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Chapter 1

General introduction



A short history of nearly everything on molecular cancer genetics

Cancer evolved as an umbrella term for more than 100 distinct diseases
with diverse risk factors originating from various cell types and organs of the human
body. It is therefore challenging to make a firm definition of cancer, but we can
say that cancer cells are characterized by their ability to undergo unrestrained
proliferation and often also by invasion beyond tissue boundaries and metastasis
to distant organs. Much of cancer research efforts over the last couple of decades
is founded on a premise that cancer results from a deranged genome. This idea
originated in the late nineteenth and early twentieth century with seminal studies
by David von Hansemann (Hansemann, 1890) and Theodor Boveri (Boveri, 1914)
who were examining dividing cancer cells under the microscope. They reported
that cancer cells harbor abnormalities of the hereditary material which they saw
as aberrant chromosomes in various stages of mitosis. In the ensuing decades,
chemical nature of this hereditary material was defined as deoxyribonucleic acid
(DNA) (Avery, 1944), its structure was discovered (Watson and Crick, 1953) and its

rearrangements were linked to human disease.

The first specific and recurrent genomic abnormality directly and causally
linked with cancer was reported in 1973 by Rowley et al. who described the
translocation between chromosomes 9 and 22 in chronic myeloid leukemia,
defining the so called “Philadelphia chromosome” (Rowley, 1973). About one
decade later, in 1982, the first naturally occurring somatic point mutation in cancer
was identified. This was a single base substitution in codon 12 of the HRAS gene
(Reddy et al., 1982; Tabin et al., 1982). This finding marked the onset of an era
of molecular cancer genetics and sparked the relentless search for the abnormal
genes underlying the development of human cancer. In the first 25 years since the
discovery of the HRAS point mutation, approximately 100.000 additional somatic
mutations have been identified in the cancer genome (Stratton et al., 2009), and
this number continues to increase. Some of these point mutations were found in
already known cancer-promoting genes such as BRAF, PIK3CA, EGFR, and HER2, and
some were more surprising such as mutations in IDH1, isocitrate dehydrogenase,

which is an essential enzyme of the Krebs cycle of oxidative phosphorylation.



Interestingly, a whole series of somatic point mutations was found in genes
coding for kinases that become constitutively activated by the specific mutation
found in cancer. This initiated carefully orchestrated drug discovery efforts to find
inhibitors that could serve as anticancer therapeutics. Thanks to these efforts we
now have access to both large-scale sequencing of cancer genomes and the drugs
necessary to experimentally interrogate the phenotypic behavior of cancer cells in
the presence and absence of such drugs. Together, these efforts resulted in a fine-
grained picture of the various genetic alterations that underlie cancer development
coupled with their functional consequences. It is our challenge now to integrate this
complex information to deepen our understanding of the biological mechanisms
that promote cancer cell growth and invasion, in the hope to chart new directions

for treatment of cancer.

Cancer as an evolutionary process that can be mimicked in vitro

Inourcurrentunderstanding, malignant outgrowth is aresult of an elaborate
two-step evolutionary process. First, the acquisition of heritable genetic variation
in individual cells, and second, natural selection, which weeds out cells that have
acquired deleterious mutations or mutations that do not confer growth or survival
advantage. When cells gradually accumulate these mutations during the course of
a lifetime they are called somatic mutations, as opposed to germline mutations that
are inherited from parents and transmitted to offspring. Current DNA sequencing
technologies have confirmed the causal link between cancers and the mutations
in the DNA sequence of the genomes of cancer cells. However, only a minority of
somatically acquired changes present in cancer genome have been directly linked
with cancer development. These changes have been dubbed ‘driver’ mutations,
to differentiate them from the plethora of underlying ‘passenger’ mutations
that made no measurable contribution to the process of carcinogenesis. A driver
mutation is one that confers growth or survival advantage to the cancer cell and has
been positively selected in the pre-malignant and malignant microenvironment. On
the other hand, passenger mutations have not been selected because they do not

confer selective advantage, but are still abundantly present in the cancer genome,



presumably due to the accrual of random somatic mutations that occur during cell
division, or due to exposure to carcinogens such as benzo[a]pyrene, aflatoxins,
or tobacco smoke (Loeb and Harris, 2008). In either case, while the damage in a
particular segment of the DNA occurs randomly, the phenotypes of associated

carcinogenic changes are determined by selection.

Any somatic mutation that impairs cell survival will be subject to negative
selection in the cancer evolution. Contrary to that, any mutation that is beneficial
to the survival of cancer cells will be actively maintained due to positive selection.
These dynamic processes of positive and negative selection can be mimicked in
vitro using elaborate experimental setup called functional genetic screen. A screen

is called functional if it has a functional, and often binary readout, of growth vs.
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Figure 1. Experimental setup of a functional genetic screen. If a genetic screen is
analysed as a positive selection screen, then we measure the relative enrichment
of specific sequences in drug-treated scenario compared to untreated control cell
population. For example, green and red sequences are enriched in the presence of
drugs A and B, respectively. However, if a screen is analysed as a negative selection
screen, then we are looking for the absence of specific DNA sequences, for example
the absence of red sequences in Drug A, and the absence of blue sequences in Drug B.



no growth, survival vs. death, positive vs. negative selection. If positive selection
resulting from overcoming drug-induced growth inhibition has been the primary
focus of a screen, we call it a resistance screen. On the other hand, negative
selection screens are also called dropout screens, because the aim is to find the
specific sequences that are missing from the test scenario (Figure 1). In this thesis, |
have applied both approaches to understand the molecular mechanisms underlying

responses of cancer cells to drugs.

Targeted therapeutics and acquired resistance

As it became clear that cancer arises primarily as a result of somatically
acquired changes in the genetic material, a lot of focus has been directed towards
large cancer genome-sequencing projects. These studies have yielded profound
insights into the mutations that contribute to malignant growth. Some of the
mutations identified cause aberrant and constant activation of genes that drive
uncontrolled proliferation and govern metastatic or immune-evading properties of
cancer cells. Comprehensive sequencing efforts have revealed ~140 genes that can
promote or “drive” tumorigenesis, when altered by specific intragenic mutations

(Vogelstein et al., 2013); and these genes have been termed oncogenes.

Considering that a typical tumor contains only two to eight of these “driver”
mutations (the remaining mutations are passengers that confer no selective growth
advantage), and that cancer cells can become addicted to the activity of a single
oncogene, which is known as “oncogene addiction” (Weinstein, 2002), much effort
has been placed in designing small molecule inhibitors directed against individual
oncoproteins. These inhibitors, called targeted therapeutics, resulted in clinical
improvement in cancers driven by specific genetic events, such as BRAFV600F
mutant melanomas, chronic myeloid leukemias driven by BCR-ABL translocations,
HER2 amplified breast cancers, EGFR mutant lung cancers and several others (Sun

and Bernards, 2014).

However, advanced cancers are far more complex than clonal outgrowths

of a single transformed cell; they are highly heterogenous in nature and possess



adaptive mechanisms that help cells survive under changing physiological and/or
pharmacological circumstances. It is for this reason that resistance occurs almost
invariably when advanced stage disease is treated with agents that act on an
oncogenic driver. Intrinsic resistance is a rapid adaptive response of a majority of
cancer cells within the tumor. On the other hand, adaptive or acquired resistance
requires comprehensive rewiring of cell signaling and often involves additional (epi)
genetic alterations that become prominent over the course of clonal selection. This
is the reason why adaptive resistance emerges after an initial period of response.

To tackle this problem, it is essential to gain a comprehensive mechanistic
understanding of these adaptive mechanisms whichemerge asaresult of the dynamic
and genetic flexibility of intracellular signaling pathways. As our understanding
deepens, new possibilities for intervention are being discovered, and applied in the
clinic, as demonstrated by the phenomenon of synthetic lethality, as well as more
recently described genetic interactions termed collateral dependencies. These

topics are discussed in more detail below.

Synthetic lethality

Inhibitors against protein products of most druggable oncogenes have
already been developed and are commercially available. Moreover, effective
targeted agents are emerging even against certain variants of mutant RAS that
have previously been considered undruggable (Janes et al., 2018; Ostrem et al.,
2013). It is therefore of paramount importance to learn how to successfully apply
these agents to forestall or avoid the emergence of resistant clones. One example
of a successful approach is synthetic lethality (SL), a situation in which neither
drug (or mutation) is lethal to a cell when applied in isolation, but administered
together they result in lethality (Figure 2A). Synthetic lethality is a particularly
important concept because cancers can be initiated through a series of loss-of-
function mutations in tumor-suppressor genes, such as PTEN or TP53. While it is
impossible to pharmacologically target the missing or inactivated gene, it is possible

to discover specific vulnerabilities that arise in the given loss-of-function genetic



context. In other words, it is possible to find a druggable synthetic lethal partner
of a mutationally inactivated tumor-suppressor gene. This was formally proven in
2005, when two seminal papers demonstrated that BRCA1 or BRCAZ2 deficient tumor
cells are hypersensitive to inhibitors of Poly-ADP ribose Polymerase (PARP) (Bryant
et al., 2005; Farmer et al., 2005). Several mechanisms have since been proposed,
neither of which fully explaining the extent and potency of the observed phenotype
(D'Andrea, 2018). Simplistically speaking, BRCA-deficient tumors are defective in
homologous-recombination-mediated DNA repair which makes them dependent
on PARP-mediated base-excision repair of damaged DNA. This vulnerability can be
therapeutically exploited using PARP inhibitors in various BRCA-mutant cancers,
such as ovarian, breast or prostate cancer (Audeh et al., 2010; Fong et al., 2009;
Tutt et al., 2010). The encouraging outcomes of these clinical trials were confirmed
by follow up studies which led to the approval of three different PARP inhibitors
(olaparib, rucaparib, and niraparib) by the U.S. Food and Drug Administration (FDA)
for clinical use in patients with BRCA-mutant ovarian and breast cancer (Lord and
Ashworth, 2017).

The BRCA-PARP synthetic lethal interaction is an example of a “gene-drug”
synthetic lethality, as it arises as a consequence of interaction between the mutated
gene (BRCA) and a small molecule (PARP inhibitor). If small molecules are used to
inhibit both of the gene products of the two genes that are in a synthetic lethality
relationship relative to one another, this interaction can be considered a “drug-drug”
synthetic lethality. One of the clinically most successful examples is synthetic lethal
interaction between EGFR and BRAF in BRAF mutant colorectal cancer (Prahallad et
al., 2012). It is important to note that EGFR and BRAF inhibitors, applied as single
agents, are largely ineffective in this malignancy, but administered together display
drug synergy. This finding, based on an unbiased functional genetic approach
(synthetic lethality screen), provided a mechanistic rationale for several clinical trials
where BRAF (V600E) metastatic colorectal cancer (CRC) patients received either
a dual combination of BRAF and EGFR inhibitors or a triple combination with the
addition of MEK or PI3K inhibitors (Corcoran et al., 2018; van Geel et al., 2017). The
results of these studies conclusively demonstrated that the combination treatment

improved response rates and outcome as compared with single agent treatment



strategies. The same combination of EGFR and BRAF inhibition was also studied
in the presence of chemotherapeutic agent irinotecan. There also, the addition of
BRAF inhibitor showed an increase in response rate and progression-free survival
when compared with the combinations without the BRAF inhibitor (Hong et al.,
2016; Kopetz et al., 2017). Finally, a phase 3 trial confirmed the safety of triple
combination containing BRAF inhibitor encorafenib, MEK inhibitor binimetinib and
an anti-EGFR antibody cetuximab (Kopetz et al., 2019). These results will most likely
lead to the FDA approval of this triple combination as second-line treatment for
patients with BRAF (V600E) metastatic CRC. However, the beneficial outcome was
not observed in the entire patient cohort and there were documented cases of
secondary resistance. This is most likely due to intratumor heterogeneity and clonal
evolution of mutations leading to the reactivation of the MAPK pathway (Oddo et
al., 2016).

Importantly, a drug combination that is clinically superior might not
necessarily meet the criteria of a quantitative test of synergistic pharmacological
interaction. The pharmacological assays designed to identify and validate
synergistic drug combinations are based on Loewe Additivity (used in Chapter 2)
or Bliss independence score, and are applicable to cell culture experiments, but
not to clinical trials. If a pharmacological drug interaction assay confirms a given
drug combination as synergistic, the clinical benefit that might arise in combination
treatment is due to drug interaction within tumor cells. On the other hand, in
some clinically superior combinations the benefit is only visible on the level of
patient populations due to variability in drug responses (Palmer and Sorger, 2017).
Distinguishing between the two is important for the interpretation of clinical trial

data and for making the choice between sequential and simultaneous treatment.

A remarkable example of a combination synergy effect that was not based
on a synthetic lethality screen is given by phase 3 clinical trial combining a small-
moleculeinhibitor of CDK4 and CDK6 palbociclib withanaromataseinhibitor letrozole
in the treatment of postmenopausal women with estrogen-receptor (ER)-positive,
human epidermal growth factor receptor 2 (HER2)-negative advanced breast

cancer. The study concluded that palbociclib combined with letrozole resulted in



significantly longer progression-free survival compared to letrozole alone, although
the rates of myelotoxic effects were higher in combination treatment arm (Finn et
al., 2016). Another clinically successful example of a “drug-drug” combination that
would not necessarily qualify as a synthetic lethality is co-inhibition of BRAF and
MEK in the treatment of BRAF-mutant melanoma, which was also validated in a
phase 3 clinical trial (Long et al., 2014), although it provides only a few months of

progression-free survival compared to BRAF inhibitor alone.

In recent years, the gene-centric efforts to identify synthetic lethal effects
associated with individual cancer driver genes have been complemented by a series
of genetic screens aiming to map the genetic dependencies of large panels of tumor
cell lines. One such study described as many as 501 genome-scale loss-of-function
screens performed in a wide range of human cell lines (Tsherniak et al., 2017),
while another focused specifically on profiling kinase dependencies (Campbell
et al., 2016). Thanks to these and other similar studies, such as (McDonald et al.,
2017), we now have access to an overview of the genes necessary for the growth of
individual cell lines. In combination with genotype information, we can now search
for specific synthetic lethal effects with the ultimate goal to identify vulnerabilities
in human cancers that can be provoked using small molecules. However, the fact
remains that now, after more than a decade of concentrated effort to identify and
utilize synthetic lethality in the treatment of cancer, there are still only a handful
of clinically successful examples. One of the plausible hypotheses explaining this
is the issue of incomplete penetrance of synthetic lethality due to the intra-tumor
heterogeneity or context dependency of the phenotype. In other words, only a
fraction of tumor cells in a lesion undergo cell death program when an associated
synthetic lethal target is inhibited (Ryan et al., 2018) or the phenotype is only
apparent in a subset of cancers, making the clinical development less attractive.
The cell death only happens in a fraction of tumor cell clones that contain a specific
genetic alteration that renders that specific cell population susceptible to a given
synthetic lethality. In order to overcome this problem, a combination of various
strategies would need to be applied, either simultaneously or intermittently. These
issues gave rise to the idea of higher-order synthetic lethality interactions (collateral

dependencies) and collateral vulnerabilities which will be discussed below.



Collateral dependency

Hard lessons learned from a series of clinical trials that failed to reach target
have thought us that oncogene-dependent cancer cells will engage previously
dispensable genes and pathways when treated with an inhibitor specific to their
oncogenic driver. This seemingly subtle yet precise shift in signaling flux enables
cancer cells to survive and proliferate in an oncogene-inhibited state. A number of
non-mutational bypass mechanisms of drug resistance have already been described,
and carefully reviewed (Garraway and Janne, 2012), concluding that a thorough
understanding of resistance mechanisms is imperative in order to avoid the pre-
existing resistance and overcome acquired resistance to targeted therapeutics. Any
putative synthetic lethal dependencies with the driving oncogene are contingent on
the overactivated signalinginduced by that oncogene. If the product of that oncogene
is inhibited by a small molecule, the bypass pathways capable of sustaining cancer
cell survival in this new situation of acute deprivation of a driver oncogene’s activity
are likely distinct from direct synthetic lethal interactions. For this reason, Lou and
coworkers have recently proposed a new term, dubbed collateral dependency (CD)
to describe a class of genetic interactions that support the driver-limited cancer cell
state (Lou et al., 2019). They made use of the genome-scale CRISPR interference
functional genomics platform (Gilbert et al., 2014; Horlbeck et al., 2016) and the new
KRASG12C specific inhibitor (Janes et al., 2018; Lito et al., 2016; Ostrem et al., 2013;
Patricelli et al., 2016) to search for collateral dependency-type genetic interactions

G12C

in cellular models of KRAS mutant lung and pancreatic cancer. They identified

diverse mechanisms by which CDs influence KRAS®1?C_driven growth upon
oncogene inactivation and tested these interactions in a large panel of KRASGIZC—
driven cancer cells. Their results show that vast majority of newly identified genetic
interactions are not synthetic lethal (SL) with mutant KRAS, thus demonstrating that
CDs are biologically distinct from SL dependencies. Moreover, this work revealed
that optimal targeting of KRAS-driven cancers requires combination of inhibitory

activities, against the driver oncogene and any of its collateral dependencies.



Collateral dependencies are, in a nutshell, synthetic lethality-like genetic
interactions that arise specifically in an oncogenic driver-limited state (Figure 2B).
While synthetic lethal genes are dependent on hyperactive signaling downstream
of the driving oncogene, collateral dependencies arise when this driving oncogene
is persistently inhibited by the externally applied targeted agent. Indeed, altered
signaling networks in a driver-limited cancer cell state may open novel genetic
vulnerabilities that were previously masked by the hyperactive oncogenic signaling.
In essence, collateral dependencies can be regarded as higher-order synthetic lethal
effects. Although Lou et a/ (Lou et al., 2019) were the first to use the term collateral
dependency, their work established a generalizable strategy that can be applied, in
retrospect, to any direct inhibitor of an oncogenic driver. In fact, one of the clinically
most advanced examples of such higher-order synthetic lethality is the interaction
between EGFR and BRAF in BRAF mutant colorectal cancer (Prahallad et al., 2012),

A Key:
@ SL gene Q Normal cell
ﬂ ﬂ {:j:? Cancer cell

Cell viable Cell dies: synthetic lethality (SL)

CD gene % CD géne h inhibitor_ofdap
oncogenic driver

I .

Cell viable Cell viable Cell dies: collateral dependency (CD)

Figure 2. Synthetic lethality and collateral dependency.

(A) Synthetic lethality arises as a consequence of loss of function or inactivation of a
synthetic lethal (SL) gene in an oncogenic context of a cancer cell. If the same gene is
deleted or targeted in a non-transformed cell, the cell remains viable.

(B) In an untreated scenario, the loss or inactivation of a collateral dependency (CD)
gene is well tolerated by the cancer cell (middle). Collateral dependency is revealed
only upon inhibition of an oncogenic driver in cancer cells (right). Figure adapted from
Lou et al. (Lou et al., 2019)



which was already mentioned above in the synthetic lethality section. Here, a
driver gene effect is targeted by the BRAF inhibitor while anti-EGFR compounds
aim to prevent any synthetic rescue effects that have now been termed collateral
dependencies. In this case, active EGFR is therefore a collateral dependency of
BRAF-inhibited CRC cells. The incomplete responses and secondary resistance
observed in subsequent clinical trials (Hong et al., 2016; Kopetz et al., 2019; 2017)
could also be due to the fact that not all BRAF-mutant collateral dependencies have
been identified and successfully targeted in those studies.

Collateral vulnerability

Acquiring resistance to a targeted agent usually involves rewiring of cellular
signaling which may result in specific vulnerabilities to drugs that parental cell
population would be innately resistant to. Unlike collateral dependencies, this is
not a novel concept; it was known since the 1960s and termed collateral sensitivity
(Hutchison, 1963). It is defined as a greater susceptibility of a resistant population,
in comparison with the parent population, to another compound, meaning a
compound different that the one used to induce resistance. Interestingly, the parent
population can be less susceptible than the resistant population to the action of the
second agent, but this is not always the case. The resistant population of tumor cells
constitutes a reservoir from which drug-resistant tumor clones can emerge. This is
why targeting resistant cell population, which is often referred to as the persister
cell pool, presents an opportunity to forestall or impede tumor relapse (Oxnard,
2016). The origins of this persister cell pool were a topic of major debates in the
field, until two recent publications proved that persister cells can emerge from pre-
existing resistant subclones that expand after therapy and also that they emerge
de novo upon exposure to targeted agent (Hata et al., 2016; Ramirez et al., 2016).
Interestingly, in some cells, drug-resistant subclones arise with the same resistance
mechanism every time that they are treated with a given compound, while other
cells exhibit no predestined resistance mechanism and have the potential to
acquire diverse resistant phenotypes. Recent work by Hangauer and coworkers

(Hangauer et al., 2017) identified a broad downregulation of antioxidant gene-



expression in persister cells. This observation led the authors to identify persister
cell vulnerabilities specifically in oxidative stress defense mechanisms and suggest
that targeting of these resistance mechanisms may represent a therapeutic strategy
to prevent acquired drug resistance. In this thesis, we start with the hypothesis that
resistant cell clones harbor specific collateral vulnerabilities that, once uncovered,

may represent a potent therapeutic approach.

Thesis overview

In the following chapter; Chapter 2, we describe an unbiased functional
genetic approach we designed to search for synthetic lethal interactions with the
FGFR oncogene in FGFR-mutant bladder and lung cancer. Although the growth of
FGFR-mutant cancers is driven by the constitutively activated FGFRs (fibroblast
growth factor receptors), the responses to FGFR kinase inhibitors are moderate
at best. Aiming to study the drug-resistance mechanisms and potentially unravel
new synthetic lethal partners of the FGFR oncogene, we performed an FGFR
inhibitor synthetic lethality screen in an FGFR-mutant bladder cancer model using
a small hairpin RNA (shRNA) library targeting a complete set of human kinases. We
discovered that silencing several components of the PI3K pathway (AKT3, PIK3CA
and PIK3R1) can enhance the responsiveness to the FGFR inhibition. Moreover, we
reported that PI3K reactivation is an important resistance mechanism that can occur
upon exposure to FGFR inhibitor. Importantly, the reactivation of PI3K happens
through feedback signaling by EGFR and HER2/3. Our work demonstrates that
targeting components of the downstream signaling of the FGFR and ERBB family
members, such as PI3K, can block the adaptive pathway and convert the response
from cytostatic to cytotoxic (Wang et al., 2017). Finally, we formally proved synthetic
lethal interaction between FGFR and PI3K inhibitors in various FGFR-mutant bladder
and lung cancer cell lines (Wang et al., 2017).

