are abbreviated as follow
A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRIi); D = Dabrafenib (BRAFi); E=
Encorafenib (BRAFi); S= Selumetinib (MEKi); V= Vemurafenib (BRAFi).

5.3.4.2. Resistance mediated by MET or BRAF V600E in WiDr cells may

be reversible upon drug withdrawal
To assess possible drug resistance reversion upon drug withdrawal, we generated
cells called “release” by growing the 4 WiDr models in absence of drug pressure
for 1 month (Figure 30A). Such “release” experiments can partly recapitulate what
could happen at a molecular and functional level in the tumors of patients who

became refractory to the treatment and stopped taking anticancer drugs due to
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progression. Although the “release” cells carrying either EGFR or KRAS
amplification remained resistant, the “release” cells with MET or BRAFV600E

amplification regained drug sensitivity (Figure 30B).
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Figure 30. WiDr Res. E+C+A and S+C, after one month of drug withdrawal, regain
sensitivity to the same drug combination to which they have become resistant. (A)
Schematic representation of the release cells generation. Release indicates WiDr
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resistant cells that were cultured absence of drugs for one month. (B) WiDr parental,
resistant and release cells were seeded in 24-well plates (3000 cells for well) and treated
after 24 hours. After 12 days cells were fixed with PAF 4% and colored by crystal violet.
Results are representative of at least 2 independent observations. (C) Biochemical
analysis of WiDr parental, resistant and release E+C+A. Actin was used as a loading
control. (D) Digital PCR shows a dramatic reduction of the BRAF V600E mutant allele in
WiDr Release cells compare to WiDr Res. S+C cells. Drugs are abbreviated as follow
A=Alpelisib (PI3K inhibitor); C= Cetuximab (EGFRIi); D = Dabrafenib (BRAFi); E=
Encorafenib (BRAFi); S= Selumetinib (MEKi); V= Vemurafenib (BRAFi).

Changes in drug sensitivity paralleled variations in the molecular mechanism
responsible for acquired drug resistance. WiDr E+C+A “release” cells had a MET
protein reduction compared to the resistant cells maintained under drug pressure
(Figure 30C). In WiDr S+C digital PCR for BRAF V600E revealed a reduction of
the BRAF mutant allele fraction in “release” cells compared to those maintained
under treatment (Figure 30D). As a consequence, WiDr “release” lost BRAF
overexpression and displayed BRAF protein levels comparable to those of
parental WiDr cells (Figure 31). Notably, combinatorial treatment with cetuximab
and selumetinib was able to efficiently restore the abrogation of ERK
phosphorylation in WiDr “release” cells (Figure 31). These results suggest that
drug sensitivity can be restored in resistant cells by releasing pressure on the

MAPK pathway.
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Figure 31. BRAF and ERK phosphorylated and total levels in WiDr Res.S+C cells
and their release derivatives. Cells were treated with the combination of cetuximab (5
pg/ml) and selumetinib (5uM) for 5 hours prior to protein extraction. Actin was used as a

loading control. Drugs are abbreviated as follow C= Cetuximab (EGFRI); S= Selumetinib
(MEKI).
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6. Discussion

Clinical trials assessing efficiency of therapies targeting EGFR/BRAF/MEK/PI3K or
combining chemo- and target- therapies (such as irinotecan, vemurafenib and
cetuximab) in BRAF mutant CRC have led to improvement in response rate and
progression free survival [84, 86-89, 94]. However following an initial response,
acquired resistance inevitably emerges after a few months of treatment [89, 94,
97]. In this thesis, | undertook a comprehensive effort to develop models of
secondary resistance to a spectrum of seven clinically-relevant combinatorial
therapies and to define the landscape of molecular mechanisms leading to
acquired resistance in BRAF mutant CRC. While this work was being carried out,
other studies have reported acquired mechanisms of drug resistance in BRAF

mutant CRC patients [78, 94, 97, 110] corroborating our findings.

