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1. Introduction

Mutations of RAS genes are present in around 19% of all malignancies and thus they are
among the most frequently mutated oncogenes in human cancer. Besides, mutant KRAS
is known as the most common driver oncogene in lung, colorectal and pancreatic
adenocarcinomas [1-3]. The RAS protein family has three clinically highly relevant
members, namely N, H, and KRAS. KRAS is transcribed in two isoforms, KRAS4A and
KRAS4B that only differ in their hypervariable regions (HVR). RAS family members are
all small GTP-ase proteins that physiologically cycle between inactive GDP-bound and
active GTP-bound states, regulated specifically by their GAP (GTPase Activating
Protein) and GEF (Guanin nucleotide Exchange Factor) proteins [4]. Oncogenic
mutations occur mostly in three main hotspot sites including codons G12, G13 and Q61.
These mutations result in impaired intrinsic GTPase activity and also prevent GAP
regulator proteins in promoting hydrolyses of GTP to GDP. As a consequence, RAS
proteins will be constitutively in active, GTP bound state [1]. Though sequences of the
RAS proteins show high uniformity, differences can be found not only between sequences
of the HVR (166-185 aa) but also in the catalytic domain. The catalytic domain consists
of two lobe: lobe 1 shows 100% homology among all RAS genes (1-86 aa), while site
specific amino-acid variations can be found in lobe 2 (87-171) that may influence
intramolecular dynamics [5] and are also affected by rare mutations (e.g. codon 117 and
146) [6, 7].

1.1 Regulation of RAS activation

RAS proteins function as binary molecular switches based on their two major
conformations: GTP-bound ON, and GDP-bound OFF states. As essential components of
various important signaling pathways, their activation and inactivation is tightly regulated
[8]. They possess similar affinity towards GTP and GDP, however, they have a slow off-
rate for GDP. Thus, despite the much higher cellular concentration of GTP, they remain
in GDP bound state until GEF proteins facilitate GDP/GTP exchange [8, 9]. Activation
of RAS proteins by GEFs happens at the plasma membrane upon upstream stimuli, by
RTK or GPCR signaling, among others [8]. Upstream receptors recruits adaptor proteins

like GRB2 to the plasma membrane following activation, which pass on the signal



through binding RASGEF proteins. GEFs, like SOS1 facilitate dissociation of the
nucleotide bound by RAS [4, 8]. Interestingly, GEFs do not favor GDP or GTP bound
RAS and exchange of GDP to GTP is only the result of the 10 fold higher plasma
concentration of the latter [4]. GDP-GTP exchange triggers conformational changes in
RAS proteins, allowing RAS effectors to bind and be activated by RAS through their
RBD domains.

Switching of RAS proteins to OFF state also require facilitation by regulatory proteins
(GAPs), like NF1 [4, 8]. These are also huge, multidomain proteins that trigger hydrolysis
of GTP to GDP upon binding to RAS proteins. Of note, RAS proteins possess intrinsic
hydrolytic activity, though it is a very slow process (Knydrolysis = 68x10° s) [9]. Thus,
switching OFF RAS signaling depends on the activity of GAP proteins. As a proof of
principle, hotspot mutations affect primarily codons that are implicated in GAP binding
(G12) and GTP hydrolysis (Q61) and renders these proteins insensitive to GAP mediated
inactivation [1, 9]. Mutation at these sites also diminish drastically intrinsic GTPase
activity of RAS proteins [9]. Interestingly, KRAS G12C mutation was found to be an
exception, as this mutational variant retains ~75% of intrinsic GTPase activity of wild
type proteins [9].

Besides regulation of activation status of RAS, modulation of plasma membrane
localization is also a potential regulatory mechanism of RAS signaling. RAS plasma
membrane (later also referred as PM) association can be modulated by a variety of
mechanisms: palmytoilation-depalmitoylation cycle mediates disposition from the PM to
the Golgi in case of HRAS, NRAS and KRAS4A [10], and KRAS4B PM association can
be weakened by phosphorylation of S181 at the polybasic motif in its HVR [11]. Also,
calmodulin can extract and sequester KRAS4B through its prenylated C terminal region
[12]. Furthermore, membrane composition seems to be a modulatory factor as distinct
RAS genes show differential distribution between cholesterol rich lipid rafts, membrane
domains containing PIP2 or phosphatidic acid content [13, 14].

1.2 RAS signaling in cancer at a glance

RAS proteins act as a regulatory hub of numerous important signaling pathways that

affect key processes fueling cancer progression. At least 20 different pathways can be
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associated with regulatory activity of RAS, including RAF/MEK/ERK;
PISK/AKT/MTOR; PLC/PKC and RAL signaling pathway, among others [8, 15]. Of
note, aberrant activation of RAS proteins alters signalization of downstream pathways
that often contributes to developing malignant properties and hallmarks of cancer.
RAS/MEK/ERK signaling route is one of the most studied pathways directly regulated
by RAS. Briefly, GTP-bound RAS proteins foster homo- or heterodimerization and
phosphorylation of RAF proteins that in turn activate MEK1/2. Activated MEK1/2
confers signal to ERK1/2 proteins that enter the nucleus and phosphorylate numerous
transcriptional factors associated with proliferation, growth and survival [16].
Admittedly, outcome of hyperactivated RAS/MEK/ERK signalization is highly context
dependent and it is oversimplifying to connect it with only one specific hallmark of cancer
[17], however, aberrant proliferation is generally observed as a consequence of
mutations on this pathway.