While Chapter 2 of this thesis will focus on the concept of synthetic lethality,
Chapter 3 will propose a novel and unexpected collateral dependency that arises in
KRAS mutant colorectal cancer cells via the master regulator of the unfolded protein

response, ERN1. ERN1 functions as an endoplasmatic reticulum (ER) membrane-



embedded kinase and an endonuclease that sensors the status of unfolded proteins
inside the ER lumen and governs the unfolded protein response (Niwa et al., 1999).
A series of functional genetic screens performed on yeast cells, demonstrated
that loss of irel, a yeast homologue of ERN1, represents a collateral vulnerability
of hyperactivated Ras signaling in yeast. However, signaling downstream of Ras
differs in yeast and mammalian cells. Only upon inhibition of MAPK signaling with
the use of allosteric MEK inhibitors, we uncover the genetic interaction between
mutant RAS and ERN1 in KRAS mutant colorectal cancer cells. To understand the
mechanism of this interaction we apply CRISPR-Cas9 based genetic screen genome-
wide and uncover specific collateral dependencies of the MEK-inhibited state in our

colorectal cancer models (Sustic et al., 2018).

In Chapter 4 we will discuss relatively unexplored players in MEK inhibitor
resistance, transcription factor RUNX2 and its binding partner and transcriptional
coactivator CBFB. We will present a mechanistic examination of RUNX2 and CBFB
negative cells and demonstrate that cells made resistant to MEK inhibitor (by losing
RUNX2 or CBFB) gain collateral vulnerability to conjoint SHP2 and MEK inhibition
(Sustic et al., 2020). SHP2 is one of the crucial adaptor proteins that relays survival
and proliferation signals from the cell membrane and engages downstream
pathways such as PI3K or MAPK signaling (Prahallad et al., 2015). The persistent
signaling through SHP2, found in resistant cell population, makes RUNX2 knockout
(KO) cells especially vulnerable to small molecules targeting SHP2. This is why
SHP2 engagement can be thought of as a collateral vulnerability of MEK inhibitor
resistant cells. Moreover, we explore the possibility of using SHP2, as potentially
crucial signaling node, to overcome resistance to MEK inhibitors in KRAS mutant

colon cancer (Sustic et al., 2020).



REFERENCES

Audeh, M.W., Carmichael, J., Penson, R.T., Friedlander, M., Powell, B., Bell-McGuinn, K.M.,
Scott, C., Weitzel, J.N., Oaknin, A., Loman, N., Lu, K., Schmutzler, R.K., Matulonis, U.,
Wickens, M., Tutt, A., 2010. Oral poly(ADP-ribose) polymerase inhibitor olaparib in
patients with BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a proof-of-
concept trial. Lancet 376, 245-251. d0i:10.1016/50140-6736(10)60893-8

Avery, O.T., 1944. Studies on the chemical nature of the substance inducing transformation
of Pneumococcal types: induction of transformation by a desoxyribonucleic acid
fraction isolated from Pneumococcus type lll. Journal of Experimental Medicine 79,
137-158. d0i:10.1084/jem.79.2.137

Boveri, T., 1914. Zur Frage der Entstehung maligner Tumoren. Gustav Fischer 1-64.

Bryant, H.E., Schultz, N., Thomas, H.D., Parker, K.M., Flower, D., Lopez, E., Kyle, S., Meuth,
M., Curtin, N.J., Helleday, T., 2005. Specific killing of BRCA2-deficient tumours with
inhibitors of poly(ADP-ribose) polymerase. Nature 434, 913-917. doi:10.1038/
nature03443

Campbell, J., Ryan, C.J., Brough, R., Bajrami, I., Pemberton, H.N., Chong, 1.Y., Costa-Cabral,
S., Frankum, J., Gulati, A., Holme, H., Miller, R., Postel-Vinay, S., Rafig, R., Wei, W.,
Williamson, C.T.,, Quigley, D.A., Tym, J., Al-Lazikani, B., Fenton, T., Natrajan, R., Strauss,
S.J., Ashworth, A., Lord, C.J., 2016. Large-Scale Profiling of Kinase Dependencies in
Cancer Cell Lines. CellReports 14, 2490-2501. doi:10.1016/j.celrep.2016.02.023

Corcoran, R.B., André, T., Atreya, C.E., Schellens, J.H.M., Yoshino, T., Bendell, J.C,,
Hollebecque, A., McRee, A.J.,, Siena, S., Middleton, G., Muro, K., Gordon, M.S.,
Tabernero, J., Yaeger, R., O’'Dwyer, P.J., Humblet, Y., De Vos, F., Jung, A.S., Brase, J.C.,
Jaeger, S., Bettinger, S., Mookerjee, B., Rangwala, F., Van Cutsem, E., 2018. Combined
BRAF, EGFR, and MEK Inhibition in Patients with BRAFV600E-Mutant Colorectal
Cancer. Cancer Discovery 8, 428-443. doi:10.1158/2159-8290.CD-17-1226

D’Andrea, A.D., 2018. Mechanisms of PARP inhibitor sensitivity and resistance. DNA
Repair (Amst.) 71, 172-176. doi:10.1016/j.dnarep.2018.08.021

Farmer, H., McCabe, N., Lord, C.J., Tutt, A.N.J., Johnson, D.A., Richardson, T.B., Santarosa,
M., Dillon, K.J., Hickson, I., Knights, C., Martin, N.M.B., Jackson, S.P., Smith, G.C.M.,
Ashworth, A., 2005. Targeting the DNA repair defect in BRCA mutant cells as a
therapeutic strategy. Nature 434, 917-921. doi:10.1038/nature03445

Finn, R.S., Martin, M., Rugo, H.S., Jones, S., Im, S.-A., Gelmon, K., Harbeck, N., Lipatov,
O.N., Walshe, J.M., Moulder, S., Gauthier, E., Lu, D.R., Randolph, S., Diéras, V., Slamon,
D.J., 2016. Palbociclib and Letrozole in Advanced Breast Cancer. N Engl J Med 375,
1925-1936. doi:10.1056/NEJM0a1607303

Fong, P.C., Boss, D.S., Yap, T.A., Tutt, A.,, Wu, P.,, Mergui-Roelvink, M., Mortimer, P.,
Swaisland, H., Lau, A., O’Connor, M.J., Ashworth, A., Carmichael, J., Kaye, S.B.,
Schellens, J.H.M., de Bono, J.S., 2009. Inhibition of poly(ADP-ribose) polymerase



in tumors from BRCA mutation carriers. N Engl J Med 361, 123-134. doi:10.1056/
NEJMo0a0900212

Garraway, L.A., Janne, P.A., 2012. Circumventing cancer drug resistance in the era of
personalized medicine. Cancer Discovery 2, 214-226. doi:10.1158/2159-8290.CD-
12-0012

Gilbert, L.A., Horlbeck, M.A., Adamson, B., Villalta, J.E., Chen, Y., Whitehead, E.H.,
Guimaraes, C., Panning, B., Ploegh, H.L., Bassik, M.C., Qi, L.S., Kampmann, M.,
Weissman, J.S., 2014. Genome-Scale CRISPR-Mediated Control of Gene Repression
and Activation. Cell 159, 647—661. doi:10.1016/j.cell.2014.09.029

Hangauer, M.J., Viswanathan, V.S., Ryan, M.J., Bole, D., Eaton, J.K., Matov, A., Galeas,
J., Dhruv, H.D., Berens, M.E., Schreiber, S.L., McCormick, F., McManus, M.T., 2017.
Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition. Nature 1-13.
doi:10.1038/nature24297

Hansemann, von, D., 1890. Ueber asymmetrische Zelltheilung in Epithel-krebsen und
deren biologische Bedeutung. Virchows Arch. Path. Anat. 119, 299.

Hata, A.N., Niederst, M.J., Archibald, H.L., Gomez-Caraballo, M., Siddiqui, F.M., Mulvey,
H.E., Maruvka, Y.E., Ji, F., Bhang, H.-E.C., Krishnamurthy Radhakrishna, V., Siravegna,
G., Hu, H., Raoof, S., Lockerman, E., Kalsy, A., Lee, D., Keating, C.L., Ruddy, D.A.,
Damon, L.J., Crystal, A.S., Costa, C., Piotrowska, Z., Bardelli, A., lafrate, A.J., Sadreyev,
R.l., Stegmeier, F., Getz, G., Sequist, L.V., Faber, A.C., Engelman, J.A., 2016. Tumor
cells can follow distinct evolutionary paths to become resistant to epidermal growth
factor receptor inhibition. Nat. Med. 22, 262-269. doi:10.1038/nm.4040

Hong, D.S., Morris, V.K., Osta, El, B., Sorokin, A.V., Janku, F., Fu, S., Overman, M.J., Piha-
Paul, S., Subbiah, V., Kee, B., Tsimberidou, A.M., Fogelman, D., Bellido, J., Shureiqi,
I., Huang, H., Atkins, J., Tarcic, G., Sommer, N., Lanman, R., Meric-Bernstam, F.,
Kopetz, S., 2016. Phase IB Study of Vemurafenib in Combination with Irinotecan and
Cetuximab in Patients with Metastatic Colorectal Cancer with BRAFV600E Mutation.
Cancer Discovery 6, 1352—1365. doi:10.1158/2159-8290.CD-16-0050

Horlbeck, M.A., Gilbert, L.A., Villalta, J.E., Adamson, B., Pak, R.A., Chen, Y., Fields, A.P,,
Park, CY., Corn, J.E., Kampmann, M., Weissman, J.S., 2016. Compact and highly active
next-generation libraries for CRISPR-mediated gene repression and activation. Elife 5,
914. doi:10.7554/elife.19760

Hutchison, D.J., 1963. Cross resistance and collateral sensitivity studies in cancer
chemotherapy. Adv. Cancer Res. 7, 235-250.

Janes, M.R., Zhang, J., Li, L.-S., Hansen, R., Peters, U., Guo, X., Chen, Y., Babbar, A., Firdaus,
S.).,, Darjania, L., Feng, J., Chen, J.H,, Li, S., Li, S., Long, Y.0O., Thach, C., Liu, Y., Zarieh, A,
Ely, T., Kucharski, J.M., Kessler, LV., Wu, T., Yu, K., Wang, Y., Yao, Y., Deng, X., Zarrinkar,
P.P., Brehmer, D., Dhanak, D., Lorenzi, M.V., Hu-Lowe, D., Patricelli, M.P., Ren, P,, Liu,
Y., 2018. Targeting KRAS Mutant Cancers with a Covalent G12C-Specific Inhibitor. Cell
172,578-589.e17. d0i:10.1016/j.cell.2018.01.006



Kopetz, S., Grothey, A., Yaeger, R., Cuyle, P-J.A., Huijberts, S., Schellens, J.H.M., Elez,
E., Fakih, M., Viladot, C.M., Peeters, M., Desai, J., Yoshino, T., Ciardiello, F., Wasan,
H.S., Maharry, K., Christy-Bittel, J., Gollerkeri, A., Van Cutsem, E., Tabernero, J., 2019.
Updated results of the BEACON CRC safety lead-in: Encorafenib (ENCO) + binimetinib
(BINI) + cetuximab (CETUX) for BRAFV600E-mutant metastatic colorectal cancer
(mCRC). Journal of Clinical Oncology 37, 688-688. doi:10.1200/JC0.2019.37.4_
suppl.688

Kopetz, S., McDonough, S.L., Van Karlyle Morris, Lenz, H.-J., Magliocco, A.M., Atreya, C.E.,
Diaz, L.A., Allegra, C.J., Wang, S.E., Lieu, C.H., Eckhardt, S.G., Semrad, T.J., Kaberle, K.,
Guthrie, K.A., Hochster, H.S., 2017. Randomized trial of irinotecan and cetuximab with
or without vemurafenib in BRAF-mutant metastatic colorectal cancer (SWOG 1406).
Journal of Clinical Oncology 35, 520-520. d0i:10.1200/JC0.2017.35.4_suppl.520

Lito, P., Solomon, M., Li, L-S., Hansen, R., Rosen, N., 2016. Allele-specific inhibitors
inactivate mutant KRAS G12C by a trapping mechanism. Science 351, 604-608.
doi:10.1126/science.aad6204

Loeb, L.A., Harris, C.C., 2008. Advances in chemical carcinogenesis: a historical review and
prospective. Cancer Research 68, 6863—6872. doi:10.1158/0008-5472.CAN-08-2852

Long, G.V., Stroyakovskiy, D., Gogas, H., Levchenko, E., de Braud, F., Larkin, J., Garbe, C.,
Jouary, T., Hauschild, A., Grob, J.J., Chiarion Sileni, V., Lebbe, C., Mandala, M., Millward,
M., Arance, A., Bondarenko, |., Haanen, J.B.A.G., Hansson, J., Utikal, J., Ferraresi, V.,
Kovalenko, N., Mohr, P., Probachai, V., Schadendorf, D., Nathan, P., Robert, C., Ribas,
A., DeMarini, D.J., Irani, J.G., Casey, M., Ouellet, D., Martin, A-M., Le, N., Patel, K.,
Flaherty, K., 2014. Combined BRAF and MEK inhibition versus BRAF inhibition alone
in melanoma. N Engl J Med 371, 1877-1888. d0i:10.1056/NEJMo0a1406037

Lord, C.J., Ashworth, A., 2017. PARP inhibitors: Synthetic lethality in the clinic. Science
355, 1152-1158. doi:10.1126/science.aam7344

Lou, K., Steri, V., Ge, AY., Hwang, Y.C., Yogodzinski, C.H., Shkedi, A.R., Choi, A.L.M., Mitchell,
D.C., Swaney, D.L., Hann, B., Gordan, J.D., Shokat, K.M., Gilbert, L.A., 2019. KRAS
G12C inhibition produces a driver-limited state revealing collateral dependencies. Sci
Signal 12, eaaw9450. doi:10.1126/scisignal.aaw9450

McDonald, E.R., lll, de Weck, A., Schlabach, M.R., Billy, E., Mavrakis, K.J., Hoffman, G.R.,
Belur, D., Castelletti, D., Frias, E., Gampa, K., Golji, J., Kao, I., Li, L., Megel, P., Perkins,
T.A., Ramadan, N., Ruddy, D.A., Silver, S.J., Sovath, S., Stump, M., Weber, O., Widmer,
R., Yu, J.,, Yu, K., Yue, Y., Abramowski, D., Ackley, E., Barrett, R., Berger, J., Bernard,
J.L., Billig, R., Brachmann, S.M., Buxton, F., Caothien, R., Caushi, J.X., Chung, F.S.,
Cortés-Cros, M., deBeaumont, R.S., Delaunay, C., Desplat, A., Duong, W., Dwoske,
D.A,, Eldridge, R.S., Farsidjani, A., Feng, F., Feng, J., Flemming, D., Forrester, W., Galli,
G.G., Gao, Z., Gauter, F., Gibaja, V., Haas, K., Hattenberger, M., Hood, T., Hurov, K.E.,
Jagani, Z., Jenal, M., Johnson, J.A., Jones, M.D., Kapoor, A., Korn, J., Liu, J., Liu, Q.,
Liu, S., Liu, Y., Loo, AT., Macchi, K.J., Martin, T., McAllister, G., Meyer, A., Mollé, S.,
Pagliarini, R.A., Phadke, T., Repko, B., Schouwey, T., Shanahan, F., Shen, Q., Stamm,
C., Stephan, C., Stucke, V.M., Tiedt, R., Varadarajan, M., Venkatesan, K., Vitari, A.C.,
Wallroth, M., Weiler, J., Zhang, J., Mickanin, C., Myer, V.E., Porter, J.A., Lai, A., Bitter,



H., Lees, E., Keen, N., Kauffmann, A., Stegmeier, F., Hofmann, F., Schmelzle, T., Sellers,
W.R., 2017. Project DRIVE: A Compendium of Cancer Dependencies and Synthetic
Lethal Relationships Uncovered by Large-Scale, Deep RNAi Screening. Cell 170, 577—
592.e10. doi:10.1016/j.cell.2017.07.005

Niwa, M., Sidrauski, C., Kaufman, R.J., Walter, P., 1999. A role for presenilin-1 in nuclear
accumulation of Irel fragments and induction of the mammalian unfolded protein
response. Cell 99, 691-702.

Oddo, D., Sennott, E.M., Barault, L., Valtorta, E., Arena, S., Cassingena, A., Filiciotto, G.,
Marzolla, G., Elez, E., van Geel, R.M.J.M., Bartolini, A., Crisafulli, G., Boscaro, V.,
Godfrey, J.T., Buscarino, M., Cancelliere, C., Linnebacher, M., Corti, G., Truini, M.,
Siravegna, G., Grasselli, J., Gallicchio, M., Bernards, R., Schellens, J.H.M., Tabernero,
J., Engelman, J.A., Sartore-Bianchi, A., Bardelli, A., Siena, S., Corcoran, R.B., Di
Nicolantonio, F., 2016. Molecular Landscape of Acquired Resistance to Targeted
Therapy Combinations in BRAF-Mutant Colorectal Cancer. Cancer Research 76,
4504-4515. doi:10.1158/0008-5472.CAN-16-0396

Ostrem, J.M., Peters, U., Sos, M.L., Wells, J.A., Shokat, K.M., 2013. K-Ras(G12C) inhibitors
allosterically control GTP affinity and effector interactions. Nature 503, 548-551.
doi:10.1038/nature12796

Oxnard, G.R., 2016. The cellular origins of drug resistance in cancer. Nat. Med. 22, 232—
234. d0i:10.1038/nm.4058

Palmer, A.C., Sorger, P.K., 2017. Combination Cancer Therapy Can Confer Benefit via
Patient-to-Patient Variability without Drug Additivity or Synergy. Cell 171, 1678-
1691.e13. doi:10.1016/j.cell.2017.11.009

Patricelli, M.P., Janes, M.R,, Li, L.-S., Hansen, R., Peters, U., Kessler, L.V., Chen, Y., Kucharski,
J.M., Feng, J., Ely, T., Chen, J.H., Firdaus, S.J., Babbar, A., Ren, P,, Liu, Y., 2016. Selective
Inhibition of Oncogenic KRAS Output with Small Molecules Targeting the Inactive
State. Cancer Discovery 6, 316—329. d0i:10.1158/2159-8290.CD-15-1105

Prahallad, A., Heynen, G.J.J.E., Germano, G., Willems, S.M., Evers, B., Vecchione, L.,
Gambino, V., Lieftink, C., Beijersbergen, R.L., Di Nicolantonio, F., Bardelli, A., Bernards,
R., 2015. PTPN11 Is a Central Node in Intrinsic and Acquired Resistance to Targeted
Cancer Drugs. CellReports 12, 1978-1985. doi:10.1016/j.celrep.2015.08.037

Prahallad, A., Sun, C., Huang, S., Di Nicolantonio, F., Salazar, R., Zecchin, D., Beijersbergen,
R.L., Bardelli, A., Bernards, R., 2012. Unresponsiveness of colon cancer to BRAF(V600E)
inhibition through feedback activation of EGFR. Nature 482, 100-103. doi:10.1038/
nature10868

Ramirez, M., Rajaram, S., Steininger, R.J., Osipchuk, D., Roth, M.A., Morinishi, L.S., Evans,
L., Ji, W., Hsu, C.-H., Thurley, K., Wei, S., Zhou, A., Koduru, P.R., Posner, B.A., Wu, L.F.,,
Altschuler, S.J., 2016. Diverse drug-resistance mechanisms can emerge from drug-
tolerant cancer persister cells. Nature Communications 7, 10690-8. doi:10.1038/
ncomms10690



Reddy, E.P., Reynolds, R.K., Santos, E., Barbacid, M., 1982. A point mutation is responsible
for the acquisition of transforming properties by the T24 human bladder carcinoma
oncogene. Nature 300, 149-152.

Rowley, J.D., 1973. Letter: A new consistent chromosomal abnormality in chronic
myelogenous leukaemia identified by quinacrine fluorescence and Giemsa staining.
Nature 243, 290-293.

Ryan, C.J., Bajrami, I., Lord, C.J., 2018. Synthetic Lethality and Cancer - Penetrance as the
Major Barrier. Trends Cancer 4, 671-683. d0i:10.1016/j.trecan.2018.08.003

Stratton, M.R., Campbell, P.J., Futreal, P.A., 2009. The cancer genome. Nature 458, 719—
724. doi:10.1038/nature07943

Sun, C., Bernards, R., 2014. Feedback and redundancy in receptor tyrosine kinase signaling:
relevance to cancer therapies. Trends Biochem. Sci. 39, 465-474. doi:10.1016/j.
tibs.2014.08.010

Sustic, T., Bosdriesz, E., van Wageningen, S., Wessels, L.F.A., Bernards, R., 2020. RUNX2/
CBFB modulates the response to MEK inhibitors through activation of receptor
tyrosine kinases in KRAS-mutant colorectal cancer. Transl Oncol 13, 201-211.
doi:10.1016/j.tranon.2019.10.006

Sustic, T., van Wageningen, S., Bosdriesz, E., Reid, R.J.D., Dittmar, J., Lieftink, C.,
Beijersbergen, R.L.,, Wessels, L.F.A., Rothstein, R., Bernards, R., 2018. A role for the
unfolded protein response stress sensor ERN1 in regulating the response to MEK
inhibitors in KRAS mutant colon cancers. Genome Med 10, 90. doi:10.1186/s13073-
018-0600-z

Tabin, C.J., Bradley, S.M., Bargmann, C.l., Weinberg, R.A., Papageorge, A.G., Scolnick,
E.M., Dhar, R., Lowy, D.R., Chang, E.H., 1982. Mechanism of activation of a human
oncogene. Nature 300, 143-149.