In the panel of resistant cell lines generated in this thesis, we identified several
resistance mechanisms upon acquired resistance in BRAF mutant CRC which all
converge to increased phosphorylation of ERK as consequence of MAPK
signaling pathway reactivation. We identified EGFR gene amplification and an
G465R ectodomain mutation in cells resistant to MEKIi+EGFRi and BRAFI+EGFRI
respectively. While the EGFR G465R mutation is known to disrupt antibody
binding to the receptor conferring resistance to anti-EGFR monotherapy in
RAS/BRAF wild-type CRC [104], it has not previously been implicated in BRAF
mutant CRC. We also identified EGFR amplification as a novel potential
mechanism of acquired resistance in BRAF mutant CRC. Interestingly, unlike the

EGFR ectodomain mutation, EGFR amplification conferred cross-resistance not
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only to combinatorial treatment involving EGFRi (BRAFI+EGFRIi, MEKI+EGFRI)
but also to the BRAFi+MEKi combination, which we hypothesized to be a
consequence of an increased EGFR signaling flux. The fact that MAPK feedback
reactivation during BRAFi monotherapy depends on EGFR expression [82], and its
contribution in secondary acquired resistance to MAPK combinatorial inhibition,
highlights the crucial role of EGFR in the biology of BRAF mutant CRC. However,
we also observed that resistance could be driven by signals coming from RTKs
other than EGFR, such as MET, that has previously been reported to be activated
in BRAF mutant CRC cells refractory to BRAFi as well as BRAF wild-type tumors
resistant to cetuximab or panitumumab monotherapy [114, 115]. In our study, MET
amplification was identified as a mechanism of resistance to BRAFi+EGFRi+PI3Ki
(E+C+A) and to BRAFI+EGFRI in a cell line and in a patient, respectively. These
findings, in addition to our functional experiments, indicate that MET activation
could be considered a resistant mechanism to several multi-drug based

combinations.

KRAS mutations have a prominent role in the pathogenesis of CRC and mediate
clinical resistance to anti-EGFR therapies. Analysis by Sanger seguencing
identified KRAS and BRAF mutations in a mutually exclusive manner [13, 144,
145]. An explanation to these observations could be that concomitant oncogenic
activation of KRAS and BRAF would result in activation of cell-cycle inhibitory
proteins (e.g.: P16°PXN?A/p14”RF) " leading to oncogenic stress and senescence
and subsequent counter-selection during the tumorigenesis [146]. Nevertheless,

the use of more sensitive techniques, such as droplet digital PCR, have recently
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revealed that low-allele frequency KRAS mutations could coexist with BRAF
V600E in CRC samples, suggesting an intratumoral heterogeneity in BRAF and
KRAS mutational status [78]. We identified KRAS alterations in ctDNA of a BRAF
mutant CRC patient and in a high proportion of our resistant cells. To remark the
crucial role of KRAS in CRC, beside mutation, we and others have found wild-type
KRAS amplification upon resistance to BRAFi+EGFRI in one of our cell model and
in BRAF mutant CRC patients [97, 110]. Our data suggest that in the future
monitoring KRAS status would be advisable in BRAF mutant CRC patients. This is
highly clinically relevant since KRAS alterations under BRAFi treatment can not
only induce resistance, but cause a paradoxical upregulation of MAPK signaling
mediated by RAF dimerization and CRAF activation, promoting tumor growth with

deleterious effects for patients [147, 148].

Downstream to KRAS, high level amplification of the BRAF 600E mutant allele
was found in WiDr resistant to MEKI+EGFRIi (S+C). This genetic alteration was
recently reported in a BRAF mutant CRC patient with acquired resistance to
BRAFI+EGFRI [97], in colorectal cancer cell lines with secondary resistance to the
MEKi selumetinib [85, 111], as well as in melanoma patients and cells upon
progression to the BRAFi vemurafenib [112]. Our data also shows that
amplification of oncogenic BRAF 600E mutant impairs the therapeutic efficacy of
MEKI+EGFRi combination in CRC cells. Of note, during the generation of resistant
cell models we avoided any biased selection mediated by cell passaging. Indeed
drug pressure might transiently induce a slow cell cycle phenotype [149] which