Also, mutations of RAS proteins are known to confer resistance to apoptosis, fostering
survival in unfavourable environment. Traditionally, activation of PISK/AKT/MTOR
cascade is linked with growth and survival and indeed, aberrant signalization of this
pathway often fuels these processes during cancer progression [16]. Similarly to
RAS/MEK/ERK pathway, effects of signaling through this pathway is context dependent
and cross-talk with other pathways leads to various outcomes [18]. RAS proteins are also
directly involved in regulation of this signaling cascade, through activation of PI3K along
with a specific activated RTK. Activated PI3K converts PIP2 to PIP3 at the plasma
membrane. PIP3 will be bound by effector proteins like AKT or PDK1, which will lead
to activation and phosphorylation of AKT. AKT is known to negatively regulate several
pro-apoptotic proteins like BAD, BCL-XL, BAX or induce transcription of anti-apoptotic
factors through CREB [19]. Besides, activated AKT phosphorylates and inhibits TSC1/2.
TSC1/2 is known to be a negative regulator of MTOR signaling through blockade of
RHEB activity, which is a small G-protein. Inhibition of TSC1/2 reliefs its negative signal
on RHEB that will in turn activate mTORC1 complex. mTORC1 activation leads to
elevated biosynthesis of proteins, lipids or ribosomes as well as to increased autophagy
and changed mitochondrial metabolism partly blockade 4E-BP1 protein (inhibitor of
eLF4 transcription factor) and phosphorylation of p70S6K [20].
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Besides regulating cellular energetics through mTORC1, mutant RAS, and especially
mutant KRAS alters metabolism by a variety of mechanisms. Notably, KRAS mutant
tumors display increased autophagy (as mentioned above) and macropinocytosis [21].
Autophagy (more specifically, macroautophagy) is a catabolic process through which a
double membraned vesicle (called autophagosome) encompasses cell components that
are to be degraded, for example damaged proteins or even organelles. This
autophagosome later fuses with lysosome creating a new organelle called autolysosome
which breaks down surrounded macromolecules into monomers. These monomers can be
recycled during anabolic processes. Similarly, macropinocytosis in KRAS mutant cells
also generates intermediates to fuel biosynthesis of macromolecules required for growth
and proliferation of tumor cells. Briefly, macropinocytosis is an endocytotic process
during which large portion of the extracellular space is internalized into large vesicles.
These macropinosomes go through a series of maturation processes and finally fuse with
lysosomes, resulting in the degradation of extracellular materials into monomeric
intermediates [21].

Moreover, mutant KRAS increases glucose uptake as well as flux through a various of
metabolic pathways like nonoxidative arm of the pentose phosphate pathway, glycolysis
and hexosamine biosynthesis pathway through elevated MYC level [21]. Of note,
increased MYC expression can be a result of the hyperactivated RAS/MEK/ERK
expression [22]. In summary, mutations in KRAS result in various metabolic alterations
that makes tumor cells more adaptable to challenges derived from growth requirement
and biomass production that is essential for maintaining sustained proliferation.

RAS proteins can also directly regulate cytoskeletal dynamics, migration and motility.
One important effector is the downstream RAS/RAL pathway [23]. Contribution of
RALA, but more prominently of RALB to invasion and metastatic capacity of cancer
cells is well established in several in vitro and in vivo studies [23-26]. RAL proteins,
similarly to RAS, are small GTP-ases that require specific GEFs and GAPs for regulation
of their activity. Some direct activator of RALA/B are effectors of RAS proteins, like
RALGDS, RGL1, RGL2 or RGL3, thus mutant RAS proteins are able to induce increased
invasive and metastatic behavior of cancer cells through this pathway [23].

Finally, modulation of the immune microenvironment and evasion from immune

suppression is also a specific hallmark of malignant tumors. Mutant KRAS can induce
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tumor promoting inflammation and also shape the immune microenvironment through
production of various cytokines [27]. Furthermore, through stabilizing PDL1 mRNA,
mutant KRAS further modulates immune evasion which is a crucial process in
maintaining tumor growth and survival in the hosts [28]. Indeed, combination of KRAS
G12C inhibitors with immune checkpoint inhibitors has been proven to be a successful
approach experimentally [29] and its clinical applicability is under investigation [30].

In summary, hyperactivated RAS contributes to malignant progression through a number
of well-defined signaling cascades. Successful targeting of these key oncogenes are of
major importance; however, unique properties of the individual RAS isoforms complicate
the development of effective strategies.

1.3 Distinct features of the RAS proteins

Many studies discuss unique features of NRAS, HRAS, KRAS4A and KRAS4B. The
incidence and organ specificity of the oncogenic mutations is obvious; mutation of KRAS
is the most predominant followed by NRAS and then HRAS.

i i Palmystizlsation Pre:iytI::ion
N-Ras + 1 )
H-Ras I | I ]
K-Rasd4a - | -_]
K-Ras4b )

/ Phosphorylation Polybasic regions

G12 G13 site
mutations mutations

G-domain HVR

Figure 1 Most common oncogenic mutations and posttranslational modification sites of
the HVR regions in the RAS proteins [31]

Interestingly, mutations in distinct RAS genes show tissue and codon specific patterns.
For instance, KRAS is most frequently mutated in lung (~16%), colorectal (~30-34%) and
pancreatic (~66%) adenocarcinomas. HRAS has the highest mutation rate in head and

neck cancer and bladder cancer (5 and 7%, respectively) while NRAS mutations are
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frequent in melanoma (~18%) [1, 2, 32]. KRAS mutations occur predominantly in codon
G12 and G13 but NRAS is most commonly mutated in Q61. Interestingly, mutations of
HRAS occur in codons G12 or Q61 at similar rates (Figure 1) [1].

Differential exposure to different carcinogens can be a possible explanation for distinct
patterns of these mutations. For instance, G12C KRAS mutations in lung adenocarcinoma
can be linked to smoking, while Q61 NRAS mutations in melanoma are associated with
UV radiation. However, non-redundant functions of the distinct RAS family members
may also be behind differences in mutational patterns [1].