Tsherniak, A., Vazquez, F., Montgomery, P.G., Weir, B.A., Kryukov, G., Cowley, G.S., Gill, S.,
Harrington, W.F.,, Pantel, S., Krill-Burger, J.M., Meyers, R.M., Ali, L., Goodale, A., Lee,
Y., Jiang, G., Hsiao, J., Gerath, W.F.J., Howell, S., Merkel, E., Ghandi, M., Garraway, L.A.,
Root, D.E., Golub, T.R., Boehm, J.S., Hahn, W.C., 2017. Defining a Cancer Dependency
Map. Cell 170, 564-576.e16. d0i:10.1016/j.cell.2017.06.010

Tutt, A., Robson, M., Garber, J.E., Domchek, S.M., Audeh, M.\W., Weitzel, J.N., Friedlander,
M., Arun, B., Loman, N., Schmutzler, R.K., Wardley, A., Mitchell, G., Earl, H., Wickens,
M., Carmichael, J., 2010. Oral poly(ADP-ribose) polymerase inhibitor olaparib in
patients with BRCA1 or BRCA2 mutations and advanced breast cancer: a proof-of-
concept trial. Lancet 376, 235—-244. doi:10.1016/50140-6736(10)60892-6

van Geel, R.M.J.M., Tabernero, J., Elez, E., Bendell, J.C., Spreafico, A., Schuler, M., Yoshino,
T., Delord, J.-P.,, Yamada, Y., Lolkema, M.P., Faris, J.E., Eskens, F.A.L.M., Sharma, S.,
Yaeger, R., Lenz, H.-J., Wainberg, Z.A., Avsar, E., Chatterjee, A., Jaeger, S., Tan, E.,
Maharry, K., Demuth, T., Schellens, J.H.M., 2017. A Phase Ib Dose-Escalation Study
of Encorafenib and Cetuximab with or without Alpelisib in Metastatic BRAF-Mutant
Colorectal Cancer. Cancer Discovery 7, 610-619. doi:10.1158/2159-8290.CD-16-0795



Vogelstein, B., Papadopoulos, N., Velculescu, V.E., Zhou, S., Diaz, L.A., Kinzler, K.W., 2013.
Cancer Genome Landscapes. Science 339, 1546—1558. doi:10.1126/science.1235122

Wang, L., Sustic, T., Leite de Oliveira, R., Lieftink, C., Halonen, P., van de Ven, M.,
Beijersbergen, R.L., van den Heuvel, M.M., Bernards, R., van der Heijden, M.S., 2017.
A Functional Genetic Screen Identifies the Phosphoinositide 3-kinase Pathway as a
Determinant of Resistance to Fibroblast Growth Factor Receptor Inhibitors in FGFR
Mutant Urothelial Cell Carcinoma. European Urology 71, 858-862. doi:10.1016/j.
eururo.2017.01.021

Watson, J.D., Crick, F.H.C., 1953. Molecular structure of nucleic acids. Nature 171, 737—
738.

Weinstein, |.B., 2002. Cancer. Addiction to oncogenes--the Achilles heal of cancer. Science
297, 63—64. doi:10.1126/science.1073096



Chapter 2

A functional genetic screen identifies

the phosphoinositide 3-kinase pathway

as a determinant of resistance to

fibroblast growth factor receptor inhibitors
in FGFR mutant urothelial cell carcinoma

Liqin Wang *, Ton¢i Susti¢ ** Rodrigo Leite de Oliveira >,
Cor Lieftink %, Pasi Halonen *, Marieke van de Ven 2,
Roderick L. Beijersbergen *, Michel M. van den Heuvel 3,

René Bernards ** and Michiel S. van der Heijden *>*

* These authors contributed equally

# Corresponding authors

! Division of Molecular Carcinogenesis, Cancer Genomics Netherlands.
The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX
Amsterdam, The Netherlands.

2 Mouse Clinic Intervention unit. The Netherlands Cancer Institute,
Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands.

3 Division of Medical Oncology, Antoni van Leeuwenhoek Hospital,
Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands.

European Urology (2017); 71 (6); 858-862.



ABSTRACT

Activating mutations and translocations of the FGFR3 gene are commonly
seen in urothelial cell carcinoma (UCC) of the bladder and urinary tract. Several
FGFR inhibitors are currently in clinical development and response rates appear
promising for advanced UCC. A common problem with targeted therapeutics is
intrinsic or acquired resistance of the cancer cells. To find potential drug targets
that can act synergistically with FGFR inhibition, we performed a synthetic lethality
screen for the FGFR inhibitor AZD4547 using an shRNA library targeting the human
kinome in the UCC cell line RT112 (FGFR3-TACC3 translocation). We identified
multiple members of the PI3K pathway and found that inhibition of PIK3CA acts
synergistically with FGFRi. The PI3K inhibitor BKM120 acted synergistically with
inhibition of FGFR in multiple UCC and lung cancer cell lines having FGFR mutations.
Consistently, we observed an elevated PI3K-AKT pathway activity resulting from
EGFR or ERBB3 reactivation caused by FGFR inhibition as the underlying molecular
mechanism of the synergy. Our data show that feedback pathways activated by FGFR
inhibition converge on the PI3K pathway. These findings provide a strong rationale
to test FGFR inhibitors in combination with PI3K inhibitors in cancers harboring

genetic activation of FGFR genes.



ARTICLE

Molecular pathways activated in urothelial cell carcinoma (UCC) could
provide targets for new treatments. Fibroblast Growth Factor Receptors (FGFRs)
are activated in a subset of UCC, most commonly by FGFR3 mutation (hotspot
mutation or translocation) or overexpression of FGFR1 ! Clinical trials with FGFR
inhibitors (FGFRI), such as AZD4547 and BGJ398, are currently ongoing in UCC. Initial
results with BGJ398 showed encouraging response rates 2, though information
on durability of these responses is currently lacking. Akin to other molecularly
targeted therapies, resistance is likely to be a major concern. Resistance to FGFR
inhibition was observed in vitro (Fig. 1a; Methods: see supplement): the FGFR3-
TACC3 translocated cell line RT112 responded initially, but cells quickly adapted
to AZD4547, an inhibitor of FGFR1, 2 and 3 (weaker activity against FGFR4). As
resistance to targeted therapies often develops through feedback activation of
additional signaling pathways, it is likely that FGFRi has to be combined with agents
targeting additional molecular pathways. One such example is synergy between
FGFR inhibitor with inhibitors of EGFR3. Feedback mechanisms that render cells
insensitive to kinase inhibition often occur through activation of other kinases.
Therefore we set out to screen an shRNA library targeting all 518 human kinases
and 17 additional kinase-related genes to find genes whose inhibition enhances the
sensitivity to FGFR inhibitor AZD4547 in FGFR3 mutant UCC (Fig. 1b). RT112 cells
were infected with a lentiviral library containing some 5000 shRNAs and cultured in
the absence or presence of AZD4547 for 14 days. Cells were then harvested, DNA
was isolated and the relative abundance of shRNA vectors was measured by deep-
sequencing. The readcounts were normalized and analyzed with DESeq2 to identify
shRNAs and their corresponding target genes that show significant depletion in
the presence and not in the absence of AZD4547 (supplemental table 1, 2). We
observed multiple components of the PI3K signaling pathway including the catalytic
component PIK3CA, the regulatory subunit PIK3R1 and the downstream target
AKT3 (Fig. 1c). In addition, with the same criteria, we found EGFR for which synergy
with FGFR inhibition has been described °.



Because of the presence of several components of the PI3K pathway, we
decided to focus our validation on the central node, the catalytic subunit of PI3K,
PIK3CA. Three different shRNAs targeting PIK3CA were significantly depleted in
the drug-treated group compared to the control. This suggested that suppression
of PIK3CA synergizes with FGFR inhibition in FGFR3 mutant bladder cancer. To
validate this finding, we infected RT112 cells with each of these 3 shRNAs targeting
PIK3CA and treated with or without AZD4547 for 2 weeks. All three shRNAs against
PIK3CA induce efficient knockdown of PIK3CA protein expression as determined by
western blot analysis (Fig. 1d). Parental RT112 cells did not significantly respond to
FGFR inhibition or PIK3CA suppression alone, but knockdown of PIK3CA strongly
enhanced the response to the FGFR inhibitor AZD4547 (Fig. 1e).
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Figure 1: PIK3CA suppression enhances sensitivity to FGFR inhibition in UCC.

(a) RT112 cells were treated with AZD4547 (80 nM) and viability was followed using an
incucyte assay. Error bars represent 4 biological replicates.

(b) Outline of synthetic lethality shRNA screen for enhancers of AZD4547 sensitivity.
Human kinome shRNA library polyclonal virus was produced to infect RT112 cells,
which were then left untreated (Ctrl.) for 10 days or treated with 30 nM AZD4547 for
14 days. After selection, shRNA inserts from both arms were recovered by PCR and
their abundance was quantified by deep sequencing.
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Figure 1: PIK3CA suppression enhances sensitivity to FGFR inhibition in UCC.

(c) Representation of the relative abundance of the shRNA barcode sequences from
the shRNA screen. The y-axis shows log2 of the fold change of shRNA abundance of
the treated and untreated samples. The x-axis indicates the log 10 of the average
read count of each shRNA in the untreated sample. shPIK3CA, shPIK3R1, shAKT3 and
shEGFR identified as the top hit according to the presence of at least 3 independent
shRNAs in 3 biological screen replicates.

(d) The level of knockdown of PIK3CA by 3 different shRNAs was measured by PIK3CA
protein levels by western blot. HSP90 protein expression is used for normalization.

(e) The functional phenotypes of independent shPIK3CA vectors are indicated by colony
formation assay in 50 nM AZD4547. The cells were fixed, stained and photographed
after 10 days.



We next investigated whether pharmaceutical inhibition of the PI3K pathway
was also synergistic with FGFR inhibition using BKM120, a pan-PI3K inhibitor with
modest anti-tumor activity in cancer patients as a single agent. We found that both
RT112 (FGFR3-TACC3 translocat'ion4) and JMSU1 (FGFR1 ampliﬁcations) were not
significantly inhibited by BKM120 or AZD4547 monotherapy. However, synergy was
observed with the combination, tested by long-term in vitro colony formation assays
(Fig. 2a, b), incucyte proliferation assay (Supplementary Fig. 1a, b) and synergy
assays (Supplementary Fig. 1c). Moreover, biochemical analysis indicated that the
combination resulted in the induction of cleaved poly (ADP-ribose) polymerase
(c-PARP), a hallmark of apoptosis (Fig. 2c, d).
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Figure 2: Functional and biochemical interaction between FGFR and
PI3K inhibition in UCC. (a,b) Synergistic response of RT112(a) and JMSU1(b) to
combinations of FGFR (AZD4547) and PI3K (BKM120) inhibitors. RT112 and JMSU1
cells were cultured in increasing concentrations of FGFR inhibitor AZD4547 alone, PI3K
inhibitor BKM120 (0.5 uM) alone, or their combination. The cells were fixed, stained
and photographed after 14 days. (c,d) Biochemical analysis of combination of FGFR
and PI3K inhibitors. RT112 and JMSU1 cells were harvested after 24 hours of drug
treatment. Phosphorylated-AKT (p-AKT), total AKT (AKT), cleaved-PARP (c-PARP),
phosphorylated-FRS2 (p-FRS2), total FRS2 (FRS2), phosphorylated-ERK (p-ERK) and
total ERK (ERK) were measured. HSP90 served as a loading control.



To expand our results to another cancer type with FGFR alterations, we
tested this drug combination in two independent FGFR1 amplified lung cancer cell
line models: H520 (squamous cell carcinoma) and DMS114 (small cell carcinoma)6.
As observed in the UCC lines, these two lung cancer cell models showed apoptosis
in response to the drug combination, but not to either drug alone (Supplementary
Fig. 1d-g). Of note, similar results were recently obtained for ponatinib (an FGFR
inhibitor) in combination with mTOR inhibition in NSCLC ceIIs7.
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To address the molecular mechanism underlying the synergy between P13K
and FGFR inhibition, we further analyzed signaling pathways in AZD4547-treated
RT112 cells using Receptor Tyrosine Kinase (RTK) phosphorylation blots (Fig. 2e).
We found that FGFR inhibition induced a feedback mechanism to activate ERBB3
and to a lesser extent EGFR. As a consequence, PI3K-AKT signaling was activated,
thereby presumably blunting the effects of the FGFR inhibitor (Fig. 2f). Feedback
activation of RTKs (EGFR3 and ligand-associated ERBB2/ERBB3) has been reported
before8. Our findings provide a strong rationale that feedback signaling converges
on the PI3K pathway, but not on the BRAF-MEK-ERK pathway (Fig. 2f), and resistance
could be counteracted by PI3K inhibitors, in order to enhance the FGFR inhibitor

sensitivity.

Totestthe combinationtreatmentinvivo, we engrafted RT112 bladder cancer
cells into immunodeficient NMRI-nu mice. When tumors reached approximately
100 mm3, mice were randomized into different cohorts and treated with vehicle,
AZD4547, BKM120 or the drug combination. As shown in Fig. 2g, treatment with
the single drugs AZD4547 or BKM120 resulted in limited tumor growth inhibition.
However, treatment with the combination of AZD4547 and BKM120 resulted in
persistent suppression of tumor growth throughout the duration of the experiment.
Immunohistochemistry staining of the tumors at the end of the experiment
(supplementary Fig. 1i) shows that the combination suppressed tumor proliferation

(Ki67) and inducted apoptosis (cleaved caspase 3).

We also found that in two FGFR3-activated cell lines, MGHU3 and SW780,
synergy was not observed (Supplementary Fig. 1h-j). MGHU3 cells carry an activating
mutation in the AKT1 gene (E17K), causing pathway activation downstream of
PIK3CA°. Indeed, these cells were highly sensitive to mTOR inhibition (AZD8055).
This finding suggests that comprehensive genetic profiling remains relevant before
initiating combination treatment, in order to establish the best possible treatment.
SW780 cells carry a translocation, FGFR3-BAIAP2L1* This translocation has not been
found in other cancers and the mechanism of FGFR activation is unknown, though
cells appear to be dependent on FGFR signalinglo. Other resistance pathways could

therefore be active in this cell line.



In conclusion, our data show that resistance pathways to FGFR inhibition
often converge on the PI3K pathway. In addition to upstream RTK activation, FGFR-
activated tumors can have co-occurrence of mutations in the PIK3CA gene. These
activating mutations would not be targeted by addition of upstream RTK inhibitors.
Our data provide a strong rationale to treat FGFR3-altered UCC with a combination
of FGFR and PI3K inhibitors (Fig. 2h). These results may apply to other cancer types
as well, for example squamous NSCLC.
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Figure 2: Functional and biochemical interaction between FGFR and PI3K
inhibition in UCC.

(g) FGFR inhibitor (AZD4547) in combination with the PI3K inhibitor (BKM120)
significantly suppresses tumor growth in RT112 xenograft model.

(**** p<0.0001, ** p<0.01 ANOVA)

(h) FGFR altered tumors initially respond to FGFR inhibition. However, the tumor
cells are able to up-regulate other RTKs that result in enhanced signaling through the
PI3K-AKT pathway, leading to drug resistance. Combining FGFR inhibition with a PI3K
inhibitor eliminates the PI3K-AKT activity and synergistically kills cancer cells.
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SUPPLEMENTARY: Materials and methods

Synthetic lethality screen

A kinome shRNA library targeting the complete 518 human kinases and 17
kinase related genes with 5 shRNA’s on average per gene were constructed from The RNAi
Consortium (TRC) human genome-wide shRNA collection. The kinome library was used to
generate a single pool of lentiviral shRNAs to infect RT112 cells. After infection and selection
for lentiviral integration, cells were treated with or without 30 nM AZD4547 for 10 days.
Next-generation sequencing was used to determine the relative abundance of each shRNA
in the different populations. The read count data was analyzed using DESeq2. The analysis
was restricted to those shRNAs with a read count >300 in the untreated sample, a log2 fold
change treated/untreated of less than -1 and a adjusted p-value of <0.1. For hit selection,
we selected those genes that were represented with 3 or more different shRNAs in the
hit list as defined above. This resulted in a final hit list of 18 genes. The detailed screen
procedure is described in Prahallad et al 1. Screen data is provided in supplementary table 1

and the data of DESeq normalized counts is provided in supplementary table 2.

Long-term colony formation assay and IncuCyte® cell proliferation assays

Cells were seeded into 6-well plates (20,000-50,000 cells per well) and cultured
both in the absence and presence of drugs as indicated for 10-15 days. At the end of the
assay, cells were fixed with 4% of formaldehyde (#1.04002, Millipore) diluted in PBS, stained
with 2% of crystal violet (#HT90132 Sigma-Aldrich) diluted in water and photographed. For
IncuCyte® proliferation assays, cells were seeded in 96-well plate (2000 cells per well) and
cultured in absence or presence of drugs as indicated. Cell confluence was measured and

quantified by the IncuCyte® imaging system (Essen Bioscience).

Protein lysate preparation and immunoblotting

Cells were seeded in DMEM-based medium containing 10% fetal bovine serum (FBS)
in the absence or presence of drug for indicated time. The drugs were refreshed every 3 days.
Afterwards, the cells were washed with PBS and lysed with RIPA buffer supplemented with
protease inhibitors (cOmplete, Roche) and phosphatase inhibitor cocktails Il and Ill (Sigma).
All lysates were freshly prepared and processed with Novex NUPAGE Gel Electrophoresis
Systems (Invitrogen). Antibodies against HSP90 (sc-33755), p-FGFR3 (SC-33041), p-ERK (SC-
16982), ERK and B-actin (SC-47778) were from Santa Cruz Biotechnology; cleaved-PARP
(#5625), p-AKT (#4046), AKT (#4691), p-HER3 (#4791), HER3 (#12708), PIK3CA (#4254),



p-MEK (#9154), ERK (#9102) and MEK (#4694) were from Cell Signaling; p-EGFR (ab5644)
and p-FRS2 (ab193363) were from Abcam; FRS2 (11503-1-AP) was from Proteintech.

RTK blot assay

Cells were cultured in the absence or presence of drugs for 1 week, every 3 days
refreshed. Phosphorylation of RTKs was measured using Human Phospho-Receptor Tyrosine

Kinase Array Kit (ARYO01B, R&D system) according to the manufacturer’s instructions.

Synergy assay

To assess whether combined effect of the FGFR and PI3K inhibitor treatment is
additive or synergistic, RT112 and H520 cells were plated in 384-well plates and treated
with a series of drug concentrations. After 5 days cell viability was measured by Cell Titre
Blue assay. Synergy score was determined by subtracting the Loewe additivity matrix scores
(calculated from the single drug treatments) from the experimental values of the FGFR and
PI3K inhibitor combinations. A positive score indicates that the reduction in cell viability
induced by the combination of the two compounds surpasses the effect that can be obtained
by increasing concentrations of either two compounds alone.

Mouse xenografts and in vivo drug study

All animal procedures were approved by the Ethical commission of the Netherlands
Cancer Institute. One million RT112 bladder cancer cells were injected subcutaneously
into 7-week-old immunodeficient NMRI-nu mice (6 mice per group). Tumor volume was
monitored three times a week, based on caliper measurements calculated with the formula:
tumor volume = /2 (length x widthz). When tumors reached a volume of approximately 100
mm3, mice were randomized and treated daily by oral gavage with AZD4547 12.5 mg/kg,
BKM120 30 mg/kg, combination of both drugs, or vehicle solution.

Immunohistochemistry

Fixed tissues were dehydrated and embedded in paraffin. Sections of 2—4 um were
prepared and immunostained with anti-Ki67 (rabbit polyclonal, 1:3000, Abcam AB15580)
and anti-cleaved caspase 3 (rabbit polyclonal, 1:400 Cell Signaling #9661) for subsequent
histopathological analyses.
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Supplementary Figure 1: Functional and biochemical interaction between FGFR and
PI13K inhibition in FGFR-activated cancer models.

(a,b) IncuCyte® assay of RT112 (a) and JIMSU1 (b). The cells were treated with AZD4547
and BKM120 at the indicated drug concentrations.
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Supplementary Figure 1:

(c) Synergy assay of RT112 and H520,
the cells were treated with AZD4547 and
GDC0941 at a range of concentrations. Cell
titer blue was used as the read-out.

(d,e) Synergistic response of H520 (d) and
DMS114 (e) to the combination of FGFR
and PI3K inhibitors. H520 and DMS114 cells
were cultured in increasing concentration
of FGFR inhibitor AZD4547 alone, PI3K
inhibitor BKM120 (0,5 uM) alone, or their
combination. The cells were fixed, stained
and photographed after 14 days.
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(f,g) Biochemical analysis of the combination of FGFR and PI13K inhibitors. H520 (f) and

DMS114 cells lysis (g) were harvested 24 hours after drug treatment. Phosphorylated-
AKT (p-AKT), total AKT (AKT), cleaved-PARP (c-PARP) phosphorylated-FRS2 (p-FRS2),

total FRS2 (FRS2) were measured. HSP90 served as a loading control.
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Supplementary Figure 1:

(h) Non-synergistic response of MGHU3 to the combination of FGFR and PI3K inhibitors.
MGHU3 cells were cultured in increasing concentrations of FGFR inhibitor AZD4547
alone, PI3K inhibitor BKM120 (0,25 uM) alone, or their combination. Targeting
downstream molecule mTOR by AZD8055 sensitized MGHU3 cells to FGFR inhibition.
The cells were fixed, stained and photographed after 14 days.

(i) Non-synergistic response of SW780 to the combination of FGFR and PI3K inhibitors.
Cells were cultured in indicated concentrations of FGFR inhibitor AZD4547 or BGJ398
alone, PI3K inhibitor BKM120 or GDC0941 alone, or their combination.

(j) Fixed tissues were dehydrated and embedded in paraffin. Sections of 2—4 um were
prepared and immunostained with Ki67 and cleaved caspase 3.
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ABSTRACT

Background: Mutations in KRAS are frequent in human cancer, yet effective
targeted therapeutics for these cancers are still lacking. Attempts to drug the
MEK kinases downstream of KRAS have had limited success in clinical trials.
Understanding the specific genomic vulnerabilities of KRAS driven cancers

may uncover novel patient-tailored treatment options.