could be lost during passaging and in turn might select cells with higher
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proliferation rate. Additionally, during the selection period a dramatic bottleneck
effect (i.e. massive cell death) was observed in every case. After some months, a
few clones emerged simultaneously within the same plate preserving a relative
molecular heterogeneity. Indeed polyclonality of drug selected cells is evidenced
by the emergence of multiple resistant mechanisms within the VAC0O432 refractory
to BRAFI+EGFRIi+PI3Ki. Although chronic drug treatment is a valuable approach
to uncover resistant mechanisms, complementarity strategies can be envisioned.
For example, functional genetic screens by shRNA or CRISP libraries could be a
valid tool to identify genes whose suppression could restore drug sensitivity [82,
150]. Additionally genome-wide chemical mutagenesis screens could allow the

detection of both known and novel drug resistance mutations [151].

Cancer is an evolutionary process during which selective forces act on tumor cells
and results in the propagation of tumor clones with a relative fithess advantage
that drives the clonal progression of the tumor. According to the recent “Big Bang
model” of cancer evolution, private alterations that give rise to intratumor
heterogeneity might be generated early after the transition to advanced tumor and
will be ‘pervasive’ in the final neoplasm [152]. Therefore, tumor heterogeneity
might be already present in an early tumor stage but, under selective drug
pressure, specific clones might have a better fithess compared to others with
consequent tumor relapse. Similarly, in our resistant models, double BRAF/KRAS
mutant cells might be already present in the parental cell line, but could have an
advantage in proliferation and survival only under treatment with drugs quenching

activation of the MAPK pathway. Additionally, single clone analyses of these cell
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populations revealed a heterogeneous pattern of both BRAF and KRAS mutations.
In most cases, BRAF V600E co-occurred with KRAS mutations. However, in some
cases only BRAF was observed, thus suggesting additional mechanisms of
resistance yet unidentified. Intriguingly, in one of the two analyzed models, a small
subset of clones solely displayed KRAS mutations without BRAF V600E founder
mutation, which we hypothesized to have been lost under adaptive or selective
process.

Based on the hypothesis that KRAS mutations can co-occur with BRAF V600E
prior to treatment, it is highly probable that also other acquired drug resistance
mechanisms, such as MET or BRAF V600E amplification and MAP2K1 mutation,
may also pre-exist in rare tumor subclones. In support to this hypothesis, we
identified the presence of a subpopulation of MET amplified cells in the primary
colon tumor sample, taken from patient #2 before treatment with any targeted
therapy. Consequently, we hypothesized that combining upfront EGFR, MET and
BRAF inhibition might have led to a more durable response by preventing the
clonal expansion of the pre-existing resistant sub-clones.

All these observations suggest that alterations conferring resistance could develop
at an early stage of BRAF mutant colorectal tumorigenesis, thus laying the seeds
for the eventual emergence of acquired resistance. Identification of pre-existing
molecular alteration prior to treatment might have deep clinical implications for the
selection of the best therapy, avoiding the overuse of inefficient drugs.

However, this approach shows limitation in case of de novo mutations which
occurred as consequence of genomic instability. Such alterations would normally

not confer a fithess advantage in absence of treatment. However, during
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pharmacological inhibition such mutations (e.g EGFR G465R, MEK V211D and

L115P) prevent the drug-protein interaction limiting therapeutic efficacy.

Some of the molecular alterations occurred in cell lines were also found in patient
tumor samples taken at disease progression to BRAFi combinatorial treatment.
Previous studies indicate that therapeutic resistance in solid tumors could be
driven by multiple different subclones, each harboring distinct resistance-causative
mutations usually converging towards similar phenotypic outcomes [119, 123,
153]. In line with this, we identified in Patient #1 two distinct mechanisms
conferring resistance, KRAS mutation and BRAF V600E amplification; both of
which lead to reactivation of the MAPK signaling upon BRAFi combinations. In
Patient #2 upon progression with BRAFI+EGFRI treatment, resistance was driven
by MET amplification. Detection in clinical samples of the resistance mechanisms
identified in vitro (including KRAS amplification, BRAF V600E and MET
amplification), demonstrates the reliability of such approach and suggest that
further resistance mechanisms, identified in our resistant cell panel, may be found

in other patients with BRAF-mutant CRC.