Non-redundancy of KRAS was described in numerous studies. For example HRAS
inserted to KRAS loci in mice can rescue lethal deficiencies in development, but
ultimately give rise to cardiomyopathy, suggesting essential and distinct role for KRAS
[33]. Furthermore, NRAS and HRAS were shown to be inessential for normal development
as demonstrated by studies with knockout mice, while those with homozygous KRAS null
mutation die between 12 and 14 days of gestation showing hematopoietic, neurological,
liver and cardiac defects. Altogether, only KRAS seems to be indispensable for embryonic
development [34-37]. Furthermore, HRAS was described to be a stronger activator of the
PI3K pathway [38], while KRAS was shown to activate more dominantly the
RAF/MEK/ERK pathway in vitro [39]. However, the fact that overexpression methods
were used in these experiments should warn us to interpret these results with caution.
More recently, using more precise genome editing strategies isogeneic cell lines were
generated that carry mutations of distinct RAS genes expressed from their endogenous
loci. These studies also establish differential signaling of the distinct RAS proteins,
though these differences seem to be at a lower magnitude and depend more on the context
than what was shown before [40].

Another study found that translation of KRAS was lower than of HRAS in human
colorectal cancer cells, likely due to rare codon bias in KRAS sequence. Upon changing
KRAS rare codons to common ones, KRAS expression increased. The authors hypothesize
that the frequent KRAS mutations are due to the low KRAS expression, as higher levels
may trigger oncogene induced senescence [41]. However, another study showed that
expression of KRAS is higher than the other RAS proteins in all investigated tissue [42].
Besides, distinct features of the protein sequence of KRAS — that can be found mainly in

the hypervariable region — are also expected to participate in its non-redundant roles.

14



1.4 Posttranslational modifications of RAS proteins

HVR region of RAS proteins is the most specific feature. A number of posttranslational
modifications (PTM) affects this domain regulating RAS-membrane interactions. All
RAS proteins have a CAAX motif at the C terminus which has a function in the regulation
of prenylation. Prenylation is a PTM that consists of an irreversible attachment of a
farnesyl (C15) or geranyl-geranyl (C20) lipid anchor to the 185 cystein (Figure 1).
Importantly, although they are preferably farnesylated, KRAS and NRAS (but not HRAS)
protein can be subject alternatively to geranyl-geranylation (C20) when farnesylation is
inhibited. [43]. Following attachment of the prenyl anchor, RCE1 enzyme cleaves the
AAX motif. Ultimately, the C-terminus (C185) will be methylated by ICMT [44, 45].

PDK1 «g==PIP3 > PIP2 .
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Figure 2 Schematic depiction of posttranslational modifications, traffic and localization
of different RAS proteins. Modified after [46]

Specific features of HVR region of the KRAS isoforms (Figure 1) have distinct outcomes
in membrane targeting (Figure 2). KRAS4A — as N and HRAS — can be subject to
palmitoylation which is also a membrane-anchoring lipid modification, KRAS4B can
only be prenylated [10]. In addition, KRAS4B also has a specific polybasic sequence in
the HVR that facilitates protein-membrane interaction through the acidic regions of the



plasma membrane (PM) [47]. Phosphorylation of S181 that can be found within the
polybasic sequence can further regulate association of KRAS4B with the PM [11].
Though KRAS4B is recognized as the major isoform, a recent study showed that
KRAS4A is also commonly expressed and thus can also contribute to tumor progression.
Interaction of KRAS4A with the PM — like N and HRAS — can also be regulated by
palmitoylation [48]. Palmitoylation occurs in the in the Golgi apparatus and facilitates
delivery of KRAS4A to the plasma membrane by vesicular transport. Of note,
palmitoylation is a reversible modification, and indeed, depalmitoylation at the plasma
membrane can transfer KRAS4A back to the Golgi (Figure 2).

Interestingly, KRAS4A contains also two clusters of basic residues at its HVR that are
important — besides the above described palmitoylation-depalmitoylation cycle — for
regulation of association with plasma membrane. Importantly, these clusters are not
found in N and HRAS. Genetic modifications of either the palmitoylation site or the
polybasic cluster results in the reduction of KRAS4A PM association. Introduction of the
C186S mutation blocks prenylation, which in turn leads to dramatic inhibition of colony
formation and reduction of ERK phosphorylation. This result suggests that prenylation is
the most important PTM for KRAS4A protein to be fully functional [48].

1.5 KRAS targeting

As KRAS is one of the earliest oncogenes discovered, many attempts focused on blocking
its oncogenic activity. Moreover, oncogenic mutations of KRAS are described as negative
predictive factors for a number of targeted therapeutic approaches, e.g. to all anti-EGFR
therapies or to bevacizumab, which is an anti-VEGF agent targeting angiogenesis [49-
51]. However, it was soon declared “undruggable”. In contrast to the successful targeting
of ATP-binding sites of tyrosine-kinases, allosteric or competitive inhibition of KRAS is
impeded by its compact nature, lack of targetable pockets and its picomolar affinity to
GTP that is abundantly found in the cytoplasm [52]. One of the greatest steps were made
recently by introducing KRAS G12C allele-specific inhibitors that broke the
“undruggability” of RAS. These inhibitors specifically and covalently bind to the GDP-
bound KRAS G12C protein and lock it at this inactive, “OFF” state. Sotorasib
(AMG510), one of the most potent inhibitors has already been approved for treatment of