Methods: We first searched for synthetic lethal (SL) genetic interactions with mutant
RAS in yeast with the ultimate aim to identify novel cancer-specific targets for
therapy. Our method used selective ploidy ablation, which enables replication
of cancer-specific gene expression changes in the yeast gene disruption library.
Second, we used a genome-wide CRISPR/Cas9-based genetic screen in KRAS
mutant human colon cancer cells to understand the mechanistic connection
between the synthetic lethal interaction discovered in yeast and downstream

RAS signaling in human cells.

Results: We identify loss of the endoplasmic reticulum (ER) stress sensor IRE1 as
synthetic lethal with activated RAS mutants in yeast. In KRASmutant colorectal
cancer cell lines, genetic ablation of the human ortholog of IRE1, ERN1, does
not affect growth but sensitizes to MEK inhibition. However, an ERN1 kinase
inhibitor failed to show synergy with MEK inhibition, suggesting that a non-
kinase function of ERN1 confers MEK inhibitor resistance. To investigate how
ERN1 modulates MEK inhibitor responses, we performed genetic screens
in ERN1 knockout KRAS mutant colon cancer cells to identify genes whose
inactivation confers resistance to MEK inhibition. This genetic screen identified
multiple negative regulators of JUN N-terminal kinase (JNK) /JUN signaling.
Consistently, compounds targeting INK/MAPKS8 or TAK1/MAP3K7, which relay
signals from ERN1 to JUN, display synergy with MEK inhibition.



Conclusions: We identify the ERN1-JNK-JUN pathway as a novel regulator of MEK
inhibitor response in KRAS mutant colon cancer. The notion that multiple
signaling pathways can activate JUN may explain why KRAS mutant tumor
cells are traditionally seen as highly refractory to MEK inhibitor therapy.
Our findings emphasize the need for the development of new therapeutics
targeting JUN activating kinases, TAK1 and JNK, to sensitize KRAS mutant

cancer cells to MEK inhibitors.

Keywords: Irel, ERN1, MEK inhibitor, colon cancer, JNK, JUN

BACKGROUND

Mutation of specific codons in one of the three RAS genes HRAS, KRAS or
NRAS converts these genes into oncogenes. These mutations are found in a wide
variety of tumors, with very high incidences (>50%) in pancreas and colon cancers
[1]. Despite decades of research, generation of selective inhibitors of mutant RAS
has proven to be difficult. Recently, allosteric inhibitors of KRAS G12C have been
developed [2,3], but the clinical effectiveness of these compounds remains to be
established.

RAS genes are highly conserved in evolution. The yeast Saccharomyces
cerevisiae has two RAS genes; RAS1 and RAS2. These two genes are individually not
required for cell viability. However, the double deletion mutant is inviable, indicating
that the genes share an essential function [4]. A yeast ras1A ras2A deletion mutant
can be rescued by ectopic expression of a human RAS gene [5]. Vice versa, mutating
codon 19 into a valine converts yeast RAS into a constitutively active protein and

this mutant yeast RAS can induce malignant transformation of mouse fibroblasts

[6].

We searched for synthetic lethal (SL) genetic interactions with mutant RAS
in yeast to identify novel cancer-specific targets for therapy. Our method uses SPA

(selective ploidy ablation), and allows us to mimic cancer-specific gene expression



changes in each of the 4800 nonessential deletion mutant strains in the yeast
gene disruption library [7]. Using this approach, we found that inhibition of yeast
Unfolded Protein Response (UPR) genes is synthetic lethal with mutant RAS.

The UPR in yeast is mediated by Irel and Hacl [8]. Irel is an endonuclease
that upon endoplasmic reticulum (ER) stress splices HACI mRNA. Hacl is a
transcription factor that executes the UPR by activating genes involved in ER
homeostasis. The UPR, and the mechanism of activation by splicing of a specific
MRNA, is conserved from yeast to humans. Mammalian cells have an IRE1 ortholog
named ERNI. Likewise, HACI1 has a functional human homolog, XBP1 [9]. In
mammalian KRAS mutant colon cancer, we find that inhibition of MEK kinases is
synthetic lethal with inhibition of the UPR. Our findings establish an unexpected link

between MEK kinase signaling and the UPR executor ERN1 in human cancer.

METHODS

Yeast screen

Wild-type RAS alleles were cloned into pWJ1512 using the A and B adaptamers
[10]. Primers to obtain mutant RAS alleles (mutant sequence underlined) were;

RAS1(V19)-pWJ1512-F 5’ gaattccagctgaccaccATGCAGGGAAATAAATCAAC-
TATAAGAGAGTATAAGATAGTAGTTGTCGGTGGAGTAGGCGTTGGTAAATCTGCTT-
TAAC, RAS2(V19)-pWIJ1512-F 5’ gaattccagctgaccaccATGCCTTTGAACAAGTC-
GAACATAAGAGAGTACAAGCTAGTCGTCGTTGGTGGTGTTGGTGTTGGTAAATCTGCT-
TTG, pWJ1512-R 5’ gatccccgggaattgecatg.

The SPA protocol [7] was used to transfer plasmids into the arrayed gene
disruption library [11]. Briefly, SPA is a yeast mating-based protocol that allows
transfer of a plasmid from a special donor strain into a recipient strain followed by
destabilization and counter-selection of the donor yeast chromosomes. The method
was adapted for the RAS screen by adding 2% raffinose in addition to 2% galactose
as a carbon source for the last two selection steps. In addition, selection steps for

RAS2(V19) cells were 1 day longer because overall growth is slower in these strains.



Cell culture, transfection and lentiviral infection

HEK293 cells were cultured in DMEM. All other cell lines were maintained in
RPMI11640 medium containing 10% FBS and 1% penicillin/streptomycin at 37°C and
5% CO2. All cell lines were purchased from the American Type Culture Collection
(ATCC), STR profiled (by Eurofins Medigenomix Forensik GmbH, Ebersberg,

Germany) and routinely tested negative for mycoplasma.

Transfection of HEK293 cells with linear Polyethylenimine (PEI) 25K from
Polysciences (cat# 23966-2) and subsequent infection of target cells was done as
described previously [12]. For knockout of individual genes, the following single
guide (sg) RNAs were cloned in the lentiCRISPR version 2.1 (LC2.1) vector by Gibson
cloning: sgERN1-A, 5’-ACATCCCGAGACACGGTGGT-3’; sgERN1-B, 5’-GATGGCAGCCT-
GTATACGCT-3’; sgDET1, 5'-ACGTGCAGCAGTGTCGCATA-3’; sgCOP1, 5-AAGCTCCT-
TCTCCATCACAC-3". Non-targeting (NT) sgRNA 5’-ACGGAGGCTAAGCGTCGCAA-3’ was

used as a control.

Cell proliferation assays and growth curves

For long-term cell proliferation assays cells were seeded in 6 well plates
at densities ranging from 1 to 2x10* cells per well and cultured with or without
inhibitors, as indicated. When control cells reached confluency, all cells were fixed

in 4% formaldehyde and stained with 0.1% crystal violet (in water).

Live cell growth was measured by automated determination of confluency
every 4 hours using IncuCyte Zoom (Essen Bioscience). Between 600 and 800
cells were plated per well of a 96 well plate and experiments were carried out in

triplicates.

MEK inhibitors selumetinib (AZD6244) and trametinib (GSK1120212) were
purchased from Selleck chemicals and kept as 10mM stock solutions in DMSO. ERN1
inhibitor (compound 18) and JNK inhibitor SR-3306 were kindly provided by Astex
pharmaceuticals. TAK1 inhibitor was purchased from Merck as (5Z)-7-Oxozeaenol
(CAS 66018-38-0).



Protein lysate preparation and western blot analysis

Cells were lysed and western blots performed as described previously [12].
Primary antibodies against HSP90 (sc-13119), p-JUN (sc-822), and ERK2 (sc-154)
were purchased from Santa Cruz. Antibodies against ERN1 (#3294), GAPDH (#5174),
p-ERK1/2 (#9101), and JUN (#9165) were from Cell Signaling. Antibodies against
COP1 (Genentech, 28A4) and DET1 (Genentech, 3G5) were a gift from Vishva Dixit,

Genentech. Secondary antibodies were obtained from Bio-Rad Laboratories.
Total RNA isolation and quantitative RT-PCR

Total RNA was isolated and purified using Quick-RNA™ MiniPrep (Zymo
Research) and reverse transcription was performed with Maxima Universal First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, #K1661).

The 7500 Fast Real-Time PCR System from Applied Biosystems was used
to measure mRNA levels, which were normalized to the expression of GAPDH, in
triplicates. The following primer sequences were used in the SYBR® Green master
mix (Roche):

GAPDH-Fw, AAGGTGAAGGTCGGAGTCAA;  GAPDH-Rev, AATGAAGGGGTCATTGATGG;
ERN1-Fw, AGCAAGCTGACGCCCACTCTG; ERN1-Rev, TGGGGCCCTTCCAGCAAAGGA;
CD59-Fw, CAGTGCTACAACTGTCCTAACC; CD59-Rev, TGAGACACGCATCAAAATCAGAT;
JUN-Fw, AACAGGTGGCACAGCTTAAACG; JUN-Rev, CAACTGCTGCGTTAGCATGAG;

JNK1-Fw, TGTGTGGAATCAAGCACCTTC; JNK1-Rev, AGGCGTCATCATAAAACTCGTTC;
IJNK2-Fw, GAAACTAAGCCGTCCTTTTCAGA ;  JNK2-Rev, TCCAGCTCCATGTGAATAACCT.

TodetecthumanXBP1mRNAweusedhXBP1-Fw,GAAGCCAAGGGGAATGAAGT;
and hXBP1-Rev, GCTGGCAGGCTCTGGGGAAG. To detect human spliced Xbpl,
hXBP1-Rev was used with hXBP1spl-Fw, TGCTGAGTCCGCAGCAGGTG; as designed
previously [13].



CRISPR-Cas9 resistance screen

To generate ERN1 knockout cells that would not contain the same tracer
sequence as currently available CRISPR libraries and thus be suitable for subsequent
genome-wide screening, we used a dual vector doxycycline inducible CRISPR/Cas9
system made on the basis of FH1tUTG [14], as previously described [15]. Single cell
clones were tested for ERN1 knockout by western blot and by measuring the levels

of spliced XBP1 using quantitative RT-PCR as described above.

Version 2 of the human genome-scale CRISPR-Cas9 knockout (GeCKO)
half-library A — consisting of 65,383 sgRNAs in lentiviral vectors [16] (Addgene
#1000000048) — was used to infect LoVo ERN1 knockout cells with a transduction
efficiency of 20% in a sufficient cell number to achieve a 180-fold library coverage.
After 48 hours, cells were replated and viral supernatant was replaced by medium
containing puromycin (2 pg/ml) to select for infected cells for two days. After
additional four days of growth, cells were harvested, a TO sample was taken, and
the rest of the cells were reseeded and cultured in the presence or absence of MEK
inhibitors selumetinib and trametinib, in 2 biological replicates each, for 4 weeks.
Genome-integrated sgRNA sequences were PCR amplified and their respective
abundance was determined as described previously [17]. The abundance of each
sgRNA in the treated versus untreated pools was determined by massively parallel
sequencing on an lllumina HiSeq 2500 platform. Statistical analysis was performed
using DESeq version 1.24.0. The hit selection was based on the overlap between
selumetinib and trametinib screens for the genes for which at least one of the
sgRNAs meet the following criteria (A) log2 fold change (of treated over untreated
samples) >=7, (B) baseMeanA (mean number of reads in the untreated sample) >=
50, and (C) adjusted p-value <= 0.1. The results overview of the CRISPR screen can

be found in the Supplementary Tables S5 and S6.



RESULTS

RAS synthetic lethality screens in yeast

To discover genetic interactions with mutant yeast RAS, we expressed the
constitutively active RAS alleles, RAS1(V19) and RAS2(V19), in the collection of
~4800 yeast strains in which each individual nonessential gene is deleted [11]. To
discriminate between effects due to ectopic expression of the RAS alleles and those
due to the specific RAS gene mutations, we also screened the wild-type RAS1(wt)
and RAS2(wt) alleles. Additionally, we screened cells harboring an empty vector
as a control. Median-normalized growth values were used to calculate the growth
ratios between experimental and vector control colonies (Additional file 1: Figure
S1A) [18]. We have shown previously that a screen organizes related genes based
on phenotype and these genes exhibit a high density of interactions within the
group. The CLIK algorithm plots this density of interactions from the ranked screen
results to determine a cutoff for the screen [19]. CLIK analysis of the RAS1(V19) and
RAS2(V19) screens yielded respectively 151 and 450 strains with a growth defect,
which corresponds to a 2-fold difference in growth compared to the population
median in both screens (Additional file 2: Table S1). Although no CLIK groups were
identified for the RAS1(wt)and RAS2(wt)screens, the same 2-fold growth difference
cutoff was applied, which yields 14 affected strains from each screen (Additional file
1: Figures S1B-E) indicating that the majority of SL interactions are specific to the
activated RAS mutants. Interestingly, most SLs from the RAS1(V19) were also found
in the RAS2(V19) screen (Additional file 1: Figure S1F). The growth effects in the
RAS1(V19) and RAS2(V19) screens were highly correlated although the effect was
more severe in the RAS2(V19) screen (Additional file 1: Figure S1G). This finding
suggests that the yeast RAS genes form a quantitative redundant pair [20].

To validate the deletion mutants from the SLscreens, the strains that showed
an SL interaction were rescreened with a mutant or wild-type RAS allele. 46% of
the RAS1(V19) and 79% of the RAS2(V19) SLs from the primary screen also had a
growth defect (>2 times smaller than control) in the validation screen (Additional
file 2: Tables S2-5). 90% of the validated hits of the RAS1(V19) screen overlapped
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Figure 1. Unfolded Protein Response (UPR) executors are synthetic lethal with mutant
RASin S. cerevisiae. (A) Venn diagram showing the overlap of the RAS synthetic lethal
(SL) gene deletion strains identified in the RAS1(V19) and RAS2(V19) genetic screens.
(B) Gene Ontology (GO) enrichment analysis on the SL gene deletion strains from the
RAS2(V19) screen identifies a variety of biological processes, including endosomal
transport and protein targeting. (C) List of genes coding for protein complexes among
the validated list of RAS2(V19) SL gene deletion mutants. Higher values correspond to
stronger growth arrest in the presence of mutant RAS. The pathways and complexes
in which the genes are involved are indicated. (D) The effect of the deletion of the
UPR stress sensor irel (irelA) in RAS2(V19) screen (top) and in the empty vector (EV)
control background (bottom). (E) Control vs mutant growth ratios of the UPR genes
irel and hacl. Higher values correspond to stronger growth arrest in the presence of
mutant RAS.



with the RAS2(V19) screen. The gene deletions from the RAS1(wt) and RAS2(wt)
screens did not validate in a second screen, indicating that the SLs are specific to
the mutant alleles and that RAS1(V19) interacts with a subset of the RAS2(V19) SLs
(Figure 1A). We decided to focus on the genes from the RAS2 mutant screen due to
the higher number of interactions and the higher validation rate. In addition, almost
all of the RAS1 mutant gene deletions were also found and validated in the RAS2

screen.

An encouraging sign of the validity of our screen was the recapitulation of
the synthetic lethal interaction between RAS2(V19) and SIN4. SIN4 is a component
of the mediator transcription complex (MED16) and its interaction with RAS2(V19)
has been described before [21]. Additionally, we found that another mediator
component, PGD1 (MED3), is synthetic lethal with RAS2(V19).

We performed a Gene Ontology (GO) enrichment analysis on the SLs from
the RAS2(V19) screen, which identified a variety of biological processes enriched
in this screen, including endosomal transport and protein targeting (Figure 1B).
This finding indicates that cells expressing RAS2(V19) are highly dependent on
intracellular protein transport. We further analyzed the validated list of RAS2(V19)
SLs by identifying protein complexes from which 2 or more members were
present, based on Benschop et al [22]. Again, in this analysis we recovered several
complexes involved in endosomal transport (Figure 1C). Based on the dependence
of cells expressing RAS2(V19) on intracellular transport, we hypothesized that ER
homeostasis was disturbed in these cells, which would be consistent with the work
of Leber et al [23]. To test this hypothesis, we compared our list of RAS2(V19) SLs to
lists of strains that are sensitive to ER stress agents [24]. We confirmed a significant
overlap with strains sensitive to B-mercaptoethanol, DTT and tunicamycin (P =
3.07E-05, hypergeometric test; Additional file 2: Table S6), suggesting that ER
homeostasis is disturbed by RAS2(V19).

Mutant RAS is known to inhibit the production of GPl-anchors at the ER
[25]. This inhibition likely contributes to permanent ER stress in cells expressing
RAS2(V19). To test this theory, we compared the effect of expressing RAS2(V19)
with directly inhibiting GPl-anchor production by analyzing the synthetic lethal



genetic interactions of ERI1, a non-essential component of the GPI-GnT enzyme
[26]. Again, we found a significant overlap between the RAS2(V19) SLs lists and
the list of ERI1 genetic interactions (P = 8.60E-09, hypergeometric test; Additional
file 2: Table S7). The strongest negative genetic interaction of ERI1 is with IRE1, an
important regulator of the UPR. Additionally, ERI1 shows a strong negative genetic
interaction with HAC1, a downstream target of Irel. The UPR is a signaling route
that restores ER homeostasis and ire1A and haclA strains are highly sensitive to
ER stress agents (Additional file 2: Table S6). Importantly, we found both IRE1 and
HAC1 are RAS2(V19) SLs (Figures 1D, E), indicating that ER homeostasis is disturbed
in RAS2(V19) expressing cells and that these cells are dependent on the UPR.

Genetic ablation of ERN1 in KRAS mutant colon cancer cells

The UPR, and the mechanism of activation by splicing of a specific mRNA,
is conserved from yeast to humans (Figure 1F). Mammalian cells have an IRE1
ortholog, named ERN1, while HAC1 has a functional human homolog named XBP1,
whose mRNA is spliced by the ERN1 endonuclease domain to form the active,
protein-coding XBP1 spliced (XBP1s) form [9]. To test whether ERN1 is essential
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Figure 1. Unfolded Protein Response (UPR) executors are synthetic lethal with
mutant RAS in S. cerevisiae.

(F) Schematic representation of the evolutionary conserved mechanism of UPR
execution in yeast (top) and humans (bottom). Irel is responsible for the editing
of HAC1 mRNA which produces an active executor of the UPR. ERN1 is the human
ortholog of yeast ire1, XBP1 is a functional human homolog of hac1.



in cells with active RAS signaling, we created ERN1 knockout (KO) LoVo, HCT-116,
SW480 and DLD1 KRAS mutant colon cancer cells using lentiviral CRISPR-Cas9
vectors. ERN1 KO cells had an absence of ERN1 protein and a strong decrease in
spliced XBP1 (XBP1s) (Figures 2A-D). We found that the proliferation of ERN1 KO
cells was similar to control cells expressing non-targeting (NT) gRNA, indicating that
the synthetic lethal interaction between RAS and the UPR is not conserved between
yeast and human cells. However, since yeast cells are missing the RAF/MEK/ERK
MAPK cascade, we investigated the proliferation of the KRAS mutant ERN1 KO cells
in the presence of the MEK inhibitor selumetinib (AZD6244). Interestingly, we found
increased MEK inhibitor sensitivity in all ERN1 KO LoVo, HCT-116 and SW480 cell
clones, both in short term and in long term assays (Figures 2E-G and Additional file
1: Figures S2A-C). In DLD1 cells, no effect on selumetinib response was observed
upon ERN1 KO (Additional file 1: Figures S2D-F). These data indicate that a subset of
KRAS mutant colon cancer cells can be sensitized to MEK inhibition by loss of ERN1.

Pharmacologic inhibition of ERN1

The ERN1 protein contains both an endonuclease and a kinase domain. A
specificinhibitor of ERN1 kinase activity has been developed that results in allosteric
inhibition of the endonuclease activity, referred to as compound 18 by Harrington
et al [27]. We tested the potency of this inhibitor in LoVo cells by measuring XBP1s
levels 24 hours after treatment with increasing amounts of ERN1 inhibitor. The
compound proved effective with an IC50 of approximately 100nM (Figure 2H). Next,
we tested whether treatment with this potent ERN1 inhibitor would increase the
sensitivity of LoVo cells to the MEK inhibitor. To our surprise, inhibition of ERN1
endonuclease activity was not sufficient to recapitulate the phenotype of the
genetic ablation of ERN1 (Figure 21).

ERN1 is able to cleave other mRNAs besides XBP1, a process termed Regulated
IRE1-Dependent Decay (RIDD) [28]. We tested whether the ERN1 inhibitor interfered with
RIDD by stressing LoVo cells with the ER stress-inducing agent thapsigargin (Tg) both in the
absence and presence of the ERN1 kinase inhibitor. One of the RIDD targets is CD59 [29].
As expected, XBP1s levels increased and CD59 mRNA levels decreased upon treatment with
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Figure 2. Effects of ERN1 inhibition in KRAS mutant human colon cancers.

(A and B) Western blot analysis of ERN1 expression in control cells expressing non-
targeting (NT) gRNA and LoVo ERN1 KO clones 5B, 6B and 7B (A) and HCT-116 ERN1 KO
clones C1, C2 and C3 (B).

(C and D) gPCR analysis of spliced XBP1 mRNA (XBP1s) in control cells expressing non-
targeting (NT) gRNA and LoVo ERN1 KO clones 5B, 6B and 7B (C) and HCT-116 ERN1 KO
clones C1, C2 and C3 (D). Error bars indicate standard deviation calculated from three
biological replicates.

(E) Representative colony formation assays of three different ERNI KO clones
compared to the non-targeting (NT) gRNA expressing control cells in the KRAS mutant
LoVo (top) and HCT-116 colon cancer cells (bottom). Cells were maintained in the
indicated range of concentrations of the MEK inhibitor selumetinib (AZD6244) for 10
days, stained and photographed.