The first part of the work of this thesis was aimed at unveiling the molecular
alterations upon drug resistance in a panel of resistant cell models and at
identifying their molecular clinical relevance. However, elucidating the molecular
mechanisms underlying secondary resistance may help in designing further lines

of therapy strategies to reverse sensitivity and prolong therapeutic efficacy [118,
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153, 154]. For this purpose, in the second part the work, we have explored four

different approaches (Figure 32).
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Figure 32: Strategies to overcome acquired resistance to BRAF inhibitor based
combinations. In this thesis | provided data on four possibly therapeutic approaches to
impair viability of BRAF mutant CRC after they had become resistant to target therapy
combinations. In some instances, the identification of the molecular mechanism of
resistance suggested subsequent and appropriate treatments to regain tumor sensitivity.
Additionally, drug discontinuation might impair survival of clones having a good fitness in
presence of drugs (the resistant one) but not in their absence; therefore a subsequent
drug rechallenge could be a valid approach to overcome acquired resistance. However
both approaches are not always affordable, due to undruggable targets or highly
aggressive disease. Since all our resistant cell models acquired resistance through MAPK
signaling reactivation, its robust inhibition by targeting ERK, BRAF and EGFR revealed a
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high efficacy in most of the resistant cell models. Finally, proteasome inhibitors such as
bortezomib or carfilzomib that were previously reported to selectively kill the BRAF mutant
CRC cells (acting on different pathways), demonstrated a potent in vitro activity since all
but one resistant cell models were sensitive to carfilzomib. Therefore carfilzomib therapy
might overcome to BRAF inhibitor combinations resistance independently of the causative
molecular mechanism.

Under physiological conditions, signaling through the MAPK pathway is regulated
by ERK-mediated feedback inhibition [155]. Through direct phosphorylation events
and by increasing the expression of pathway inhibitors, ERK acts to limit RAS-
GTP levels, which in turn modulates the amplitude and duration of the MAPK
signaling pathway. In RAS mutant cells this fine signaling regulation is impaired. In
our study, RAS alterations were found in half of the resistant models. Although
KRAS mutant tumors remain largely intractable with target inhibitors, therapeutic
strategies relying on the use of pan-RAF inhibitors (drugs that are capable of
inhibiting monomeric BRAF V600E as well as wild-type and RAF dimers) might be
promising. In fact, melanoma tumors that acquired RAS mutations upon BRAFi
treatment have been shown to rely on CRAF activation to trigger MAPK signaling
pathways [156]. It has been reported that ectopic expression of KRAS G12V in
BRAF mutant melanoma cells confer resistance to BRAF or MEK inhibition but not
to pan-RAF and MEKi combination [157]. Although we have not yet tested pan-
RAFi in our resistant models, future studies could determine the benefit of this new
class of drugs in BRAF/KRAS double mutant CRC tumors. If our hypothesis is
supported by future experimental data, this therapeutic approach might covering a
large proportion of BRAF mutant CRC patients that acquired KRAS alterations

during previous targeted therapies.
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In three BRAF mutant resistant cell models, drug treatments have selected
secondary molecular alterations that could be directly targeted by specific drugs
(Figure 32). In all these cases alterations involved RTKs, such as EGFR and
MET.