lung adenocarcinoma carrying KRAS G12C mutation [53]. Nevertheless, resistance to
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treatment with KRAS G12C inhibitors develops in the majority of patients [54].
Currently, various combinational approaches are tested in ongoing clinical trials that
hopefully overcome this obstacle [54], however, new strategies are still urgently needed.
Besides, other types of KRAS mutations (G12D, G12V, G13D or Q61) still lack targeted
therapy, thus alternative approaches are under investigation for indirect inhibition. These
attempts include targeting other proteins in RAS-controlled signaling pathways like
MEK1/2 or PI3K; modulating regulatory proteins of RAS like SHP2 (of which exact
biological function in this regard is yet to be established), blocking activity of SOS1, one
of the most important GEFs of RAS proteins or targeting trafficking and localization of
RAS [8, 52]. Interfering with trafficking of KRAS proteins can be achieved by targeting
PDE®66 protein that is responsible for KRAS4B protein transport to the plasma membrane.
Besides, PDE66 is also function as a solubilizing agent of N/HRAS, promoting their
localization to the endomembranes [8, 55]. However, blocking RAS PM localization is
achieved primarily by blocking posttranslational modifications of the HVR region of
RAS proteins [31].

1.6 KRAS localization in the regulation of signaling pathways

Though the process of posttranslational modification of KRAS had been well described
it is still under debate whether its membrane anchorage is essential for functioning as a
driver oncogene. This question is all the more compelling in light of numerous failures
during the years in targeting KRAS prenylation.

First of all, it should be emphasized that a high complexity network, various important
signaling cascades are regulated by KRAS proteins [15]. For the sake of perspicuity, we
will further investigate the two most-studied signaling cascade that is under the regulation
of RAS: the PIBK/AKT and RAF/MEK/ERK pathway.

In case of PI3K, association with the membrane is essential. Class IA PI3K consists of
two subunits, the regulatory p85 and the catalytic subunit p110. PIP3 is created by PI3K
upon phosphorylation of phosphoinositol molecules in the plasma membrane (PtdIns4P,
Ptdins(4,5)P2). Effectors of PI3K (e.g. AKT, PDK1) upon binding to PIP3 through their
pleckstrin homology (PH) domains, activate signaling cascades regulating numerous
essential cellular activity like survival, motility, cell growth and proliferation [56]. Of

importance, in order to reach full activation of PI3K, it was found to be vital to bind
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concomitantly to autophosphorylated receptor tyrosine-kinases (RTKs) and to activated
KRAS at the plasma membrane [57]. While it is evident that it is necessary for PI3K to
be in association with the PM upon activation but - to our knowledge — no study
investigated directly whether it is possible for PI3K to be activated by prenylation
deficient KRAS (e.g C186S).

Regarding the RAF/MEK/ERK cascade, it is well established that dimerization of RAF
is vital for its activation [58] and it was shown to happen at the plasma membrane [59].
Three homologous genes constitute the RAF family: ARAF, BRAF and CRAF. Following
upstream activation, specific GEFs activate RAS by facilitating exchange of GDP to GTP.
Activated, GTP-bound RAS recruits RAF via its RAS binding domain (RBD) and
promotes their homo- or heterodimerization. BRAF/CRAF heterodimers are known as
the most dominant formation for activation of downstream signaling. Dimerization
fosters phosphorylation of RAF proteins, though it is still not known if it occurs by trans-
or autophosphorylation. Phosphorylated RAF dimers pass on the signal to downstream
effectors by phosphorylating MEK1/2. [60].

Interestingly, KRAS localization is not homogenous at the PM. Moreover, KRAS seems
to signal through small clusters — nanoclusters - of RAS proteins at specific regions of the
plasma membrane [13]. Recently, KRAS was found to be able to form homodimers [61].
As RAF activation occurs upon its homo- or heterodimerization and RAS-RAF
interaction has a 1:1 stoichiometric ratio, it is possible that RAS dimerization precedes
RAF activation physiologically. Indeed, efficacy of BRAF/CRAF heterodimerization and
MAP kinase (MAPK) activation is diminished upon blocked KRAS dimerization or
nanoclustering - either with specific antibodies or by genetic means [61, 62]. Of
importance, another study has also proved that prenylation is essential for RAS
dimerization dependent MAPK activation. They fused an FKB-derived dimerization
domain (DD) to the N terminal of PamCherry1-KRas®'?P. Dimerization of these DDs can
be induced with small molecule (that can link two DDs together). Addition of dimerizing
agent resulted in KRAS dimerization and elevated MAPK activation. These effects could
not be repeated using prenylation deficient C186S KRAS: addition of dimerization agent
could induce neither KRAS dimerization nor activation of MAPK [63]. The KRAS
dimerization interface is proposed to be between a-helix4 and a-helix5 of the opposite

monomer. However, a-helix4 and a-helix5 interaction between two KRAS proteins are
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relatively frail. Anchorage to the PM thus seems to be essential to foster higher local
concentration of KRAS as well as their proper positioning so that dimerization can occur
[61]. In addition, RAF membrane association has been shown to be facilitated by RAF
cysteine-rich domains (CRD) that — along with RAS binding - maintain the signaling
complex in association with the plasma membrane and - through reducing the RAS-RAF
binding fluctuations — may enhance effective signaling [64].

1.7 Different classes of clinically applied prenylation inhibitors

Taken together, membrane anchorage of RAS —and so prenylation — seems to be essential
for proper signal transduction based on available experimental data. For decades, KRAS
was considered “undruggable” and thus its targeting was only feasible through blocking
its membrane association. However, despite all promising preclinical data no clinical trial
was proved to be successful.

In most of the cases, literature connects targeting prenylation of KRAS with the
introduction and subsequent failure of farnesyl-transferase inhibitors (FTis). However,
additional two types of clinically approved drugs should be mentioned in this regard as
they also potently inhibit protein prenylation. These two drug classes are statins and
nitrogen-containing bisphosphonates (N-bisphosphonates) [65]. Below, we will discuss
briefly these three distinct classes of drugs concerning their mechanism and clinical
applicability.