(F and G) Live cell proliferation assay (IncuCyte®) of control (NT gRNA) and ERN1 KO
cells following exposure to the MEK inhibitor AZD6244. Error bars indicate standard
deviation of three replicate experiments.



Tg. In the presence of the ERN1 inhibitor, XBP1 splicing was not increased and CD59 mRNA
levels did not decrease upon treatment with Tg (Figures 2J and K). These data show that
RIDD is effectively inhibited by the ERN1 inhibitor and that RIDD targets are unlikely to be
involved in the sensitization of ERN1 KO cells to the MEK inhibitor.

Genome wide screen reveals ERN1-JNK-JUN signaling axis

To identify a mechanistic link between ERN1 and the RAF/MEK/ERK signaling
pathway, we performed a genome-scale CRISPR/Cas9 MEK inhibitor resistance
screen using ERN1 KO LoVo cells. We screened in the presence and absence of
two different MEK inhibitors, selumetinib and trametinib (Figure 3A) and used
differential analysis to identify the genes whose knockout confers resistance to MEK
inhibitors. Considering that the CRISPR library used contained only three sgRNAs
per gene target, we decided not to impose the criterion of multiple sgRNAs per
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Figure 2. Effects of ERN1 inhibition in KRAS mutant human colon cancers.

(H) gPCR analysis of spliced XBP1 mRNA (XBP1s) levels following exposure of LoVo cells
to increasing concentrations of the ERN1 kinase inhibitor. Error bars indicate standard
deviation calculated from three replicate experiments.

(1) Colony formation assay showing the effect of ERN1 kinase inhibitor on the proliferation
of KRAS mutant LoVo cells in the presence of the indicated concentrations of the MEK
inhibitor AZD6244.

(J) Quantification of spliced XBP1 mRNA (XBP1s) levels following one hour treatment with
100 nM of ER stress inducer thapsigargin (Tg) in the presence and absence of the ERN1
kinase inhibitor.

(K) Quantification of the mRNA levels of the RIDD target CD59 after one hour treatment
with 100 nM thapsigargin (Tg) in the presence and absence of the ERN1 kinase inhibitor.
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gene. Nevertheless, we found that four hits (DET1, DUSP4, RUNX2 and STK40) were
represented by multiple different sgRNAs, while two hits (COP1 and CBFB) each
scored with a single sgRNA both in selumetinib and in trametinib screen (Figures 3B
and C). A complete list of screen results can be found in Additional file 2: Tables S8
and S9.

Dual specificity phosphatase-4 (DUSP4) has been previously implicated in
regulating the response to MEK inhibitors, validating the screen performed here
[30,31]. Serine/threonine kinase 40 (STK40) is a negative regulator of NF-kB [32,33],
and NF-kB activity was already shown to directly modulate resistance to several
different MAPK pathway inhibitors [34]. In contrast, the remaining four genes (DET1,
COP1, CBFB and RUNX2) have not previously been implicated in MAPK signaling
or MEK inhibitor resistance. Interestingly, these four genes code for proteins that
act pair-wise in complex with each other. The functional and physical interaction
between RUNX2 (also known as core-binding factor subunit alpha-1 or CBFA1), and
its transcriptional co-activator CBFB (core-binding factor subunit beta) has been
well documented using various in vitro [35] and in vivo model systems [36-39]. DET1
and COP1 are part of an E3 ubiquitin ligase complex that promotes ubiquitination
and degradation of the proto-oncogenic transcription factor JUN [40]. Because of a
previously established link between ERN1 and JNK [41], we studied DET1 and COP1
further to understand the effects of ERN1 loss on the response to MEK inhibitors.

DET1 and COP1 are regulators of MEK inhibitor response

To validate the results of the genetic screen, we knocked out DETI and
COP1 in ERN1-deficient LoVo cells. Importantly, both in long term assays (Figure 3D,
and Additional file 1: Figure S3) and in short term assays (Figure 3E) loss of either
DET1 or COP1 conferred resistance to selumetinib and trametinib in these cells.
Both vectors were effective in knocking out their respective targets in a polyclonal
knockout cell population (Figure 3F). In addition, biochemical analysis revealed
higher basal JUN levels in DET1 and COP1 negative cell populations, consistent
with the fact that DET1 and COP1 are part of an E3 ubiquitin ligase complex that
degrades JUN [40]. Moreover, computational analyses of drug response data in a



large cancer cell line panel [42] further supports that high DET1 or COP1 expression
is correlated with low IC50 values (i.e. sensitivity) for five different MEK inhibitors

across a colorectal cancer cell line panel (Figure 3G).
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Besides an endonuclease and a kinase function, human ERN1 regulates JNK
signaling through binding of the adaptor protein TRAF2 [41], which activates JNK
to phosphorylate the transcription factor JUN. We tested if active JNK signaling is
important for MEK inhibitor sensitivity by directly knocking down JUN using shRNAs.
We found that LoVo cells are dependent on JUN for proliferation upon treatment
with MEK inhibitor. Importantly, the sensitivity of the LoVo cells to treatment with
MEK inhibitor correlated with the levels of JUN protein (Figure 4A). To investigate
if ERN1 is required for the activation of JUN, we compared JUN phosphorylation in
ERN1 KO cells to control cells, in the presence and absence of MEK inhibitor. We
observed a strong increase in JUN phosphorylation in ERN1 wt cells, compared to
ERN1 KO cells, after 4 hours of MEK inhibitor treatment (Figure 4B). Consistently,
we found that JUN expression is increased by MEK inhibitor in parental cells, but
not in ERN1 KO cells, which is not caused by expression changes of either JNK1 or
JNK2 mRNA (Additional file 1: Figures S4 and S5). These results indicate that ERN1
deficient cells are unable to fully activate JUN signaling, which may explain the
MEK inhibitor sensitivity of ERN1 KO cells. Moreover, we found that MEK inhibitor
treatment induces ERN1 activity, an effect not seen in ERN1 KO cells (Figure 4C).
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Figure 3. (G) Median centered log(IC50) of five different MEK1 inhibitors in high (top
25%) and low (bottom 25%) expressing DET1 (left) and COP1 (right) CRC cell lines in the
GDSC100 data set [42]. Cell lines with high DET1 or COP1 expression have significantly
lower IC50s (p=0.004 for both DET1 and COP1). Log(IC50) estimates were median-
centered over all cell lines to make them comparable between MEK inhibitors.
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Figure 4. Effect of genetic and
pharmacologic downregulation
of JUN on response to MEK
inhibition.

(A) Five different JUN
targeting shRNAs were used
to downregulate JUN in LoVo
cells. JUN protein levels were
quantified by Western blotting
(top), and the response to
increasing concentrations of the
MEK inhibitor AZD6244 on JUN
knockdown cells is shown in
colony formation assay (bottom).
Empty vector infected control
(ctrl) cells are shown here for
comparison.

(B) Biochemical analysis
comparing ERN1 KO cells with
their control counterparts (ctrl) in
the presence and absence of the
MEK inhibitor AZD6244 for the
indicated number of hours. One-
hour thapsigargin treatment (Tg)
at 0.1 uM was used as a control
for p-JUN induction.

(C) Quantification of spliced
XBP1 mRNA (XBP1ls) in the
presence and absence of 1 uM
AZD6244 atindicated time points.
Error bars indicate standard
deviation calculated from three
replicate experiments.



Finally, we tested if directly inhibiting JNK kinase signaling with a JNK kinase
inhibitor would sensitize LoVo cells to MEK inhibition. The potency and specificity
of the JNK inhibitor SR-3306 was tested by measuring phosphorylated JUN levels
upon treatment of cells with the ER stress-inducing agent thapsigargin (Tg) (Figure
4D). We found that LoVo cells were sensitive to the combination of JNK and MEK
inhibition (Figures 4E and F). This effect was also found by blocking TAK1, a kinase
upstream of JNK (Figures 4G-I).
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DISCUSSION

Although the yeast and human RAS genes have many properties that
are interchangeable, the signaling pathways that are controlled by them differ.
Here, we find that both yeast and human RAS share a link with the UPR. The
shared interaction suggests that an analogous genetic network structure evolved
connecting both yeast and human RAS to the ER stress signaling. Using genome-
wide synthetic lethality screens in yeast, we identified multiple genes necessary
for ER homeostasis, including the UPR stress sensor /RE1, to be SL with mutant
RAS. This genetic interaction was not observed in KRAS mutant colon cancer cells,
which are unaffected by genetic ablation of ERN1, the human ortholog of IRE1.
However, in contrast to yeast, human cells possess a RAF/MEK/ERK MAPK pathway,
and inhibiting this pathway uncovers the SL interaction between ERN1 KO and
mutant KRAS. Although we conclude that ERN1 itself is dispensable for cell growth
and proliferation, we find that its loss can sensitize KRAS mutant colon cancer cells
to MEK inhibition. Considering unsatisfactory performance of MEK inhibitors in
clinical trials [43-45], we used ERN1 knockout colon cancer cells as a model to study
resistance mechanisms to MEK inhibition. As small molecule ERN1 inhibitors failed
to enhance sensitivity to MEK inhibition, we resorted to genetic screens to explore
the mechanism responsible for the observed synthetic lethality effect. Our genome-
wide CRISPR/Cas9 screen identified a series of genetic events that can reinstate MEK
inhibitor resistance in ERN1 knockout colon cancer cells. One of the most prominent
hits in this screen was dual specificity phosphatase-4 (DUSP4), a well-established
tumor suppressor that negatively regulates JUN N-terminal kinase JNK. Upon loss of
DUSP4, derepressed JNK activity stimulates JUN-mediated transcription, leading to
aberrant MAPK pathway activation [31]. Interestingly, two other screen hits, DET1

and COP1, are also negative regulators of JUN.

Originally described as regulators of light signaling in Arabidopsis thaliana
[46], both DET1 (de-etiolated homolog 1) and COP1 (constitutive photomorphogenic
1, also known as RFWDZ2) mechanistically function as E3 ubiquitin-protein ligases

and are evolutionarily conserved members of the COP-DET-FUS protein family.



Extensive biochemical studies have shown that COP1-DET1 complex targets JUN
for ubiquitination and degradation [40]. Further characterization of in vivo models
established the role of human COP1 as a tumor suppressor [47-49]. Here we uncover
arole for human COP1 and DET1 in resistance to MEK inhibitors via inhibition of the
JNK-JUN pathway.

Since three of the genes identified in our resistance screen (DUSP4, DET1
and COP1) are negative regulators of JUN, we propose that activated ERN1 leads
to increased JUN activity, which then translates to cell proliferation despite the
inhibition of MEK. ERN1 is linked to the JUN pathway via its binding factor TRAF2,
which executes a signaling cascade resulting in the activation of JUN N-terminal
kinase JNK [41]. Furthermore, our work demonstrates that the kinase and
endonuclease domains of ERN1 are not responsible for the differential sensitivity to
MEK inhibition. Recently we showed that cancers that fail to activate JNK-JUN, due
to inactivating mutations in upstream kinases MAP3K1 and MAP2K4, are sensitive
to MEK inhibition [50]. Here we demonstrate that ERN1 KO cells also fail to activate
the JNK-JUN pathway resulting in a similar sensitivity to MEK inhibition.

We propose that the JINKarm of MAPK signaling can functionally compensate
for the inhibition of the MEK/ERK signaling axis. Conversely, under conditions of
abrogated JNK signaling, such as in the presence of JNK or TAK1 inhibitors, cells
become more dependent on the flux of signal through the MEK/ERK pathway. This
dependency could then prove to be of therapeutic importance. We speculate that
cells in which ERN1 knockout does not sensitize to MEK inhibition (such as DLD1
cells, Additional file 1: Figures S2A-C) can activate JNK-JUN signaling through other
pathways, thereby making such cells independent of ERN1 for their MEK inhibitor
response. Alternatively, other pathways may be involved in MEK inhibitor resistance

in these cells.

We report synergistic cell growth arrest when JNK and MEK inhibitors are
combined. Moreover, inhibition of JNK itself (Figures 4D and E) or JNK activators,
such as TAK1 (Figures 4G and H), might also be useful in preventing intrinsic
resistance to MEK inhibitors. In this study, we made use of the resorcyclic lactone

(52)-7-oxozeanol (5Z0) as a TAK1 inhibitor. However, considerable off-target effects



render this molecule inadequate for therapeutic purposes. It remains to be seen
whether recently developed TAK1 inhibitors [51] give a more favorable toxicologic
profile in the clinic. Taken together, our findings identify an unexpected role for
the Unfolded Protein Response executor ERN1 in determining the response to MEK

inhibition in KRAS-driven colon cancer.
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| (ER) embedded ERN1 to JNK and JUN via its
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yellow are resistance screen hits DUSP4, DET1

and COP1, which are all negative regulators of
l’ INK and JUN, respectively.
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Figure 4. (H) A representative colony formation assay showing the effect of the TAK1
inhibitor (5Z)-7-oxozeanol (5Z0) on the proliferation of KRAS mutant LoVo cells in the
presence of the indicated concentrations of the MEK inhibitor AZD6244.

(1) Live cell proliferation assay for the combination of the MEK inhibitor AZD6244
and TAK1 inhibitor 5ZO over the course of 10 days (240 hours). Yellow line shows
vehicle treated control cells. Error bars indicate standard deviation calculated from
three replicate experiments.



CONCLUSIONS

We identify here a set of genes involved in endosomal transport and ER
stress that are synthetic lethal with mutant RAS in yeast. At the crossroads of
these processes, we identify IRE1 and HACI1 that are not only synthetic lethal with
hyperactivated RAS signaling in yeast, but also with ER/1, a non-essential component
of the GPI-GnT enzyme which mediates ER stress response. The fact that /RE1 and
HACI1 are both master regulators of the unfolded protein response (UPR) indicates
that ER homeostasis is disturbed in mutant RAS expressing cells and that these cells

are dependent on the UPR.

Moreover, in human colon cancer cell lines, we find that MAPK pathway
shields KRAS mutant cells from synthetic lethality with ERN1, a human ortholog
of IRE1. These interactions point to an evolutionarily conserved genetic network

structure between RAS signaling and ER stress.

Finally, we find that ERN1 is an important regulator of JUN activity, which
becomes crucial for survival in KRAS mutant colon cancer under conditions of
abrogated MAPK signaling. We identify the ERN1-JNK-JUN pathway as a novel
regulator of MEK inhibitor response in KRAS mutant colon cancer, and point to
synthetic lethality of MEK inhibition with therapeutics targeting JUN activating
kinases, TAK1 and JNK. The genetic network connecting JUN and MAPK signaling
may explain why KRAS mutant tumor cells are traditionally seen as highly refractory
to MEK inhibitor therapy, but these genetic interactions may also provide a

therapeutically exploitable vulnerability.

List of abbreviations
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(SPA), unfolded protein response (UPR), regulated IRE1-dependent decay (RIDD), knockout
(KO), non-targeting (NT), polyethylenimine (PEl), untreated (UT), thapsigargin (Tg), ERN1
inhibitor (ERN1i), MEK inhibitor (MEKi), JNK inhibitor (JNKi), (5Z)-7-oxozeanol (5Z0).
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Figure S1. Genome-wide synthetic lethal screens with RAS1(V19) and RAS2(V19)
identify overlapping sets of genes.

(A) Yeast strains containing the empty vector (EV) control (left) were used as a growth
reference for the same strains expressing RAS2(V19) (right). Each of the ~4800 gene
deletion strains is represented by 4 colonies. Two strains showing a growth defect in
the presence of RAS2(V19) are outlined in red.

(B) Venn diagram showing the overlap between an SL screen with RAS1 wild type
(WT), that yielded 14 strains with a growth defect, and mutant RAS1(V19) screen that
yielded 151 strains with a growth defect.

(C) Plot showing log growth ratios of the RASI and RAS1(V19) SL screens. Ratios are
calculated as the base 2 log of the growth ratio of the empty vector control divided
by RAS plasmid, thus higher values represent slower growth when a RAS allele is
expressed. Dotted lines show the 2-fold growth ratio difference from the population
mean.

(D) Overlap between RAS2 wild type (WT) screen and mutant RAS2(V19) screen.
(E) Plot of log growth ratios for the RAS2 and RAS2(V19) SL screens.

(F) Venn diagram showing overlap between two screens with mutant RAS, RAS1(V19)
and RAS2(V19). 130 out of 151 total synthetic lethal interactions from the RAS1(V19)
screen are also present in the RAS2(V19) screen.

(G) Plot of log growth ratios and correlation between the RAS1(V19) and RAS2(V19)
screens. The slow growth phenotype in the population of deletion mutants was overall
more severe in the RAS2(V19) screen as compared with the RAS1(V19) screen. The
solid line indicates the calculated correlation (slope and R2 value listed in inset). There
are approximately 30 strains that show no growth with RAS1(V19) and RAS2(V19) and
thus give identical growth ratios, i.e., slope = 1.0 (lighter gray points in the upper right
quadrant).
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Figure S2. The response of SW480 ERN1 KO and DLD1 ERN1 KO KRAS mutant colon
cancer cells to MEK inhibition.

(A) Colony formation assay of SW480 ERN1 KO cells in indicated concentrations of the
MEK inhibitor AZD6244.

(B) The expression of ERN1 in SW480 ERN1 KO cells.
(C) Quantification of spliced XBP1 mRNA (XBP1s) in SW480 ERN1 KO clones.

(D) Colony formation assay of LoVo ERN1 KO cells and DLD1 ERN1 KO cells in indicated
concentrations of the MEK inhibitor AZD6244.

(E) The expression of ERN1 in DLD1 ERN1 KO cells.
(F) Quantification of spliced XBP1 mRNA (XBP1s) in DLD1 ERN1 KO clone.
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Figure S3. Colony formation assays of DET1 and COP1 knockout cells (in LoVo ERN1 KO
background) in the presence and absence of the MEK inhibitor trametinib are shown
relative to control cells expressing non-targeting (NT) gRNA.
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Figure S4. Quantification of JUN expression levels in MEK inhibitor (MEKi, 1 pM
AZD6244), JNK inhibitor (JNKi, 1 uM SR-3306) and combination treatment (JNKi +
MEKi). One hour thapsigargin treatment (Tg, 100 nM) was used as a control. Error bars
represent standard deviation of three replicate experiments.
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Figure S5. Quantification of JNK1 (A) and JNK2 (B) expression levels in MEK inhibitor

(MEKi, 1 uM AZD6244), JNK inhibitor (JNKi, 1 uM SR-3306) and combination treatment

(JNKi + MEKi). One hour thapsigargin treatment (Tg, 100 nM) was used as a control.

Error bars represent standard deviation of three replicate experiments.
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ABSTRACT

Intrinsic and acquired resistance are major hurdles preventing the effective
use of MEK inhibitors for treatment of colorectal cancer (CRC). Some 35-45% of
colorectal cancers are KRAS mutant and their treatment remains challenging as
these cancers are refractory to MEK inhibitor treatment, due to feedback activation
of receptor tyrosine kinases (RTKs). We reported previously that loss of ERN1
sensitizes a subset of KRAS mutant colon cancer cells to MEK inhibition. Here we
show that the loss of RUNX2 or its cofactor CBFB can confer MEK inhibitor resistance
in CRC cells. Mechanistically, we find that cells with genetically ablated RUNX2 or
CBFB activate multiple RTKs, which coincides with high SHP2 phosphatase activity,
a phosphatase that relays signals from the cell membrane to downstream pathways
governing growth and proliferation. Moreover, we show that high activity of SHP2 is
causal to loss of RUNX2-induced MEK inhibitor resistance, as a small molecule SHP2
inhibitor reinstates sensitivity to MEK inhibitor in RUNX2 knockout cells. Our results
reveal an unexpected role for loss of RUNX2/CBFB in regulating RTK activity in colon

cancer, resulting in reduced sensitivity to MEK inhibitors.
Keywords: MEK inhibitor resistance, colorectal cancer, ERN1, RUNX2, CBFB.

Abbreviations: colorectal cancer (CRC), receptor tyrosine kinase (RTK), knockout
(KO), double knockout (DKO).



INTRODUCTION

KRAS mutant colorectal cancers (CRCs) are highly refractory to targeted
treatments, including inhibition of direct downstream targets of KRAS, such as MEK
[1-3]. We reported previously that genetic ablation of the endoplasmatic reticulum
embedded kinase ERN1 sensitizes KRAS mutant colorectal cancer cells to MEK
inhibition [4]. To reveal the mechanistic connection between ERN1 and the MAPK
signalling pathway, we performed a genome-wide CRISPR/Cas9 genetic screen in
ERN1 knockout (KO) cells to find modulators of the MEK inhibitor response. Using
this approach, we identified a number of genes whose inactivation can support
the growth and proliferation of ERN1 KO cells in the presence of MEK inhibitor [4].
Besides previously validated genes; DUSP4, DET1 and COP1, we also identified in
the same genetic screen RUNX2 (formerly known as core-binding factor subunit
alpha-1 or CBFA1) and its transcriptional co-activator; CBFB (core-binding factor

subunit beta) as regulators of the MEK inhibitor response [4].

The RUNX (runt-related) family of transcription factors are heterodimeric
proteins composed of a DNA-binding alpha subunit and a non-DNA binding beta
subunit. All three mammalian RUNX proteins (RUNX1, RUNX2 and RUNX3) bind
to a common DNA motif and heterodimerize with CBFB, which facilitates DNA
binding of RUNX proteins without making a direct contact with DNA itself [5]. The
functional and mechanistic interaction between RUNX2/CBFA1 and CBFp has been
well documented using various in vitro [6] and in vivo model systems [7-10]. While
all three RUNX proteins are involved in skeletal development and differentiation,
RUNX2 is best characterized in terms of its role in control of bone cell proliferation
and differentiation [11]. RUNX2 is often referred to as the principal osteogenic master
switch, as it is essential for the formation of mature osteocytes and for controlling
the expression of genes required for mineralization of the bone extracellular matrix.
Heterozygous loss of RUNX2 causes the skeletal disease cleidocranial dysplasia
[12], while mice with a homozygous mutation in the Runx2 locus die at birth
without breathing, due to complete lack of ossification (bone formation) [13,14].