The EGFR mutation G465R affects the epitope recognized by the monoclonal
antibodies cetuximab and panitumumab. However, it does not impact binding to
the intracellular domain of EGFR by tyrosine kinase inhibitors, such as gefitinib or
erlotinib. Consequently, combination of gefitinib with the BRAFi, vemurafenib,
restores sensitivity in the BRAF/EGFR double mutant cells. In another case,
resistance to BRAFi+MEKi was mediated by EGFR wild-type amplification, which
in turn could be overcome introducing the anti-EGFR cetuximab to the treatment.
Notably, we identified MET amplification in a resistant cell line and in a patient
(previously called patient #2) upon resistance to BRAFI+EGFRi+PI3K and
BRAFI+EGFRI respectively. Since the ALK-MET inhibitor crizotinib has shown
clinical activity in MET amplified cancers and safety when combined with
vemurafenib [128, 158, 159], we tested this drug combination on WiDr resistant
MET amplified cells. Albeit crizotinib alone was ineffective to overcome resistance,
its combination with vemurafenib could impair the proliferation of MET-
overexpressing cells. Based on this in vitro analysis, the patient was treated with
BRAFI+METi and achieved a partial response. A recent work correlated MET

amplification with a higher prevalence of BRAF'%%%%

tumors [160], which may
increase the impact of this combination. Unfortunately, after four months of

treatment, the tumor relapsed by a further amplification of MET, rendering the
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inhibitory effect of crizotinib insufficient. Since the patient died about two months
following disease progression, we hypothesized that MET hyper-amplification
coupled with BRAFY®®F mutation not only conferred resistance to BRAFi+METi,
but might be also responsible for the particularly aggressive disease behavior.
Possibly, the extremely high level of MET expression shown by the resistant tumor
upon resistance to BRAFi+METi could have been exploited as a Achilles’ heel to
rationally test as a further salvage line novel anti-MET antibody-drug conjugates,
such as ABBV-399, which showed promising activity in MET amplified cancer cells

and non-small cell lung cancer patients [161, 162].

In tumors, recurrent alterations conferring resistance to targeted therapies appear
to converge upon a relatively constrained range of mutations and aberrations,
often in multiple parallel clones within the same malignancy [163]. Although our
findings support MAPK pathway reactivation as a key event in the development of
acquired resistance to BRAF inhibitor combinations, it is striking that several
different molecular mechanisms of resistance were identified among different cell
models. The diversity of potential molecular alterations leading to acquired
resistance suggests that therapeutic approaches targeting individual resistance
alterations may be difficult to implement as a generalizable strategy to overcome
resistance. However, the common thread among these diverse molecular
alterations is that they converge on MAPK pathway reactivation as a mechanism
for promoting resistance. Overall by systematically comparing multiple drug
combinations we observed that the combination of BRAFi+EGFRi+MEKIi or ERKIi

in combination with BRAFi and/or EGFRI displayed superior activity across the
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vast majority of resistant models. Therefore, these combinations may represent
the most promising strategies for evaluation in clinical trials for patients with BRAF
mutant CRC.

The triple combination of BRAFI+EGFRI+MEKI is currently being evaluated in
clinical trials, and preliminary results suggest improved response rate compared to
the individual doublet combinations [164], which is consistent with our findings,
and suggests that improved activity against the common resistance mechanisms
in BRAF mutant CRC may account in part for the improved clinical efficacy
observed. Additionally, as part of a Phase | study of the ERKi GDC-0994
monotherapy (NCT01875705), 13 BRAF V600E CRC patients were treated, of
which 2 had a confirmed partial response [165]. Consistent with our findings,
previously published reports have documented promising preclinical activity of
ERK inhibition in BRAFi or MEKI resistant cell line models [106, 132, 133] and in
MEKi+BRAFi and BRAFI+EGFRi resistant BRAF mutant CRC cells [97],
supporting ERKi as key potential components of future clinical trial strategies for
this disease. Although it cannot be ruled out that additional pathways might have a
role in resistance of BRAF mutant CRC, our data suggest that strong inhibition of
MAPK signaling is crucial. Vertical combination therapy designed to more
effectively block reactivation of MAPK signaling, possibly through the incorporation
of ERK inhibitors, has the potential for improved clinical benefit in patients with this
aggressive CRC subtype. This hypothesis is supported by a recent work
suggesting that combined RAFi, MEKi and ERKi treatment durably inhibited
signaling and proliferation in melanoma cells that were induced to express

intermediate or high levels of BRAF V600E [166]. Moreover, this triple-drug
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combination revealed a lower toxicity profile than the MEKi+ERKi combination in
mice. Indeed, the addition of the BRAFi reduced the inhibitory effect of the other
drugs in normal tissue, suggesting that the ability of the BRAFi to paradoxically

activate ERK in BRAF wild-type cells ameliorates the toxicity of therapy [166].