In contrast to statins and N-bisphosphonates, which are metabolic inhibitors, mechanism
of action of FTis is fundamentally different. Through specifically inhibiting activity of
the farnesyl transferase enzyme, FTis only block farnesylation resulting in narrower, less
pleiotropic inhibitory effects than statins and bisphosphonates. Historically,
farnesyltransferase inhibitors were predicted to block RAS activity, but clinical trials
using FTis against KRAS mutant cancers turned out to be an often-cited failure.
Subsequently, it was demonstrated that lack of efficacy on mutant KRAS can be
explained by the fact that K and NRAS can be alternatively geranylgeranylated if
farnesylation is blocked [65, 66]. However, FTis efficiently block prenylation of HRAS
and other small G proteins that only capable of farnesylation [67]. Recently trials have
been initiated investigating if tumors (head and neck and bladder cancer) carrying mutant

HRAS — that can only be subject of farnesylation — can be targeted by FTis [31].
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Statins block specifically the HMGCoA-reductase enzyme which function is to turn
HMGCOoA to mevalonate. Notably, this conversion is the rate-limiting move in the
process of this metabolic pathway. Upon blocking synthesis of mevalonate, production
of downstream derivatives is also inhibited. Indeed, depletion of mevalonate has been
shown to be the primary mechanism of action, as demonstrated by rescue experiments
where supplementation with exogenous mevalonate reverted inhibitory effects of statins
[68]. Anti-cancer activity of statins has been demonstrated by many in vitro studies, which
showed that statins exerted pro-apoptotic and anti-proliferative effects on various types
of tumor cells.[69-72]. Underlying these activity, G1 and S-phase block was identified
which is claimed to be mediated through blocking prenylation of cell cycle regulatory
proteins [68]. Besides, RHO proteins are also commonly identified as primary target of
statins [68].

Although statins are approved for treatment of hypercholesterolemia, there are some
known difficulties that complicates their usability in vivo. First of all, dose-limiting
toxicities may prevent achieving effective plasma concentration [68]. Second, it is well
known that statins have a tendency for interacting with other drugs that can impede their
usability in combination therapies due to toxic outcomes [73].

N-bisphosphonates — not like other bisphosphonates — have been demonstrated to block
farnesyl-pyrophosphate synthase and — less effectively — geranylgeranyl-pyrophosphate
synthase. Like in case of statins, this also leads to depletion of downstream metabolic
derivatives. Supplementation with farnesyl-OH and geranylgeranyl-OH (pre-forms of
farnesyl-PP and geranylgeranyl-PP, respectively) reverts the effects of N-
bisphosphonates [74]. Of note, non-nitrogenous bisphosphonates have a markedly
different mechanism of action, as their anti-tumor activity is carried out by accumulation
of non-hydrolysable cytotoxic ATP analogues [75].

Nevertheless, anti-cancer effects of N-bisphosphonates that is mediated by prenylation
inhibition are similar to those of statins. Pro-apoptotic, anti-proliferative effects of
bisphosphonates have been demonstrated on cancers cells with different tissue of origin
[76-83]. G1-S phase arrest could also be observed [84, 85]. Besides direct anti-cancer
activity, bisphosphonates are considered as a potential modulator of tumor
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microenvironment, for example through blocking osteoclast activity, potentiating
gammadelta T cells or inhibiting angiogenesis [86, 87].

Importantly, due to their high affinity to mineral substance of the bones, applicability of
bisphosphonates is limited for treatment of osteoporosis and bone metastases [88].
Additionally, bisphosphonates are considered to have favorable side-effect profiles,
though high or frequent doses can result in the osteonecrosis of the jaw [89]. Besides, it
should also to be noted that renal function with GFR>35ml/min is also required for
administration of bisphosphonates [90]. Recently, lipophilic N-bisphosphonates have
been successfully developed that show no affinity to bone material. These new drugs thus
may be used for anti-cancer treatment in non-bone related conditions and may also not
lead to osteonecrosis [91].

As statins and N-bisphosphonates both act as metabolic inhibitors of the mevalonate
pathway, they are expected to have similar effects and outcomes, considering that
intermediates between mevalonate and farnesyl-PP can be associated with no cellular
processes. However, this seems not to be the case. For example, it was shown that N-
bisphosphonates — through blocking transformation of IPP to farnesyl-PP — causes
increase in the amount of IPP that in turn will be linked to AMP building up a cytotoxic
ATP analogue Apppl [92]. Besides, interference with the mevalonate pathway on distinct
levels may cause differential changes in the dynamics of synthesis of downstream
substrates that could also affect outcomes. In addition, significant pharmacological
differences also divide statins and N-bisphosphonates to two markedly different drug

classes.

1.8 Consequences of prenylation inhibition

Approximately 2% of the proteome is subject to prenylation and many important
regulatory proteins can be found among them that play essential roles in numerous
cellular processes (Figure 3) [93]. These regulatory proteins involve many small
GTPases, like CDC42 regulating cell cycle progression [94], RHEB taking part in the
MTOR pathway that is associated with growth and metabolic regulation and RAC and
RHO proteins modulating motility [95]. In this regard, our group has recently shown that
the growth inhibitory effects of N-bisphosphonates can be associated with blocked RHEB

prenylation [96]. Furthermore, several publication conclude that inhibitory potential of

21



statins or bisphosphonates are primarily based on blockade of RHOA/B prenylation [65,
68].

Besides, lamins, which are important components of the nuclear skeleton, are also
prenylated proteins. Indeed, lonafarnib has been recently approved for clinical application
treating progeria that is mainly associated with aberrant accumulation of prenylated pre-

lamin proteins [97].