In normal development, RUNX2 is robustly expressed during early embryogenesis,
prior to formation of bone tissue, and its functional relevance at later stages of
development remains less defined. It is, however, known that RUNX2 can regulate
cell migration [15] and vascular invasion in bone tissue [16]. These were the first
findings supporting the role of RUNX2 in cell fate determination in cells that are not

of osteogenic lineage.

RUNX2 is regulated by a number of post-transcriptional control
mechanisms including selective proteolysis and phosphorylation. Specific ERK/
MAPK phosphorylation sites on RUNX2 have been identified and functionally
characterized, which suggest that RUNX2 is activated by the MAPK pathway [17,18].
Here, we set out to investigate how the loss of either RUNX2 or CBFB can cause MEK
inhibitor resistance in colorectal cancer. Our studies reveal an unexpected role for
RUNX2 in controlling signalling through the MAP kinase pathway through regulation
of multiple RTKs.

MATERIALS AND METHODS

Cell culture, transfection and lentiviral infection

We used HEK293 cells, cultured in DMEM, for lentiviral production. All
other cell lines were maintained in RPMI1640 medium containing 10% FBS and
1% penicillin/streptomycin at 37°C and 5% CO2. All cell lines were purchased
from the American Type Culture Collection (ATCC), STR profiled (by Eurofins
Medigenomix Forensik GmbH, Ebersberg, Germany) and routinely tested negative
for mycoplasma. Transfection of HEK293 cells with linear Polyethylenimine (PEI)
25K from Polysciences (cat#f 23966-2) and subsequent infection of target cells
was done as described previously [19]. For knockout of individual genes, the
following single guide (sg) RNAs were cloned in the lenti CRISPR version 2.1 (LC2.1)
vector by Gibson cloning: sgERN1, 5’-ACATCCCGAGACACGGTGGT-3’; sgRUNX2,
5’-GCTGTCGGTGCGGACGAGTT-3’; sgCBFB, 5-GCCGACTTACGATTTCCGAG-3". Non-
targeting (NT) sgRNA 5’-ACGGAGGCTAAGCGTCGCAA-3’ was used as a control.



Cell proliferation assays and growth curves

For long-term cell proliferation assays cells were seeded in 6 well plates at
densities of around 1><104 cells per well, in 12 well plates at around SX1O3 cells per
well, orin 48 well plates at around 2><103 cells per well, and cultured with or without
inhibitors, as indicated. When control cells reached confluency, all cells were fixed

in 4% formaldehyde and stained with 0.1% crystal violet (in water).

For short-term growth inhibition assays cells were seeded in 96-well plates
at around 800 cells per well. Twenty-four hours after seeding, serial dilutions of
AZD6244 were added to cells to final drug concentrations ranging from 0.04-10 uM.
Cells were then incubated for 72 hours and cell viability was measured using the
Cell Titer-Blue viability assay (Roche). Relative survival in the presence of AZD6244

was normalized to the untreated controls after subtracting the background.

Live cell growth was measured by automated determination of confluency
every 4 hours using IncuCyte Zoom (Essen Bioscience). Between 600 and 800 cells
were plated per well of a 96 well plate and all experiments were carried out in
triplicates. MEK inhibitors selumetinib (AZD6244) and trametinib (GSK1120212)
were purchased from Selleck chemicals and kept as 10mM stock solution aliquots in
DMSO. SHP2 inhibitor SHP099 was synthesized as described previously [20]. Afatinib
and pan-RAF inhibitor LY3009120 were purchased from MedKoo Inc. and neratinib
was purchased from Bio-Connect BV. Anti-EGFR monoclonal antibody cetuximab

was obtained from the Hospital Pharmacies at The Netherlands Cancer Institute.

Protein lysate preparation and western blot analysis

Cells were lysed and western blots performed as described previously [19].
Primary antibodies against HSP90 (H-114; sc-13119), ERK1 (C16; sc-93), ERK2 (C14;
sc-154), p-ERK1/2 (E-4; sc-7383) and SHP2 (SH-PTP2 C-18; sc-280) were purchased
from Santa Cruz Biotechnology. Antibodies against EGFR (ab40815), p-EGFR (Y1068;
ab5644) and p-SHP2 (Y542; ab62322) were obtained from Abcam. Antibodies
against ERN1 (3294), p-ERK1/2 (9101), RUNX2 (12556), CBFB (12902), JUN (9165),
RSK1 (8408), p-p90 RSK (Ser380; 9335), and p-RET (3221) were purchased from



Cell Signaling. Antibody against p-RSK1 (Thr359/Ser363; 04-419) was obtained
from Millipore. Secondary antibodies were obtained from Bio-Rad Laboratories.
Human Phospho-Receptor Tyrosine Kinase Array Kit was purchased from R&D and
processed according to manufacturer’s instructions. All experiments shown, except

RTK array analysis, were performed independently at least three times.

Computational analysis of drug response data

Drug response and (RMA normalized) RUNX2 expression and mutation data
in colorectal cancer cell lines from the GDSC1000 panel was downloaded from
www.cancerrxgene.org [21]. IC50 values of the 5 MEK inhibitors in the panel were
median centered to make them comparable. T-tests were performed to assess

statistical significance of difference in response between groups.

Analysis of RNA-seq data

Transcriptomic analysis was performed using the R-package limma [22].
Non or lowly expressed genes (< 1 count per million in at least 2 samples) were
removed before analysis. Read counts were transformed using the voom function.
Multidimensional scaling (MDS) analysis was performed with the plotMDS function.
Because of the transcriptional and phenotypic similarity, the ERN1/CBFB and ERN1/
RUNX2 DKO lines were treated as biological replicates. Differential gene expression
analysis was performed using a linear model with drug-treatment, CBFB/RUNX2
KO status, and the interaction between drug-treatment and KO status as variables,
using the standard limma functions ImFit and eBayes. Raw and processed data from
the next-generation RNA sequencing of samples have been deposited to the NCBI

Gene Expression Omnibus (GEO) under accession number GSE139169.



RESULTS

We recently performed a genetic screen for MEK inhibitor resistance in ERN 1
null LoVo CRC cells, which identified both RUNX2 and CBFB as potential modifiers
of the response to MEK inhibitors [4]. To validate these findings, we asked whether
loss of RUNX2 or CBFB indeed confers resistance to MEK inhibitors in these cells. We
introduced gRNAs targeting the RUNX2 or CBFB genes in LoVo ERN1 KO cells. After
selection, we tested the growth of ERN1/RUNX2 double knockout (DKO) and ERN1/
CBFB DKO cells in the presence and absence of MEK inhibitors selumetinib and
trametinib (Figure 1A). As predicted by the genetic screen, LoVo ERN1 KO cells, that
are sensitive to low nanomolar amounts of MEK inhibitor, showed strong resistance
to MEK inhibitor treatment when gRNAs targeting RUNX2 or CBFB were introduced.
We also tested the effect of RUNX2 or CBFB loss in HCT-116 ERN1 KO cells as an
additional model for ERN1-loss induced MEK inhibitor sensitivity. However, we
observed no difference in MEK inhibitor response between HCT-116 ERN1 KO cells
transduced with non-targeting (NT) control sgRNA and sgRNAs targeting RUNX2 or
CBFB (Figure 1A). Biochemical analyses of protein cell lysates showed pronounced
levels of RUNX2 protein in LoVo cells, but much lower levels in HCT-116 (Figure 1B),
which might explain why we observed no change in MEK inhibitor response upon its
loss. CBFP shows similar levels of expression in LoVo and HCT-116 (Figure 1C), but
its loss also failed to rescue the MEK inhibitor sensitivity of HCT-116 ERN1 KO cells
(Figure 1A). This could be explained by the notion that CBFpB acts through RUNX2,
which is poorly expressed in HCT-116 cells.

We computationally analysed RUNX2 expression in 45 colorectal cancer cell
lines from the GDSC1000 panel according to lorio et al [21]. Consistent with our
Western blot data (Figure 1B), we found that HCT-116 cells, unlike LoVo, are on the
lower end of the RUNX2 gene expression scale (Figure 2A). Together, these data

indicate that expression of RUNX2 in CRC is rather heterogeneous.
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Figure 1. MEK inhibitor sensitivity of LoVo and HCT-116 ERN1 knockout (KO) cells
with loss of RUNX2 or CBFB.



Figure 1.

(A) Colony formation assays comparing the growth of CBFB and RUNX2 KO cells with
cells expressing non-targeting (NT) gRNA in the presence of indicated concentrations
of two different MEK inhibitors; selumetinib (left) and trametinib (right). After 10 days
of culture, cells were fixed and stained. Image is representative of three independent
experiments.

(B) Western blot analysis of LoVo and HCT-116 ERN1/RUNX2 double KO cells compared
to parental cells and cells expressing NT gRNA control. All (+) samples were treated
with 1 uM of MEK inhibitor selumetinib for 24 hours before collection, and compared
with vehicle treated (-) samples. Protein extracts were probed with specific antibodies
against ERN1, phosphorylated ERK, ERK2, and RUNX2 (to estimate the efficiency of
CRISPR editing in a polyclonal population). Specific antibody against HSP90 was used
as a loading control.

(C) Western blot analysis of LoVo and HCT-116 ERN1/CBFB double KO cells compared
to parental cells and cells expressing NT gRNA control. All (+) samples were treated
with 1 uM of MEK inhibitor selumetinib for 24 hours before collection, and compared
with vehicle treated (-) samples. Protein extracts were probed with specific antibodies
against CBFp (to estimate the efficiency of CRISPR editing), and HSP90 (as a loading
control).
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Figure 2. Analyses of RUNX2 expression and mutation status in a CRC panel.

(A) RUNX2 expression in colorectal cancer cell lines from the GDSC1000 panel. Blue
dots represent cell lines in upper-most quantile and yellow dots lowest quantile of
RUNX2 expression.



Next, we compared the IC50 values of MEK inhibitors of the upper 25%
of RUNX2-expressing cell lines with lower 25% (Supplemental Table 1). The data,
represented in a box plot, indicate that RUNX2 expression levels are not per se
linked to MEK inhibitor response (Figure 2B). However, when we compared cell
lines with RUNX2 mutations to non-mutant cells, we found that RUNX2 mutant cells
have significantly higher MEK inhibitor IC50 values (Figure 2C). Considering that
RUNX2 gene does not have a hotspot mutation site, it is likely that the mutations
are inactivating. These data suggest that loss of RUNX2 leads to resistance to MEK
inhibitors in CRC.
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Figure 2. Analyses of RUNX2 expression and mutation status in a CRC panel.

(B) IC50 values for five different MEK inhibitors in lowest 25% RUNX2 expressing
cells (C2BBel, CCK-81, COLO-205, COLO-741, CW-2, GP5d, HCC-2998, HCT-116, LS-
180, NCI-H630, SNU-81 and SW-1463; shown on the left) and highest 25% RUNX2
expressing cells (CL-11, COLO-320-HSR, HT-55, LS-123, LoVo, RCM-1, SNU-407, SW-
1116, SW-1417, SW-48 and SW-837; shown on the right).

(C) IC50 values for five different MEK inhibitors in four RUNX2 mutant CRC cell lines
(GP5d, HT-115, SW-620, SW-948; right) compared to non-mutant lines (41 RUNX2 wild
type CRC cell lines; left).



To test directly whether loss of RUNX2 or CBFB could decrease the response
of CRC cells to MEK inhibitors in the absence of ERN1 loss, we made polyclonal
populations of RUNX2 and CBFB knockout cells in parental LoVo cells. As can be
seen in Figure 2D, these polyclonal populations had reduced expression, but not
complete loss, of RUNX2 and CBFB. Nonetheless, this was sufficient to cause a
marked increase in resistance to the MEK inhibitor selumetinib (Figure 2E). This
indicates that RUNX2 or CBFB can modulate MEK inhibitor responses in a broader
context than just in cells having ERN1 loss of function (Figures 2D and 2E).
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Figure 2. MEK inhibitor response of LoVo parental cells with loss of RUNX2 or CBFB.
(D) Western blot of LoVo RUNX2 KO and CBFB KO cells compared to NT gRNA controls.

(E) Colony formation assay of LoVo RUNX2 KO and CBFB KO cells in the presence and
absence of the MEK inhibitor selumetinib, relative to LoVo parental cells expressing
non-targeting (NT) gRNA control. Shown is a representative example of three biological
replicates.

To address the mechanism of loss-of-RUNX2 induced MEK inhibitor
resistance, we established a collection of CBFB and RUNX2 KO clones in LoVo in
an ERN1 KO background (Figure 3A). For subsequent analyses, we used CBFB KO
clone B and RUNX2 KO clone A. We tested the growth properties of these clones
in the presence of MEK inhibitor selumetinib using both a colony formation assay
(Figure 3B) and an IC 50 assay (Figure 3C). These assays show that the MEK inhibitor
resistance induced by the loss of RUNX2 or CBFB surpasses intrinsic resistance of
the parental line, as IC50 values of the parental line fall in between values for ERN1
KO and ERN1/RUNX2 DKO or ERN1/CBFB DKO cells.



To investigate possible transcriptomic changes giving rise to this drug
resistance phenotype, we performed RNA sequencing of CBFB and RUNX2
knockout clones (both in the presence and absence of MEK inhibitor). Analysis of
RNA sequencing data revealed a strong transcriptional similarity between CBFB and
RUNX2 knockout clones indicating a similar resistance mechanism in both clones
(Figure 3D).
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Figure 3. Characterization of LoVo ERN1/RUNX2 and ERN1/CBFB double KO clones.
(A) Western blot analysis of LoVo ERN1/RUNX2 and ERN1/CBFB double KO clones.

(B) Colony formation assay of ERN1/RUNX2 and ERN1/CBFB double KO cells in the
presence and absence of the MEK inhibitor selumetinib, relative to control ERN1 KO
cells and LoVo parental cells. Shown is a representative example of three biological
replicates.

(C) IC50 growth curves of LoVo ERN1/RUNX2 and ERN1/CBFB double KO cells as
compared to LoVo ERN1 KO and LoVo parental cells in the presence of indicated
concentrations of AZD6244 (selumetinib). Error bars represent standard deviation of
three independent experiments.

(D) Multidimensional scaling (MDS) plot of RNA sequencing data from ERN1 KO, ERN1/
CBFB KO and ERN1/RUNX2 KO cells treated with 1 uM MEK inhibitor selumetinib or
vehicle control.



Interestingly, DKK-1 (Dickkopf-1), a secreted inhibitor of the WNT/B-catenin
pathway, is the most significant differentially expressed gene when comparing CBFB
and RUNX2 knockouts with their parental counterparts (false discovery rate <10-6),
as shown by a volcano plot in Figure S1A. In both treated and untreated conditions,
expression levels of DKK-1 were significantly higher in knockout clones (Figure S1B),

indicating that RUNX2 might act as a repressor of DKK-1.
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Figure 3. Characterization of LoVo ERN1/RUNX2 and ERN1/CBFB double KO clones.

(E-H) Live cell proliferation assays of (E) LoVo parental, (F) LoVo ERN1 KO, (G) LoVo
ERN1/RUNX2 double KO, and (H) LoVo ERN1/CBFB double KO cells in the presence and
absence of indicated concentrations of MEK inhibitor AZD6244 (selumetinib).

Error bars show standard deviation of three experiments.

To further quantify the degree of MEK inhibitor resistance in CBFB and
RUNX2 KO cells, we performed IncuCyte® real time cell proliferation assays using
a dose range of the MEK inhibitors selumetinib and trametinib. We compared the
response of parental cells to ERN1 KO cells and confirmed their increased sensitivity
to a wide concentration range of the MEK inhibitors selumetinib (Figures 3E and
3F) and trametinib (Figures S2A and S2B). On the other hand, ERN1/RUNX2 DKO



cells and ERN1/CBFB DKO cells showed uninhibited proliferation in the presence
of selumetinib (Figures 3G and 3H) or trametinib (Figures S2C and S2D) treatment.

In order to delineate the mechanism of RUNX2-loss induced MEK inhibitor
resistance, we first analysed phosphorylation status of a panel of receptor tyrosine
kinases using a Human Phospho-Receptor Tyrosine Kinase Array Kit (R&D). The
results showed that ERN1/RUNX2 DKO cells exhibit higher levels of phospho-HER3
(ERBB3) and phospho-RET compared to their parental ERN1 KO cells, and these

differences were even more pronounced under selumetinib treatment (Figure 4A).
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We validated these results by immunoblotting with specific antibodies in both
long-term (Figure 4B) and short-term assays (Figure 4C). Interestingly, prolonged
treatment of LoVo cells with MEK inhibitor (14 days) resulted in markedly reduced
levels of RUNX2 protein, suggesting that low RUNX2 expressing cells were positively
selected under MEK inhibitor pressure (Figure 4B). In addition, we note that
ERN1/RUNX2 DKO cells exhibit sustained levels of phospho-ERK and phospho-RSK

despite MEK inhibitor treatment, explaining their poor response to these drugs.



Interestingly, this is correlated with high phospho-EGFR as compared to parental
LoVo and ERN1 KO cells. To further confirm the intensity of RTK signalling in RUNX2
and CBFB KO cells, we blotted for phospho-SHP2 (encoded by the PTPN11 gene),
which is essential in signal transduction from the receptor tyrosine kinases in the
cell membrane to the RAS-MEK-ERK pathway [23]. Our results show persistent SHP2
activity in RUNX2 and CBFB KO cells compared to MEK inhibitor sensitive ERN1 KO
counterparts. On the other hand, parental LoVo cells exhibit intermediate levels of
phospho-SHP2 (Figure 4C).
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Figure 4. Loss of RUNX2 induces multiple receptor tyrosine kinases (RTKs).

(B) Western blot showing the effects of long-term MEK inhibitor treatment on LoVo,
ERN1 KO and ERN1/RUNX2 double KO cells. Cells were cultured in the presence and
absence of 1 uM selumetinib for the indicated time (in days).

In order to find out whether SHP2 activity is causally related to MEK
inhibitor resistance observed in RUNX2 negative cells, we used SHP2 inhibitor
SHP099 and combined it with MEK inhibitor selumetinib in LoVo ERN1 KO (Figure
5A) and ERN1/RUNX2 DKO cells (Figure 5B). As expected, LoVo ERN1 KO cells were
not growing even in relatively modest amounts of selumetinib. However, ERN1/

RUNX2 DKO cells, whose growth was uninhibited in MEK inhibitor alone, exhibited



complete growth arrest when SHP2 inhibitor was combined with the MEK inhibitor
(Figure 5B). Considering that we observed high activity of ERBB3/HER3 in ERN1/
RUNX2 DKO cells (Figure 4A), and that ERBB3 is a kinase impaired protein that
signals through obligatory heterodimers with other members of the ERBB receptor
family, we used EGFR and HER2 inhibitors to see if those could recapitulate the
effects of SHP2 inhibition. Interestingly however, we could not identify a single RTK
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Figure 4. Loss of RUNX2 induces multiple receptor tyrosine kinases (RTKs).

(C) Western blot showing the effects of short-term treatment with MEK inhibitor on
LoVo parental and LoVo ERN1 KO cells compared to LoVo ERN1/RUNX2 and ERN1/CBFB
double KO cells. Cells were cultured in the presence and absence of 1 uM selumetinib
for the indicated time (in hours). All experiments shown, except RTK array analysis,
were performed independently at least twice.
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ibitor that could mimic the phenotype observed with SHP2 inhibition (Figures

S3 A-C). Only combination of MEK inhibitor with pan-RAF inhibitor could replicate
synthetic lethality observed with SHP2 and MEK inhibitor combination (Figure 5C).
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Figure 5. SHP2 is an essential driver of loss-of-RUNX2 induced MEK inhibitor
sensitivity.

(A) Colony formation assay of LoVo ERN1 KO cells in the presence of indicated
concentrations of the SHP2 inhibitor SHP099 and MEK inhibitor selumetinib.

(B-C) Colony formation assays of LoVo ERN1/RUNX2 double knockout (DKO) cells in
the presence and absence of the MEK inhibitor selumetinib (shown vertically) and in
the indicated concentrations of (B) SHP2 inhibitor SHP099, and (C) pan-RAF inhibitor
LY3009120. Shown are representative examples of three biological replicates.

(D) Live cell proliferation assay comparing the growth of LoVo ERN1/RUNX2 double
KO cells in the presence and absence of indicated concentrations of MEK inhibitor
selumetinib (AZD6244), SHP2 inhibitor SHP099 and their combination (UT = untreated).
Error bars show standard deviation of three experiments.



To quantify these effects in time-dependent fashion, we used IncuCyte® real time
cell proliferation imaging and quantified cell confluence for LoVo ERN1/RUNX2 DKO
cells in the presence and absence of MEK inhibitor selumetinib, SHP2 inhibitor, or
their combination. These data again indicated that the combination of a SHP2 and a
MEK inhibitor is highly effective in the context of RUNX2 null colorectal cancer cells
(Figure 5D), highlighting the central role of RTK signalling in the resistance to MEK
inhibitors of RUNX2 KO cells.

DISCUSSION

This study reveals that RUNX2, a critical transcription factor for bone
development, and its cofactor CBFB can regulate MEK inhibitor response in
colorectal cancer cells. Previous work has shown that RUNX2 is aberrantly expressed
in cancer cells as compared to normal mammary epithelial cells [24]. In cancer cells
RUNX2 has thus far been shown to regulate beta-casein [25], osteopontin [26],
sialoprotein [27], calcitonin, and RANKL [28]. More recently, RUNX2 was shown
to be required for the growth of multiple myeloma, a malignancy driven by the
accumulation and proliferation of abnormal plasma cells in the bone marrow. The
suppression of RUNX2 inhibited the progression of the disease and the expression
of metastasis-promoting RUNX2 target genes RANKL and DKK-1 [29]. However, the
role of RUNX2 in regulating the expression or activation of receptor-tyrosine kinases
or MEK inhibitor sensitivity, in the context of colorectal cancer, has thus far not
been identified. In melanoma, however, RUNX2 knockdown by short hairpin RNAs
resulted in RTK downregulation [30]. The same study demonstrated that melanoma
cells resistant to the BRAF V600E inhibitor PLX4720 had a significant increase in
RUNX2 expression which was associated with an increase in both RTK expression
and activation. This is the opposite of the RUNX2 effect on RTK activity we find in
KRAS mutant colorectal cancer cells. A differential response between melanoma
cells and colon cancer cells in terms of their response to inhibition of the MAPK
pathway has been shown before by our lab and others [31-33]. In colorectal cancer,

unlike melanoma, BRAF inhibition causes rapid feedback activation through the



epidermal growth factor receptor (EGFR). For this reason, BRAF inhibitor treatment
is ineffective as a monotherapy in colorectal cancer and combination treatment
approach is needed. A combination of BRAF inhibitor encorafenib, MEK inhibitor
binimetinib and an EGFR inhibitor cetuximab recently resulted in a successfully
completed phase 3 clinical trial [34], underscoring the importance of the regulation

of RTK activity in colorectal cancer.