Another common feature is that the original BRAF V600E mutation is maintained
in all resistant cell populations. This might have important clinical implication in the
future because BRAF mutant CRC cells are particularly sensitive to proteasome
inhibition. Vulnerability to proteasome inhibitors is dependent on persistent BRAF
signaling, because BRAF V600E blockade by vemurafenib was shown to reverse
sensitivity to carfilzomib in BRAF-mutant CRC cells [135]. Our in vitro analyses
suggested that the proteasome inhibitor carfilzomib could be a valid approach to
overcome acquired resistance to target therapies. Indeed all but one of our
resistant cell models were highly sensitive to carfilzomib treatment. It has
previously been reported that BRAF V600E mutation can induce a chronic
endoplasmic reticulum (ER) stress status in melanoma cells [167]. Therefore, we
hypothesize that chronic ER stress could also be characterize BRAF mutant CRC
cells; in this scenario ER stress could be further induced by proteasome inhibitors
to levels incompatible with cell survival by activating autophagic and apoptotic
pathways in cancer cells. The mechanisms by which proteasome inhibitors could
trigger cell death in BRAF mutant CRC cells remain to be elucidated, but the
activity of carfilzomib in both parental and resistant cells could be of great interest

for the design of future strategies.
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Upon the acquisition of resistance to targeted therapies, an intriguing phenomenon
called drug addiction sometimes develops [140]. This occurs when cells that are
resistant to drug treatment become dependent on the drug for ongoing
proliferation. In xenograft models of malignant melanomas treated with
vemurafenib, regression of resistant tumors is observed upon withdrawal of the
drug [140]. Recent data revealed that drug addicted melanoma cells upon drug
withdrawal had a decrease expression of genes associated with cell proliferation,
an increased expression of genes associated with metastasis and supra-basal
ERK hyper-activation [136, 137]. In three out of four cell models in which drug
withdrawal was carried out, we observed no changes on cell proliferation rate.
Nevertheless, in a WiDr drug resistant derivative that had developed BRAF V600E
mutant allele amplification, cell viability and survival were severely impaired after
cessation of drug administration. The reason by which only the BRAF V600E
amplified cells showed drug addiction is unclear. In melanoma, similarly to our
findings in CRC, BRAF V600E amplification drives acquired resistance to MAPK
inhibitors via ERK reactivation and was associated with BRAFi [140] or
BRAFI+MEKi [138] addiction. Functionally, BRAF V600E overexpression in
melanoma cells, upon BRAFi+MEKi withdrawal, enhanced the cell death which
depended on a robust phosphorylated ERK rebound. Consequently, a low dose of
ERKi was sufficient to block this rebound and reversed drug addiction [137].
Based on these data we can hypothesize that BRAF V600E amplification could
peculiarly induce cell death upon drug discontinuation by increasing the MAPK
signal flux over the physiological levels. In support to this hypothesis, we indeed

showed an increase in ERK phosphorylated protein in BRAF V600E amplified cells
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upon drug discontinuation. Nevertheless, further studies in CRC are warranted to
elucidate the role of ERK in drug addiction and understanding how and whether

drug addiction can be exploited from a therapeutic perspective.