Effects of prenylation inhibition on RTK signaling pathway

Statins

Acetyl-CoA
HMG-CoA

Mevalonate

Mevalonate-PP

\

Isopentyl-PP ==Dimethylallyl-PP

\

Geranyl-PP

N-bisphosphonates ——————

" _aararnesyl-PP

RTK ligand binding  D°lvchol-P
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Prenylation of small GTPases
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Figure 3 Effects of different classes of prenylation inhibitiors on receptor tyrosine kinase
(RTK) related signaling. Statins and N-bisphosphonates block biosynthesis of farnesyl-
PP, resulting in inhibition of prenylation and impoverishment of cholesterol and
dolichols. Dolichols are required for N-glycosylation process that is necessary for certain
RTKs, e.g. EGFR for functioning. Cholesterol is essential component of lipid rafts that
function as center for numerous signaling cascades. Depletion of cholesterol results in
altered signalization (e.g. EGFR and HER2). Inhibition of prenylation affects major
cellular processes, involving vesicular transport and autophagy (RAB proteins) or
proliferation, growth, survival or migration (KRAS, RHEB, RAL) [31]
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Furthermore, in case of statins and bisphosphonates, metabolic inhibition of the
mevalonate pathway bears other consequences besides blockade of prenylation (Figure
3). Squalene biosynthesis is rooted on the mevalonate pathway that affects synthesis of
dolichols (functioning in protein glycosylation),steroid hormones like estrogens and - last
but not least - cholesterol that is an essential component of lipid rafts [98].

Focusing to the intracellular level, depletion of cholesterol from lipid rafts radically
changes plasma-membrane associated signalization, as lipid rafts (specific microdomains
within the PM enriched with cholesterol) has been shown to be important centers of
numerous distinct signaling pathways (Figure 3) [99].

EGFR has been shown to be localized in lipid rafts under physiological conditions [100].
Furthermore, blockade of lipid raft localization of HER2 inhibited breast cancer cell
proliferation [101], and cholesterol depletion by lovastatin treatment eliminated
resistance of breast cancer cells to EGFR inhibition [102].

Additionally, as mentioned above, upstream blockade of mevalonate pathway by statins
and N-bisphosphonates also interfere with formation of dolichols that are involved in N-
glycosylation. EGFR is a highly glycosylated protein and N-glycosylation is essential for
its proper ligand binding [103]. Aberrant glycosylation of EGFR has been found in
colorectal cancer specimens compared to vicinal normal tissue [104]. Interestingly, liver
cells treated with statin have been shown to have altered glycosylation of surface proteins
[105].

In summary, blockade of mevalonate pathway by statins and N-bisphosphonates may
interfere with EGFR signaling by inhibiting lipid raft localization and blocking N-
glycosylation (Figure 3).
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2. Objectives

Aim of this dissertation was to investigate applicability and anticancer effects of various
prenylation inhibitors on tumors harboring KRAS mutation. Special care was taken to
carry out the experiments with a clinical perspective; e.g. using drugs that were tested in
clinics or investigate drug settings that potentially avoid known side effects. Thus, our

objectives were the following:

1) Compare anti-tumor effects of a recently established lipophilic bisphosphonate
with the clinically approved zoledronate on cellular and xenograft model of
colorectal cancer.

2) Investigate mutant KRAS specific effects of bisphosphonates.

3) Compare anticancer effects of different classes of prenylation inhibitors on
different types of human tumors in regard to their KRAS mutational status.

4) Examine potential combinatorial strategies using KRAS G12C inhibitors and

various prenylation inhibitors in human preclinical cancer models.
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3. Methods

3.1 Insilico analysis

In silico data were obtained from the publicly available www.depmap.org website using
drug sensitivity data from the Repurposing Primary Screen [106]. This database contains
sensitivity values of thousands of drugs at 2.5 uM concentration for 5 day-long treatments
using 750 cell lines of various tissue of origins. We collected data for three distinct classes
of prenylation inhibitors, namely statins, N-bisphosphonates and farnesyl-transferase
inhibitors. Sensitivity values were grouped based on RAS mutational status using the
https://depmap.org/portal/interactive/ tool and were also manually reviewed. Cells
carrying KRAS hotspot mutations (G12, G13, Q61 mutations based on COSMIC and
TCGA database) were compared to cell lines with wild type RAS. Drug-to-drug

differences between drug classes were eliminated by combining data of all available drugs
of the distinct classes together. List of drugs used for the analysis is shown in Table 1.
Notably, for lung cancer only data of lung adenocarcinoma cells were used for tissue-
specific analysis.

Table 1. List of drugs used for KRAS mutation dependent analysis of different classes of
prenylation inhibitors.

3.2 Cells cultures

Statins N-bisphosphonates FTis
Atorvastatin Alendronate Lonafarnib
Lovastatin Pamidronate Tipifarnib
Mevastatin Ibandronate

Pitavastatin

Neridronate

Pravastatin

Rosuvastatin

Simvastatin

All cell lines used are listed in Table 2 along with their histological classification,

KRAS/BRAF mutational status (focusing mainly on RTK pathways) and references.
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Table 2. List of cells used in this thesis. Histological classification, BRAF/KRAS
mutational status and origin of cells are also indicated.