A study by Kim et al. [35] has shown that deletion of Mekl and Mek2
kinases resulted in severe osteopenia and cleidocranial dysplasia, similar to that
seen in humans and mice with impaired Runx2 function. In the present study, we
show that RUNX2 directly controls MAPK pathway activity. We first show that loss
of RUNX2 reverts the MEK inhibitor sensitivity phenotype of LoVo ERN1 KO cells.
Moreover, lack of RUNX2 expression increased resistance of parental LoVo cells
as well, and this was also confirmed for its binding factor CBFB. Interestingly, all
CBFB knockout clones display reduced levels of RUNX2 protein confirming previous
findings that CBFp plays an important role in the stabilization of RUNX proteins by
inhibiting ubiquitination-mediated degradation [8,9]. This could explain why whole
exome sequencing efforts identified CBFB as one of six most significantly-mutated
genes in breast cancer, right after TP53, PIK3CA and AKT1 [36]. More studies are
required to investigate whether CBFB loss of function mutations in breast cancer

are also associated with increased RTK activity.

Differential gene expression analysis of RNA sequencing data point to genes
whose expression pattern changes under MEK inhibitor treatment. Interestingly,
transcriptional analysis of CBFB and RUNX2 knockout clones (in the presence and
absence of MEK inhibitor) revealed DKK-1 (Dickkopf-1), a secreted inhibitor of
the WNT/B-catenin pathway and a negative regulator of bone formation, as the
most significant differentially expressed gene when comparing CBFB and RUNX2
knockouts with their parental counterparts. In both treated and untreated
conditions, expression levels of DKK-1 are significantly higher in knockout clones,
indicating that RUNX2 might act as a repressor of DKK-1. By contrast, Gowda et al.
[29] found that reduced expression of RUNX2 correlates with a reduction in DKK-1

in multiple myeloma. Our results suggest context specificity of DKK-1 regulation



by RUNX2. This is potentially significant as it impacts our understanding of WNT
signaling regulation in colorectal cancer. For example, Tentler et al.[37] have shown
that DKK-1 is among the core genes in the WNT pathway with increased expression
in KRAS mutant CRC cells resistant to AZD6244 (selumetinib).

In this work, we demonstrate that RUNX2 functions as a repressor of RTK
activity in LoVo colorectal cancer cells. We observed sustained levels of MEK/ERK
signaling in CBFB or RUNX2-null cells, even in the presence of MEK inhibitor. These
sustained levels of phospho-ERK (resulting in continued proliferation) coincide with
high phosphorylation status of EGFR, ERBB3 and RET in RUNX2-null cells. These
findings complement our previous work showing that high RTK activity confers
resistance to MEK inhibitors in colon cancer cells [38]. Moreover, here we report
high levels of phosho-SHP2 in MEK inhibitor treated RUNX2-null cells indicating
persistent signaling from the cell membrane which helps to explain the observed

resistance phenotype.

To validate the functional significance of SHP2 activity in RUNX2 negative
cells, we used SHP2 inhibitor in combination with MEK inhibitor. The observed
synthetic lethality demonstrated that RTK activation in RUNX2 negative cells is
causal to their lack of sensitivity to MEK inhibition. The MEK and SHP2 inhibitor
combination has already been demonstrated as a powerful treatment strategy to
overcome RTK activity-driven MEK inhibitor resistance; in the context of pancreatic
ductal adenocarcinoma [39], KRAS-mutant non-small-cell lung cancer [40] and
in wild-type KRAS-amplified gastroesophageal cancer [41]. In these cancers,
combination of SHP2 and MEK inhibitors was shown to synergistically inhibit
signaling through the MAPK pathway.

Results presented here suggest that resistance to MEK inhibition via loss
or downregulation of RUNX2 can be circumvented by concomitant treatment with
SHP2 inhibitor. This is particularly relevant when we consider that deep deletions of
CBFB are seen in around 6% of malignant peripheral nerve sheath tumors and in 5%
of metastatic prostate cancers (cbioportal.org). Moreover, mutations in RUNX2 are
seen in ~10% of small-cell lung cancer and in ~10% of desmoplastic melanomas [42].

Our data reveal an unexpected relationship between loss of function mutations in



RUNX2 and CBFB and activity of RTKs in colon cancer. These data may help explain

why loss of function mutations in these two genes are seen in a variety of cancers.

Based on our findings and those in the literature, we propose a model for
MAPK pathway regulation by RUNX2 (Figure 5E). Previous work has shown that
RUNX2 expression and activity are positively regulated by the PI3K and MAPK
pathways [17,18,43]. Moreover, RUNX2 has been shown to repress RTK signalling
[44]. Our present data add to this by showing that the RUNX2/CBFB complex acts as
a repressor of RTK activity. Thus, inhibition of MEK has a dual effect on RTK activity.
First, ERK inhibition leads to activation of RTK signalling, as previously demonstrated
[35, 42]. Second, ERK inhibition, by inhibition RUNX2/CBFB activity, also leads to
RTK activation (Figure 4). These two effects both counteract the effect of the MEK
inhibitor, contributing to drug resistance. In summary, our data are compatible
with a model in which RUNX2 mutant tumors are resistant to MEK inhibitors, but
respond to the combination of MEK and SHP2 inhibitors.

¥
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t inhibitor

Figure 5. SHP2 is an essential driver of loss-of-RUNX2 induced
MEK inhibitor sensitivity.

(E) Model showing the interplay between RTK activation, SHP2,
RUNX2 and RAS/RAF/MEK/ERK signaling pathway.
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Supplemental Figure 1. Gene expression of ERN1/RUNX2 and ERN1/CBFB KO cells
treated with selumetinib.
(A) Volcano plot comparing ERN1/RUNX2 or ERN1/CBFB KO with ERN1 KO cells.

(B) Expression of DKK-1 in RUNX2 and CBFB KO clones (orange and red, respectively)
compared with ERN1 KO clone (gray).
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Supplemental Figure 2. (A-D) Live cell proliferation assays of (A) LoVo parental, (B)
LoVo ERN1 KO, (C) LoVo ERN1/RUNX2 double KO, and (D) LoVo ERN1/CBFB double
KO cells in the presence and absence of indicated concentrations of MEK inhibitor
trametinib. Error bars show standard deviation of three experiments.
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SUPPLEMENTARY TABLE

Supplemental Table 1. A panel of colorectal cancer cell lines divided in quantiles with

respect to RUNX2 expression.

Cell line RUNX2 Quan- Cell line RUNX2 Quan-
expression | tile expression | tile

SNU-81 3,11569 1 HCT-15 3,98812 3
C2BBel 3,13466 1 SNU-C28B 4,00756 3
GP5d 3,15577 1 Ls-513 4,06738 3
COLO-741 3,22882 1 MDST8 4,07168 3
COLO-205 3,29088 1 SNU-C1 4,09417 3
NCI-H630 3,32234 1 1S-1034 4,09972 3
HCT-116 3,35529 1 COLO-678 4,13520 3
HCC2998 3,36015 1 HCC-56 4,16193 3
CCK-81 3,38233 1 NCI-H747 4,23788 3
L5-180 3,38852 1 SW948 4,28065 3
SW1463 3,39257 1 RKO 4,36646 3
cw-2 3,40487 1 SW1116 4,42349 4
SK-CO-1 3,44219 2 LoVo 4,45570 4
CL-40 3,51146 2 HTS5 4,52987 4
T84 3,57002 2 cL-11 4,59071 4
NCI-H716 3,57767 2 SW1417 4,66423 4
SNU-C5 3,58600 2 15-123 4,68570 4
SW620 3,65693 2 sws37 4,76686 4
KM12 3,71203 2 RCM-1 4,88769 4
HT-115 3,83962 2 SNU-407 4,92105 4
CaR-1 3,84102 2 COLO-320-HSR | 5,19569 4
HT-23 3,93743 2 swasg 5,21461 4
LS-411N 3,97634 2




106  Chapter 4



Chapter 5

General discussion



Current clinical development status of the PI3K and FGFR inhibitors

Growth factor signaling is mediated through a series of intracellular
kinases, and one of the most studied are phosphatidylinositol 3-kinases (P13Ks).
Aberrant activation of PI3K signaling represents a molecular signature underlying
the development of metabolic diseases (such as diabetes and obesity), tumor
predisposition syndromes (e.g. tuberous sclerosis complex), and somatic human
cancers. This observation, together with the actionable nature of the PI3K/AKT/
mTOR signaling network, resulted in expectations that PI3K inhibitors would lead to
major clinical advances. With the exception of a handful of encouraging examples,
which will be mentioned below, we now know that most clinical trials performed with
PI3K inhibitors have fallen short of this expectation. These inhibitors were designed
to target various isoforms of catalytic subunits of the PI3K called p110. Catalytic
isoforms p110-a and pl110-B are ubiquitously expressed, whereas the p110-6
subunit is found primarily in leukocytes (Chantry et al., 1997; Vanhaesebroeck et al.,
1997). Interestingly, only p110-a, encoded by the PIK3CA gene, has been found to
be frequently mutated in human tumors (Bachman et al., 2004), suggesting distinct
roles for the individual PI3Ks in both normal signaling and oncogenic transformation.
In 2006, Zhao and colleagues (Zhao et al., 2006) reported that cells deficient in the
p110-a isoform are resistant to oncogenic transformation induced by a variety of
oncogenic receptor tyrosine kinases (RTKs). This focused drug development efforts
around the p110-a isoform specifically, although most currently available PI3K

inhibitors target all isoforms with varied degrees of selectivity.

In Chapter 2 of this thesis we used BKM120 (buparlisib) as an orally
available pan-class I, reversible inhibitor of PI3K. Besides potent antiproliferative
effect in human cancer cell lines, buparlisib exhibits good oral bioavailability and
significant antitumor activity in human tumor xenograft models at tolerated doses
(Maira et al., 2012). In addition, BKM120 inhibits all four class | PI3K isoforms in
biochemical assays with at least 50-fold selectivity against other protein kinases
(Maira et al., 2012). This is why we used this inhibitor in our xenograft cohort (L.
Wang et al., 2017). Moreover, the maximum tolerated dose (MTD) of BKM120 was

already established at 100 mg daily in a phase | dose-escalation study in patients



with advanced solid tumors (Bendell et al., 2012). This MTD was later confirmed in
a follow-up study with the dose-escalation and dose-expansion arms (Rodon et al.,
2014). However, treatment-related adverse events (AEs) in both the studies included
decreased appetite, diarrhea, nausea, hyperglycemia, rash, mood alteration and

even abnormal hepatic function.

Subsequent clinical trials investigated the effects of the combination of
buparlisib with the chemotherapeutic agents carboplatin and paclitaxel. A phase
Ib clinical trial showed that this combination is well tolerated in patients with solid
tumors and recorded objective response in 5 out of 25 patients (Hyman et al.,
2015). However, subsequent dose expansion study concluded that the addition of
buparlisib to high dose carboplatin and paclitaxel was not tolerable (Smyth et al.,
2017). Combinations of buparlisib with other targeted agents were also tested in
clinical studies. For example, the combination of buparlisib with the MEK inhibitor
trametinib displayed promising antitumor activity in patients with KRAS-mutant
ovarian cancer, but only modest activity in patients with non-small cell lung cancer
and pancreatic cancer (Bedard et al., 2015). The same study found that long-term
tolerability of the combination at recommended phase Il dose (buparlisib 60 mg +
trametinib 1.5 mg daily) was challenging due to toxicity that required frequent dose
interruptions. Similar results were seen in a study that investigated the combination
of buparlisib with the PARP inhibitor olaparib. A phase | dose escalation study
reported anticancer activity in patients with breast and high-grade serous ovarian
cancer, but warned that the combination required attenuation of the BKM120 dose
due to toxicity (Matulonis et al., 2017). Major toxicity was also found in a phase I
study that concluded that buparlisib was associated with a poor safety profile and
minimal antitumor activity in advanced or recurrent endometrial carcinoma. That
clinical trial was stopped before end of recruitment for toxicity (Heudel et al., 2017).
The results of these clinical trials on BKM120 were made public only after our study,
reported here in Chapter 2, was already accepted for publication (L. Wang et al.,
2017).

Clinical trials combining buparlisib with endocrine therapies in

postmenopausal women with endocrine-resistant, hormone receptor-positive,



HER2-negative advanced breast cancer have reached phase 3. BELLE-2, a phase 3,
randomized and placebo-controlled trial, concluded that combination regimen of
buparlisib with fulvestrant resulted in meaningful clinical benefits in patients with
PIK3CA mutations found in circulating tumor DNA (Baselga et al., 2017), but no
further studies were recommended because of the toxicity associated with that
combination. A related study, BELLE-3, aimed at assessing the efficacy of buparlisib
or placebo in combination with fulvestrant in hormone receptor-positive, HER2-
negative, advanced breast cancer patients who had relapsed on or after endocrine
therapy and mTOR inhibitors, similarly concluded that the safety profile of buparlisib
plus fulvestrant does not support the further development of that combination in
the investigated setting (Di Leo et al., 2018). However, the documented efficacy
of buparlisib supported the rationale for the use of PI3K inhibitors with endocrine
therapy in patients with PIK3CA mutations. An emerging hope for a more favorable
toxicity profile is given by the development of a so-called B-sparing PI3K inhibitor
taselisib (GDC-0032), that potently inhibits p110-a, p110-y and p110-§, but has a
30-fold lower potency against p110-B (Ndubaku et al., 2013). Phase 1b POSEIDON
trial confirmed the antitumor activity of taselisib in both PIK3CA mutant and wild-
type cancers, while concluding that it can be safely combined with tamoxifen in
patients with ER-positive, metastatic breast cancer who had failed prior endocrine
therapy (Baird et al., 2019).

As it is becoming increasingly clear that PI3K inhibitors are effective in
inhibiting tumor progression, many other PI3K pathway-targeted agents have been
tested in oncology trials (reviewed by (Yang et al., 2019)), but only three of them have
thus far been approved by regulatory agencies (idelalisib, duvelisib and copanlisib).
Idelalisib (CAL-101), 6 isoform specific PI3K inhibitor, was the first PI3K inhibitor
approved by regulatory agencies for treatment of specific blood cancers (Gopal et
al., 2014; Markham, 2014; Smith et al., 2017). Duvelisib (IPI-145), like idelalisib, is
also an orally available inhibitor, but with dual activity against PI3K-6 and PI3K-y
isoforms that performed exceptionally well in preclinical studies in primary chronic
lymphocytic leukemia cells (Dong et al., 2014). In a phase |l study performed on
patients with relapsed or refractory indolent non-Hodgkin lymphoma, duvelisib

demonstrated clinically meaningful activity and a manageable safety profile (Flinn



et al., 2019). Phase 3 randomized DUO trial for patients with relapsed or refractory
chronic lymphocytic leukemia and small lymphocytic lymphoma met primary study
end point by significantly improving progression-free survival in duvelisib treated
patients compared to ofatumumab monotherapy (Flinn et al., 2018). This led to the
approval of duvelisib by the United States Food and Drug Administration (FDA) in
September 2018. Copanlisib (BAY 80-6946) is a highly selective and reversible pan-
class | PI3K inhibitor with dominant activity against p110-a and p110-6 isoforms (Liu
et al., 2013). Already phase | study of copanlisib monotherapy showed promising
anti-tumor activity in patients with advanced solid tumors and non-Hodgkin’s
lymphomas (Patnaik et al., 2016). Phase |l studies that followed (Dreyling et al.,
2017a; 2017b) led to accelerated approval of copanlisib for relapsed follicular

lymphoma (Markham, 2017). Phase 3 trials are still ongoing.

Varied degrees of toxicity observed in different clinical trials using different
PI3Kinhibitorsarelikelyduetothefactthat PI3K catalyticand regulatorysubunits have
roles in normal cell function such as the regulation of cellular metabolism and also
in immune system functions (Fruman et al., 2017). Dose-limiting toxicities prevent
sufficient target engagement in tumor tissues to maintain pathway suppression.
Moreover, intrinsic or acquired resistance to PI3K pathway inhibitors is commonly
associated with activation of growth factor receptors that stimulate both PI3K and
MAPK signaling. In addition, PI3K pathway itself is activated by various cell surface
receptors, and cancer cells show remarkable plasticity when it comes to amplifying
upstream mechanisms to maintain signal flow in the presence of pharmacological
inhibitors. In Chapter 2 we demonstrated the efficacy of PI3K inhibitors to overcome
incomplete responses observed with FGFR inhibitors in FGFR-driven solid cancers
(L. Wang et al., 2017), but the reverse is true as well. Hyperactivation of the FGFR
signaling in the form of FGFR mutations or amplifications can be seen as an intrinsic
mechanism of resistance to PI3K inhibitors. In line with that, Herrera-Abreu and
coworkers (Herrera-Abreu et al., 2013) have observed the downregulation of
phospho-AKT (which can be seen as an effector of the PI3K activity) in the presence
of the FGFR inhibitor PD173074, showing how closely intertwined the two pathways

are in FGFR-driven bladder cancer cells.



In Chapter 2 we propose direct pharmacological inhibition of the PI3K
pathway in conjunction with the FGFR inhibitors for FGFR-driven bladder and lung
cancers, which is important considering that PI3K inhibition on its own is frequently
followed by the induction of adaptive (non-genetic) resistance mechanisms (Thorpe
et al., 2015). Previous studies have shown that increased transcription of genes
encoding diverse receptor tyrosine kinases (RTKs), most notably HER3, EGFR, and
INSR/IGFR1 is a frequent mechanism cancer cells resort to in response to PI3K
pathway inhibitors (Chakrabarty et al., 2012; Chandarlapaty et al., 2011; Muranen
et al., 2012). Those studies all suggest that PI3K antagonists will inhibit AKT and
thus relieve suppression of RTK expression and their activity. As a consequence,
PI3K pathway inhibitors have limited clinical activity if used as single agents. For
this reason, several studies have been designed to investigate combinations of
PI3K pathway inhibitors with RTK inhibitors. Garcia-Garcia and coworkers tested
the hypothesis that the suppression of the PI3K/AKT/mTOR pathway results in
sensitization to anti-HER2 agents in HER2-positive breast cancer that is refractory to
anti-HER2 therapy (Garcia-Garcia et al., 2012). They found that mTOR inhibitor INK-
128 induces phosphorylation of both HER2 and HER3, and this is prevented with
the addition of lapatinib, a small molecule inhibitor of the HER2 intracellular kinase
domain. Moreover, the dual blockade produced synergistic induction of cell death
in HER2-positive cell lines in vitro and in patient-derived xenograft models, without
signs of toxicity. In another study, Garrett et al examined the effects of LIM716, a
HER3 neutralizing antibody that inhibits HER3 dimerization, as a single agent and in
combination with BYL719, an ATP competitive PI3K catalytic subunit p110-a-specific
inhibitor. They found that dual blockade of HER3 and PI3K is an effective treatment
approach against HER2-overexpressing breast and gastric cancers (Garrett et al.,
2013). Collectively, these studies indicate that one of the greatest challenges in the
clinical practice is to predict and target the specific RTKs conferring PI3K inhibitor
resistance in individual patients. Our work presented in Chapter 2 contributes to
addressing this challenge by clearly pointing to the FGFR-PI3K co-dependency in
FGFR-driven bladder and lung cancers. Moreover, we suggest that hyperactivated
FGFR can be used as a biomarker for the efficacy of this combination (L. Wang et
al., 2017).



In our study (Chapter 2) we used the pan-PI3K inhibitor BKM120 because
one or more of the remaining class | PI3Ks may assume the signalling functions
of the drug-inhibited PI3K isoform when isoform-selective PI3K inhibitors are
used. The concept of PI3K inhibitor-mediated feedback regulation of RTKs was
explained mechanistically in renal cancer cells where the PI3K-AKT pathway is a
validated therapeutic target (Lin et al., 2014). More specifically, Lin et al showed
that PI3K inhibitor treatment promotes AKT phosphorylation at Ser473 via FOXO
transcription factors that also upregulate the expression of RICTOR, an essential
component of the mTOR complex 2 (Lin et al., 2014). That study also points to
FOXO as a potential biomarker that can be used to stratify renal cell carcinoma
patients that would benefit from PI3K or AKT inhibitor treatment. However, the
clinical utility of a transcription factor as a novel therapeutic target, is limited due
to the poor drug-ability of these proteins. The advantage of combination treatment
of PI3K with an RTK, such as FGFR, that we propose in chapter 2, is in the fact
that inhibitors are already commercially available, and clinically tested. Moreover,
various clinical studies published in recent years (presented above) have informed
us about the toxicity profiles of different PI3K inhibitors enabling a better-informed

test compound selection.