Drug discontinuation and rechallenge has been proposed as a possible approach
to regain tumor sensitivity [168]. To explore this possibility in the setting of BRAF
mutant CRC, we imposed a drug holiday for one month to four WiDr resistant
models characterized by EGFR, MET, KRAS, BRAF V600E amplification. Of these
models only the BRAF V600E amplified cells were drug addicted. Over time,
however, clones that were resistant to drug withdrawal spontaneously arose from
cell pools. Finally, drugs rechallenge on the four models revealed that the
“release” cells coming from the original MET or BRAF V600E amplified models
had regained responsiveness to MAPK pathway inhibition and lost overexpression
of MET or BRAF proteins, respectively. Probably this occurred by a
counterselection of clones bearing MET or BRAF amplification, since these
amplified cells could have a good fitness in presence of drugs but not in their
absence. All this is consistent with the fact that clinical rechallenges with drugs
inhibiting the MAPK pathway in melanoma patients whose cancer has progressed
on treatment are sometimes successful [168, 169]. Albeit further studies are
necessary to fully evaluate the effects of withdrawing treatment, this preliminary
data might suggest that rechallenge might be successfully in tumor control of

BRAF mutant CRC patients that progressed to drugs targeting the MAPK pathway.
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Giving target therapies by intermittent dose schedules might be a potential method
for reduce toxicity and delay the emergence of acquired resistance [166]. In fact
epigenetic changes might drive tolerance under treatment selective pressure
[170]. It is therefore possible that a ‘drug holiday’ could allow reversion to a
previous epigenetic profile or could facilitate re-emersion of sensitive clones. In
line with this observation, a phase Il trial (NCT01894672) is currently testing the
safety and efficacy of an intermittent regimen with BRAF inhibitors, in which
encorafenib will be administered on a 2-weeks-on/2-weeks-off schedule. During
target treatments sensitive melanoma cells might enter in a state of non-mutational
tolerance due to a MAPK/PI3K pathway rewiring [171]. Adaptation to target
therapy is a temporal process where the initial stage is dependent on the loss of
activity of ERK following by epigenetic changes, which in turn increase survival
signaling and metabolic adaptation [170]. Since drug tolerance may ensure
persistent cell survival and a permissive state for further or enhanced acquisition
of resistance, affecting viability of these pre-resistant cells might be a valid
strategy to prolong drug efficacy [149]. A possible therapeutic approach may
involve modulating the epigenome by the use of BET bromodomain inhibitors.
Indeed, the bromodomain inhibitor JQ1 has previously been reported to synergize

with BRAFi in melanoma and BRAF mutant CRC cells [149, 172].

This thesis is only limited to the exploration of cancer cell autonomous
mechanisms of resistance, which warrant further investigations. Indeed, in the
future, studying in vivo models would be essential to investigate non-cell

autonomous (such as tumor microenvironment-mediated) mechanisms of drug

101



resistance in BRAF mutant CRC. Moreover, non-genetic mechanisms were not
explored here. A melanoma study recently demonstrated how the BRAFi,
vemurafenib, paradoxically activates the MAPK pathway in BRAF wild-type cells
(such as cancer associated fibroblast) mediating the remodeling of the
extracellular tumor matrix, contributing to drug adaptation and cell survival.
However, my study did not consider the involvement of such mechanism [171].
Therefore, studies translating this hypothesis in the CRC setting under BRAFi
based combination are warranted to improve the knowledge on the landscape of

BRAF mutant resistance to targeted therapy combinations.

Additionally, in the future we plan to assess whether therapeutic strategies based
on alternating cycles of chemotherapy (irinotecan or carfilzomib), BRAF inhibitor
combinations, epigenetic drugs and drug holiday periods might be a valid strategy

to delay the emergence of drug resistance in BRAF mutant CRC cells.

Concluding, we characterized the molecular mechanisms of resistance to BRAF
inhibitor based combinations. We also provided promising strategies to overcome
acquired resistance and, possibly, prolong the survival of the difficult-to-treat
metastatic patients with BRAF mutant CRC. We markedly improved our biological
understanding of BRAF mutant CRC and proposed new addition to the
armamentarium against this type of tumor using novel antitumor targeted agents
based on rational combination therapies. Although drug combinations improved
antitumor efficacy, they increased the monthly cost of these treatments which

might limit, in the future, their clinical application depending on the coverage by
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National Health Care systems. However, the ultimate key question remains the
benefit duration of such therapeutic approaches until acquisition of subsequent

refractoriness.
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