) ) o Mutational
Cell line | Histology and origin References
status
colorectal KRAS WT
CACO2 _ ATCC
adenocarcinoma BRAF WT
colorectal KRAS WT
HCA7 ECACC.
adenocarcinoma BRAF WT
colorectal KRAS WT
WIDR ATCC
adenocarcinoma BRAF VV600E
colorectal KRAS WT
SW1417 _ ATCC
adenocarcinoma BRAF V600E
colorectal KRAS G12V
SW480 ) ATCC
adenocarcinoma BRAF WT
colorectal KRAS G13D
DLD1 _ ATCC
adenocarcinoma BRAF WT
colorectal KRAS G13D
HCT116 _ ATCC
adenocarcinoma BRAF WT
Knockout derivative of
colorectal KRAS WT ) _
DKO4 _ DLD1, kindly provided by
adenocarcinoma BRAF WT o
Senji Shirasawa [107]
Knockout derivative of
colorectal KRAS WT ) )
HKH2 _ HCT116, kindly provided by
adenocarcinoma BRAF WT o
Senji Shirasawa [107]
) KRAS G12C
H358 lung adenocarcinoma ATCC
BRAF WT
) KRAS G12C
H1792 lung adenocarcinoma ATCC
BRAF WT
KRAS G12C
SW1573 lung adenocarcinoma ATCC
BRAF WT
) KRAS G12C Developed by B Hegediis
PF139 lung adenocarcinoma ]
BRAF WT from pleural effusion

26



Cells were cultured in DMEM (Lonza, Switzerland; with 4500 mg/dm3 glucose, pyruvate
and L-glutamine Cat.no.: 12-604F) supplemented with 10% fetal calf serum (EuroClone;
Cat.no.: ECS0180L) and 1% penicillin-streptomycin-amphotericin (Lonza; Cat.no.:
17745) in tissue culture flasks in a humidified 5% CO2 atmosphere at 37 °C. In order to
avoid mycoplasma infection, medium was supplemented with BM Cyclin (BMC) (Sigma;
Cat.no.: 10799050001) alternating BMC1 and BMC2 every third day. BMC was not
applied during the experiments.

Drugs were dissolved in DMSO at 5 or 10 mM concentration and were kept on -80 °C
aliquoted except for drugs used in combinational in vivo experiments, which is detailed

in the appropriate section.

Table 3. List of drugs used in this thesis for in vitro and in vivo experiments.

Name Drug type Source
Zoledronate N-bisphosphonate Novartis
BPH1222 N-bisphosphonate [108]
Simvastatin statin Sigma; Cat.no.: S6196
Lonafarnib FTi Sigma; Cat.no.: SML1457
Sigma Cat.no.: SML1668 (in vitro),
Tipifarnib FTi Medchemexpress; Cat.no.: HY-10502 (in
VivO)
ARS1620 | KRAS G12C inhibitor Medchemexpress; Cat.no.: HY-U00418
AMG510 | KRAS G12C inhibitor Medchemexpress; Cat.no: HY-114277

3.3 Clonogenic assay

Clonogenic assay was used for determination of long-term effects of ZA and BPH1222
(also used later as BPH) on cellular proliferation and clonogenic potential. In brief, cells
were plated in 1000 cells/well density to 6-well plates and treated with 1 and 2 uM ZA or
BPH1222 from the following day for 8 days. Medium was changed on every 3rd day.
Plates were washed and attached cells fixed on the 8th day with mix of methanol and
acetic acid (3:1 ratio) for half an hour at room temperature. Fixed cells were then stained
with crystal violet. Excess die was washed with dH2O and cell-bound die was dissolved
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in 2% SDS and measured at 570 nm with a microplate reader (EL800, BioTec

Instruments, Winooski, VT).

3.4 2D combinational tests

Cells that reached 70-80% confluency were trypsinized and counted using Luna Il
Automated Cell Counter. Cells were plated in 5000-10000 cells/well density (depending
on the growth rate of the given cell line) on a 24-well plate. Next day the medium was
replaced to fresh medium supplemented with different concentrations and combinations
of the inhibitors. After 6 days, the wells were washed with DPBS (Lonza; Cat.no.: 17-
512F) and the cells were fixed by 10% trichloroacetic acid for 1 hour at 4 °C and then
stained with Sulforodamine-B (SRB) (Sigma; Cat.no: S1402) dye for 15 minutes. Plates
then were repeatedly washed with 1% acetic acid to remove excess dye. Protein-bound
SRB was then dissolved in 10 mM Tris buffer (pH=7.4) and OD was measured at 570 nm
using a microplate reader (EL800, BioTec Instruments, Winooski, VT). OD values were
normalized to control and these data then were used to calculate combinational index (CI)
values using Compusyn software as described in [109]. Briefly, the combinational index
theorem was introduced to model combinational drug interactions. Cl values are used to
the characterization of these interactions; Cl values less than 1 indicate synergy while
values equal to or more than 1 represent additive or antagonistic effect, respectively. Data

shown are results of three independent experiments.

3.5 3D spheroid clonogenic assay

For earlier experiments utilizing spheroids for long-term bisphosphonate treatment,
hanging drop method was used. Spheroids were generated in 6 ul drops (each containing
approximately 300 or 700 cells depending on cell line. Spheroids were formed in 3 or 4
days of incubation and were then transferred to the inner 60 wells of a 96-well Ultra Low
Attachment Plate (VWR; Cat.no.: 29443-034), only one spheroid to each well. Spheroids
were then treated with 2 and 5 uM ZA and BPH1222 for 12 days. Spheroids were
photographed using a ToupCam XW 3MP microscope-camera on the first day, and every
3rd day throughout treatment. Medium was also changed partially on every 3rd day: 90
ul medium was replaced to 100 pl of fresh medium (in order to compensate evaporation).