The development of FGFR inhibitors also made clinical advances in
recent years. In 2017, Perera at al reported the discovery and pharmacological
characterization of JNJ-42756493 (Erdafitinib) (Perera et al., 2017). It is an orally
active small molecule with potent tyrosine kinase inhibitory activity against all
four FGFR family members and selectivity versus other highly related kinases.
Erdafitinib shows rapid uptake into the lysosomal compartment of cells in culture,
which is associated with prolonged inhibition of FGFR signalling, most likely due
to sustained release of the inhibitor. In July 2019, a phase 2 clinical study reports
that the use of erdafitinib is associated with an objective tumor response in 40%
of previously treated patients with locally advanced and metastatic urothelial
carcinoma with FGFR alterations (Loriot et al., 2019). Moreover, the same study
suggests the use of erdafitinib over immunotherapy given the better response rate,
similar rates of overall survival, and lower activity of immunotherapy in patients

with FGFR mutations. These results led to the accelerated approval of erdafitinib by



the Food and Drug Administration (FDA) in April 2019 for the treatment of patients
with locally advanced or metastatic FGFR-mutant urothelial carcinoma (Markham,
2019), even though more work is needed to establish the FGFR mutation status as
a biomarker for resistance to immunotherapy. Also, nearly half of the erdafitinib
treated patients suffered from treatment-related grade 3 or higher adverse events
(Loriot et al., 2019). However, the results of reported trials have provided a solid
proof-of-concept for the use of FGFR inhibitors in the treatment of urothelial
carcinoma with FGFR alterations. Erdafitinib is currently being investigated as a
treatment for other cancers including cholangiocarcinoma, liver cancer, non-small
cell lung cancer, prostate cancer, lymphoma and oesophageal cancer (Markham,
2019).

Penetrance of synthetic lethality

Synthetic lethality refers to a situation where perturbation of individual
genes is well tolerated, but perturbation of combinations of genes results in cell
death. The concept was initially used to describe an incompatibility between pairs
of alleles in fruit flies, and the first clinical application, described in the introduction
(Chapter 1) led to regulatory approval of PARP inhibitors for the treatment of breast
or ovarian cancers with mutations in the BRCA1 or BRCA2 tumor-suppressor genes
(Lord and Ashworth, 2017). Despite the development of targeted therapeutics
designed to target specific cancer-driving mutations, the vast majority of patients
are still treated either by surgery, chemotherapy or radiotherapy, or combination
thereof. After more than a decade of concentrated effort aimed at developing
synthetic lethal treatments for cancer, we only have a handful of successful
examples. One of the possible reasons could be attributed to the limitations of the
RNAI technology, that used to be the primary technology used to identify synthetic
lethal effects. In Chapter 2, we resorted to short hairpin RNA (shRNA), which is
also one of the RNAI technologies, to search for synthetic lethal interactions with
FGFR inhibitor. Short hairpin RNAs, like other RNAi approaches, are limited by
‘off-target’ effects, which means that the reagent used can inhibit other genes, in

addition to the target gene (Echeverri et al., 2006). Second major challenge of the



RNAi technology is in its efficiency, as most RNAi reagents do not inhibit the target
to any significant extent. As a consequence, each individual RNAi construct needs
to be validated separately in the specific cell line model in question. This limits
the researcher’s ability to simultaneously test large panels of cell lines and opens
the possibility of reporting false positives and false negatives as synthetic lethal
partners (Kaelin, 2012). In fact, many drug targets identified by RNAi technologies
in academic laboratories were not validated by robust approaches of industrial
laboratories (Begley and Ellis, 2012; Prinz et al., 2011).

The development of CRISPR/Cas9 gene editing technology sparked new
enthusiasm for identification of synthetic lethal interactions, due to improved
targeting efficiency and reduced off-target effects (Mullard, 2017). For these
reasons, we also switched from RNAi technology (in Chapter 2) to CRISPR/Cas9
based technologies (in Chapters 3 and 4 of this thesis). However, when it comes to
identifying novel synthetic lethal interactions of notable clinical applicability, a much
greater hurdle lies in the extensive molecular heterogeneity of tumors. As a result,
most synthetic lethal interactions identified in a single model system are not highly
penetrant, which means that they are not robustly applicable to diverse biological
systems (Ashworth et al., 2011; Ryan et al., 2018). Even in model organisms, such as
budding yeast, most screens are performed in a single defined genetic background
(Chapter 3). As a result, it is challenging to estimate how dependent synthetic lethal
effects are upon their genetic background, or how penetrant they might be across
different backgrounds (Gasch et al., 2016). For example, in Chapter 2 we report
that even some FGFR mutant cancer cell lines display a partial or complete lack of
responsiveness to the combination of the FGFR and PI3K inhibitors, if they harbor
mutations in the downstream effector of the PI3K, AKT1. This mutation allows
cancer cells to maintain their proliferative capacity despite upstream inhibitions (L.
Wang et al., 2017).



RAS synthetic lethality

The study of RAS genes and its interactions has been at the forefront of
signal transduction and molecular oncology since pioneering work with acute
transforming retroviruses to the current post-genomic period (Malumbres and
Barbacid, 2003). Genetic dependencies associated with mutant RAS have been
thoroughly investigated, mainly to circumvent the inability to directly inhibit most
mutant RAS proteins with small molecules (Simanshu et al., 2017). As a result, a
whole series of approaches were designed to indirectly target RAS-driven cancers
through synthetic lethal (SL) genetic vulnerabilities that are selectively necessary

for the maintenance of a RAS-mutated cell state.

Driven by the idea that synthetic lethality screens can identify genes that
are essential only in the context of specific cancer-causing mutations, several
groups have invested considerable efforts to identify synthetic lethal interactions
with mutant RAS. This came as a direct application of the concepts first proposed
by Hartwell et al. (Hartwell et al., 1997), and later reiterated by Brummelkamp and
Bernards (Brummelkamp and Bernards, 2003), and others (Kaelin, 2005). These
authors postulated that genetic screens can be used to identify protein targets
that would create a therapeutic advantage in a mutant compared with a wild type
genotype by screening for second site mutations that are lethal in the mutant strain
but not in the wild-type strain. Mutant RAS is an exciting model to study synthetic
lethal interactions as approximately 20% of all cancers are driven by deregulated
activity of one of mutant RAS isoforms (Downward, 2015). In principle, synthetic
lethality with mutant RAS would enable selective targeting of tumor cells while

sparing the patient’s nonmalignant cells.

One of the earliest examples of a RAS synthetic lethality screen was a
kinome-centered short hairpin RNA (shRNA) screen which identified the non-
canonical IkB kinase TBK1 as selectively essential in mutant KRAS-driven non-small-
cell lung cancer cells (Barbie et al., 2009). Considering that TBK1 can activate NF-kB
anti-apoptotic signals that are essential for cell survival, this finding pointed to NF-



KB signaling as essential in KRAS mutant tumors. Interestingly, our genome-wide
MEK inhibitor resistance screen presented in Chapter 3 identified serine-threonine
kinase STK40 (Sustic et al., 2018), which has been described as a negative regulator
of the NF-kB signaling (Huang et al., 2003; Xu et al., 2013). Subsequent validations
have confirmed that the loss of STK40 (and hence, presumably, sustained activation
of the NF-kB signaling) renders KRAS mutant colorectal cancer (CRC) cells resistant
to MEK inhibitors. This is in line with the finding that NF-kB activity can directly
modulate resistance to several different MAPK pathway inhibitors (Konieczkowski
et al., 2014). Given that NF-kB pathway can also regulate AP-1 transcriptional
output (Fujioka et al., 2004) it is tempting to speculate that the loss of STK40 might
de-repress not only NF-kB, but also JUN, a component of the AP-1 transcription
factor. If this would be the case, it would explain why STK40 loss yields the same or
similar functional consequences under MEK inhibitor as the loss of DET1 and COP1,

established negative regulators of JUN (Sustic et al., 2018).

Over the years, different studies reported different synthetic lethal partners
of mutant RAS. One of the most prominent examples was given by a series of
shRNA screens in eight human cancer cell lines that identified serine-threonine
kinase STK33 as a synthetic lethal partner of mutant RAS (Scholl et al., 2009).
Unfortunately, follow-up studies have failed to broadly validate this interaction
leading to the conclusion that RAS synthetic lethal interaction with STK33 is not
widely applicable and most likely specific to model systems tested (Frohling and
Scholl, 2011; T. Luo et al., 2012). Several other reported synthetic lethal interactions
have also later been confirmed as highly context-dependent (Barbie et al., 2009; J.
Luo et al., 2009; Scholl et al., 2009; Singh et al., 2012). This means that their clinical
utility, if any, would be limited to a very specific group of patients, provided that
such patients can be reliably identified as responders to a given synthetic lethal
drug combination. Moreover, there is a very limited overlap between synthetic
lethal effects identified by different screens. There are numerous reasons for why
this could be the case, ranging from cellular heterogeneity and differences between
individual RAS mutations to methodological differences and the difficulties of

validating 2D cell culture data in vivo (Downward, 2015).



Despite all of these challenges, in 2017, Sabatini and coworkers reported
a handful of RAS synthetic lethal interactions in acute myeloid leukemia (AML)
cells involving genes required for RAS processing and MAPK signaling (T. Wang
et al., 2017). However, to come to these findings they performed genome-wide
CRISPR-Cas9 screens in 14 different AML cell lines. This allowed them to compare a
panel of KRAS-mutant or NRAS-mutant cell lines with KRAS- (and NRAS-) wild-type
cells, thus illustrating the scale of the efforts needed to identify and validate novel
synthetic lethal interactions. For this reason, deeper molecular understanding of
the mechanisms of gene interdependence in various model systems is an invaluable
resource that could lead to the identification of novel vulnerabilities induced

specifically by the oncogene-limited state.

Conclusion

Lessons learned from a series of concentrated efforts to identify synthetic
lethal interactors with mutant RAS in human cells, systematically reviewed by
Ashworth and Lord (Ashworth and Lord, 2018), have led to the establishment of
a series of guidelines that might either assist in the discovery of robust synthetic
lethal effects in other systems, or help us transcend towards higher-order synthetic
lethality effects such as collateral dependencies (described in Chapter 1). An
example of a newly discovered higher-order synthetic lethality is given in Chapter
3, as genetic inactivation of the unfolded protein response (UPR) executor ERN1
in KRAS-mutant colorectal cancers can be regarded as a collateral dependency of
MEK-inhibited cancer cell state (Sustic et al., 2018). Moreover, in Chapter 3, we use
the acquired resistance as a tool to understand the molecular mechanism of drug
sensitivity. On the other hand, in Chapter 4, we use acquired resistance (to MEK
inhibitors) as a tool to unravel specific vulnerabilities of the drug-resistant state
(Sustic et al., 2020).
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Nederlandse samenvatting

Kankerwerd historischgezienalseengenetische ziekte gekarakteriseerd door
ongeremde proliferatie van getransformeerde cellen met invasieve eigenschappen
leidend tot metastases in verschillende organen van het menselijk lichaam.
Tientallen jaren onderzoek naar kanker heeft ons verregaande inzichten gegeven
waardoor het beeld van kanker als dodelijke ziekte wordt uitgedaagd. De ontdekking
van "driver" mutaties bracht specifieke kwetsbaarheden van kankercellen aan het
licht, genaamd oncogene addiction, en creéerde interesse in het ontwikkelen en
het toepassen van geneesmiddelen die specifiek het veranderde eiwit zelf of de
signaleringsroute die het aanstuurt blokkeert en de progressie van kanker remt.
Deze gerichte geneesmiddelen zijn bedoeld om de afwijkende signalering, waaraan
kankercellen verslaafd zijn, te blokkeren of te verstoren. Hierbij wordt toxiciteit
voor normale cellen gereduceerd. Sommige van deze geneesmiddelen worden al
met succes in de kliniek gebruikt, voornamelijk in het verlengen van progressievrije
overleving, maar met beperkte verbeteringen in de totale overleving door het

ontstaan van resistentie.

Hoofdstuk 1 geeft een overzicht van de belangrijkste strategieén
die gebruikt worden om de ontwikkeling van resistentie tegen doelgerichte
geneesmiddelen tegen te gaan. Het gaat hier onder andere om behandelingen
waarbij combinaties van geneesmiddelen worden gebruikt die gebaseerd zijn op
de genetische concepten van synthetic lethality en higher-order synthetic lethality
interactie, onlangs genoemd collateral dependency. Het verschil tussen collateral
dependency en synthetic lethality kan gezien worden als semantiek, zoals in het
voorbeeld bij de BRAF en EGFR remmer synergie in colorectale kanker. BRAF en EGFR
remmers vertonen geen significante effecten in colorectale kanker wanneer deze
middelen apart worden toegepast, echter in combinatie vertonen zij synergie. Deze
combinatie was vastgesteld als een synthetic lethal geneesmiddelen combinatie.
Anderzijds, geactiveerde EGFR kan worden beschouwd als collaterale afthankelijkheid

van een BRAF geinhibeerde colorectale kankercel, omdat de remming van EGFR



zorgt voor preventie van de synthetic rescue effect dat veroorzaakt word door de
feedback reactivatie van receptor tyrosine kinases (RTKs). Tenslotte, het concept
van collaterale kwetsbaarheid is voorgelegd omdat het mogelijkheden biedt voor
innovatieve therapeutische interventies die gericht zijn op behandelings-resistente

kankercellen.

Hoofdstuk 2 beschrijft de ontdekking van synthetic lethal combinatie van
geneesmiddelen bestaande uit FGFR en PI3K remmers in FGFR-driven long- en
blaaskanker. Deze ontdekking was gebaseerd op een functionele genetische screen,
een onafhankelijke benadering die ontworpen is om genen te vinden die, wanneer ze
worden geremd, de sensitiviteit van FGFR remmers versterken. We identificeerden
meerdere componenten van de PI3K signaleringsroute en valideerden onze
bevindingen in vitro, waarbij we zowel een genetische als een farmacologische
aanpak gebruikten. Voor in vivo validatie gebruikten we xenograft muizen
modellen. Ook ontdekten wij het moleculaire mechanisme achter deze synergie,
die liet zien dat de remming van FGFR een snelle feedback activatie van EGFR en
HER3 veroorzaakt. De re-activatie van deze RTKs is gereflecteerd in de verhoogde
activiteit van de PI13K signaleringsroute, dus geeft het een solide grondslag voor het
klinisch testen van FGFR remmers in combinatie met PI3K remmers in kanker die

aangestuurd wordt door genetische activatie van FGFR genen.

Hoofdstuk 3 begint met het ambitieuze doel om de synthetic lethal
interacties te vinden die specifiek gericht zijn het gemuteerde RAS eiwit. Daarbij
maakten we gebruik van de resultaten van genome-wide genetische screens in gist
en valideerde ze in KRAS gemuteerde colorectale kankercellen. Onze resultaten
lieten zien dat het verlies van de endoplasmatic reticulum (ER) stress sensor ERN1
geen invloed heeft op de groei, maar zorgt voor sensibilisatie voor MEK remming.
Om te onderzoeken hoe ERN1 de MEK remmer reacties moduleert, hebben we
genetische screens uitgevoerd in ERN1 knockout KRAS gemuteerde colon kanker
cellen om de genen te identificeren wiens inactivatie resistentie veroorzaakt tegen
MEK remming. Vervolgens identificeerden we meerdere negatieve regulatoren van
JUN N-terminal kinase (JNK)/JUN signalering en constateerde we de ERN1-JNK-JUN

route als een nieuwe regulator van de MEK remmer respons in KRAS gemuteerde



colon kanker. Meerdere signaleeringsroutes kunnen JUN activeren, deze ontdekking
verklaart de resistentie van KRAS gemuteerde tumor cellen naar MEK remming
behandeling. Ook lieten we zien dat JUN geactiveerde kinases, zoals TAK1 en JNK,
een functioneren als collaterale afhankelijkheden van MEK remmende-behandelde

KRAS gemuteerde kankercellen.

Hoofdstuk 4 beschrijft de onverwachte connectie tussen de osteogene
master regulator transcriptiefactor RUNX2 en de cofactor CBFB, met de MAPK
signaleringsroute. In dit hoofdstuk laten we zien dat het verlies van RUNX2 of
CBFB, resistentie tegen MEK remmers in colorectale kankercellen kan veroorzaken.
Mechanistisch, vonden we dat de inactivatie van deze genen resulteerden in de
activatie van meerdere RTKs, dat blijkt door de hoge SHP2 fosfatase-activiteit.
Vervolgens, maakten we gebruik van een SHP2 remmer om te onderzoeken of hoge
SHP2 activiteit een causale rol heeft met betrekking tot het verlies van RUNX2-
geinduceerde MEK remmer resistentie. Uiteindelijke, vonden we dat de SHP2
remmer de gevoeligheid voor MEK remmers herstelt in RUNX2 knockout KRAS
gemuteerde colorectale kanker cellen. Deze bevinding is een aanvulling op eerdere
studies van onze groep en anderen die het therapeutische potentieel van deze

combinatie ook hebben aangetoond.

Hoofdstuk 5 geeft een kort overzicht van recentelijk-gerapporteerde
klinische studies over de PI3K remmer buparlisib die gebruikt werd in hoofdstuk
2. Dit is relevant voor een beter begrip van de toekomstperspectieven van onze
bevindingen uit hoofdstuk 2, gezien het feit dat het werk 4 jaar geleden voltooid was
voor de voltooiing van dit proefschrift. Met de ontwikkeling van de nieuwe, minder
toxische, PI3K en FGFR remmers, zal het mogelijk worden om klinische studies
uit te voeren die de werkzaamheid van de voorgestelde combinatie te evalueren.
Tenslotte bespreek ik daar de beperkingen van synthetic lethality als een concept
en geven verschillende voorbeelden van RAS synthetic lethality studies, waardoor ik

ons werk uit hoofdstuk 3 in een bredere context plaats.



Summary (in English)

Cancer has been historically referred to as a genetic disease characterized
by the unrestrained proliferation of transformed cells and often also by invasion
beyond tissue boundaries and metastasis to different organs of the human body.
Decades of research on cancer have given us a solid foundation to challenge the
perception of cancer as a deadly disease. In particular, the discovery of “driver”
mutations revealed specific vulnerabilities of cancer cells, termed oncogene
addiction, and sparked interest in developing and applying drugs that target
specifically the protein product of a given mutated gene “driving” the progression of
cancer. These targeted agents are meant to block or disrupt the aberrant signaling
to which cancer cells are addicted, sparing the normal cells from collateral toxicity.
Some of these agents have made a significant clinical success, especially in terms
of prolonging progression-free survival, but with limited improvements in overall

survival due to the emergence of resistance.

Chapter 1 gives an overview of main strategies used to overcome the
development of resistance to targeted agents, such as drug combination treatments
based on the genetic concepts of synthetic lethality and higher-order synthetic
lethality interactions, recently termed “collateral dependency”. | note that the
difference between collateral dependency and synthetic lethality can be a matter
of semantics, as in the example of the BRAF and EGFR inhibitor synergy in colorectal
cancer. Considering that neither BRAF nor EGFR inhibitors have significant effects
in colorectal cancer when applied in isolation, but together exhibit synergy, this
combination was established as a synthetic lethal drug combination. On the other
hand, activated EGFR can be considered as a collateral dependency of a BRAF
inhibited colorectal cancer cell state, as the inhibition of EGFR prevents synthetic
rescue effect triggered by the feedback reactivation of receptor tyrosine kinases
(RTKs). Finally, the concept of collateral vulnerability is presented as it opens
possibilities for innovative therapeutic interventions targeting treatment-resistant

cancer cell population.



Chapter 2 presents the discovery of a synthetic lethal drug combination
of FGFR and PI3K inhibitors in FGFR-driven lung and bladder cancer. This finding
was based on a functional genetic screen, an unbiased approach designed to find
enhancers of sensitivity to FGFR inhibitors. We identified multiple components
of the PI3K pathway and validated our findings in vitro, using both genetic and
pharmacological approach, and in vivo using xenograft mouse models. We also
uncover the molecular mechanism underlying this synergy, showing that the
inhibition of FGFR causes a rapid feedback activation of EGFR and HER3. The
reactivation of these RTKs is reflected in the enhanced activity of the PI3K pathway,
thus giving a solid rationale for clinical testing of FGFR inhibitors in combination

with PI3K inhibitors in cancers driven by the genetic activation of the FGFR genes.

Chapter 3 starts with an ambitious goal to find synthetic lethal interactions
specific to mutant RAS. We make use of the results from genome-wide genetic
screens in yeast, and validate them in KRAS mutant colorectal cancer cells. We
find that the loss of the endoplasmatic reticulum (ER) stress sensor ERN1 does not
affect growth, but sensitizes to MEK inhibition. To investigate how ERN1 modulates
MEK inhibitor responses, we performed genetic screens in ERN1 knockout KRAS
mutant colon cancer cells to identify genes whose inactivation confers resistance
to MEK inhibition. We subsequently identify multiple negative regulators of JUN
N-terminal kinase (JNK) /JUN signalling and establish ERN1-JNK-JUN pathway
as a novel regulator of MEK inhibitor response in KRAS mutant colon cancer. As
multiple signalling pathways can activate JUN, this finding contributes to explaining
the resistance of KRAS mutant tumor cells to MEK inhibitor treatment. We also
demonstrate that JUN activating kinases, such as TAK1 and JNK, function as collateral

dependencies of MEK inhibitor-treated KRAS mutant cancer cells.

Chapter 4 uncovers the unexpected connection between the osteogenic
master regulator transcription factor RUNX2 and its cofactor CBFB, with the MAPK
pathway. In this chapter, we show that the loss of RUNX2 or CBFB can confer MEK
inhibitor resistance in colorectal cancer cells. Mechanistically, we find that the
inactivation of these genes, results in activation of multiple RTKs which is mirrored

by the high SHP2 phosphatase activity. Next, we make use of a small molecule SHP2



inhibitor to investigate if high SHP2 activity has a causal role to loss of RUNX2-
induced MEK inhibitor resistance. Finally, we find that SHP2 inhibitor reinstates
sensitivity to MEK inhibitor in RUNX2 knockout KRAS mutant colorectal cancer cells.
This finding complements previous works from our group and others reiterating the

therapeutic potential of this combination.

Chapter 5 first gives a brief overview of the recently reported clinical
studies on PI3K inhibitor buparlisib used in Chapter 2. This is relevant for better
understanding of future perspectives of our findings from Chapter 2, considering
that the work described in Chapter 2 has been completed 4 years before completion
of this thesis. With the development of novel PI3K and FGFR inhibitors with safer
toxicity profiles, it is now possible to set up clinical studies that can evaluate
the efficacy of the proposed combination. Finally, | discuss the limitations of the
synthetic lethality as a concept, and give several examples of RAS synthetic lethality

studies, thus putting our work from Chapter 3 in a broader context.
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