Data shows at least ten spheroids from three independent experiments.
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3.6 3D spheroid combinational tests

As 3D environment models more accurately in vivo KRAS dependency, combination
studies were investigated also using multicellular tumor spheroids. Spheroids were
generated using polyHEMA (Sigma; Cat.no.: P3932) coated 96-well round bottom plates
(Sarstedt; 833925500). Briefly, the inner 60 wells of the plate were coated with 60 pl 5
mg/ml polyHEMA dissolved in 96% ethanol. Plates were dried at 60 °C in a plate shaker
while shaking, then sterilized with UV for half an hour. Cells were seeded at 3000
cells/well density at the inner 60 polyHEMA coated wells in 200 ul medium, while the
outer wells were filled with DPBS to avoid evaporation. Plates were then centrifugated at
2000 RPM so that cells would be concentrated at the bottom of the well thus enhancing
single spheroid formation. Within 24 hours the cells aggregated into spheroids and were
treated by adding further 100 ul medium supplemented with different concentrations and
combinations of the inhibitors. Each concentration group contained three spheroids. Each
spheroid was photographed using a ToupCam XW 3MP microscope-camera on the first

and sixth day of the treatment.

3.7 3D image analysis

Before imaging, medium was gently suspended so that unattached or dead cells would be
removed from the surface of the spheroids. Images then were analyzed using ImageJ
software with a modified script of [110]. Briefly, the script measures the area of the 2D
projections of the spheroids. Results were manually reviewed, then area values were used
to calculate radius and volume of spheroids using the formula V=4/3 x 1 x radius®. Data

are shown as results of three independent experiments.

3.8 Cell cycle experiments

Determination of DNA content in each cell using NucleoCounter NC-3000™ system
(Chemometec) was used to evaluate the number of cells in each cell cycle phase as
described earlier [111]. 500 nM Tipifarnib, 100 nM AMG-510 and their combination
were used for treatment. All cells were treated for 96 hours in 6-well plates, except for
H358, which was only treated for 48 hours due to its higher sensitivity to AMG510.
Following treatment, samples were prepared using kit of the system according to the
manufacturer’s instructions. Cells were trypsinized and lysed before staining with DAPI

for 5 min at 37°C. Then, after adding the stabilization buffer 10 ul of each sample was
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loaded onto an 8-well NC slide. NucleoCounter NC-3000™ system (Chemometec) was
used to quantify cellular fluorescence.

3.9 Western blot

Cell signaling was investigated by western blot analysis. Following 48 hours treatment
with 500 nM Tipifarnib, 100 nM AMG510 and their combination in 6-well plates, cells
were washed with DPBS and fixed with 6% trichloroacetic acid for an hour at 4°C. Cells
then were mechanically harvested and centrifuged. Precipitated protein was dissolved in
modified Liaemmli-type sample buffer containing 0.02% bromophenol blue, 10%
glycerol, 2% SDS, 100 mM dithiothreitol (DTT), 5 mM EDTA, 125 mg/ml urea, 90 mM
Tris-HCI, pH 7.9. Qubit Fluorometer was used for determination of Protein
concentration. Equal amounts of protein were loaded onto 10% polyacrylamide gels and
transferred after electrophoretic separation to PVDF (Thermo Fisher; Cat.no.: 88520)
membranes. Analysis of KRAS signaling were performed using KRAS4B (Sigma;
Cat.no.: WHO0003845M1), p-AKT (Cell Signaling; Cat.no.: 4058S,), AKT (Cell
Signaling; Cat.no.: 9272S), p-S6 (Cell Signaling; Cat.no.: 2215S), S6 (Cell Signaling;
Cat.no.: 2217S), p-ERK (Cell Signaling; Cat.no.: 9101S), ERK (Cell Signaling; Cat.no.:
9102S) primary antibodies. RHEB antibody (Cell Signaling; Cat.no.: 13879S) was used
for evaluation of farnesyl-transferase inhibition. For detection of apoptosis PARP (Cell
Signaling; Cat.no.: 9545S) primary antibody was used. PCNA (Cell Signaling; Cat.no.:
13110S) primary antibody was used for detection of proliferation. B-TUBULIN antibody
was purchased from Cell Signaling (Cat.no.: 2128) All antibodies were dissolved
according to the manufacturer instructions in 5% BSA or dry milk in 1x TTBS buffer.
Membranes were blocked at room temperature in 5% dry milk dissolved in 1x TTBS for
an hour, then were incubated in primary antibodies overnight at 4°C. HRP conjugated
anti-rabbit secondary antibodies (1:10000, 1 h, RT) and Pierce ECL Western Blotting
Substrate (Kvalitex; Cat.no.: EMP001005) were used for visualization. Ponceau staining
(Sigma; Cat.no.: P3504) was used for normalization. Quantification was performed using

ImageJ software. Each cell lines were analyzed in 3 biological replicates.

3.10 Videomicroscopic analysis
For videomicroscopic analysis, SW1573 cells were seeded on a 24 well plate at 5000

cells/well densitiy. Next day the medium was replaced to fresh medium supplemented
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with tipifarnib (500 nM) or AMG510 (100 nM) or combinational treatment. Each
treatment group involved three independent wells. Images were taken from one field of
view of each wells in every 10 minutes for 72 hours using ZenCellowl incubator
microscope (innoME). Mitotic activity of SW1573 cells were counted using Cell Counter
plugin of the ImageJ Fiji software. Briefly, 350000 point per area (pixels?) were applied
to the videos, then three pre-determined squares were manually reviewed, and cell mitosis
was counted using Cell Counter plugin. Number of cell divisions of each field of view
were summed from 0 to 24", from 24" to 48" and finally from 48" to 72" hours of the

experiments. Each graph shows combined results of three independent experiments.

3.11 In vivo experiments

For bisphosphonate experiments, SW1417 and HCT116 human colorectal cancer cells (5
x 105 and 3 x 10° in 0.2 ml serum-free DMEM, respectively) were injected
subcutaneously into the flank of male SCID mice. Tumors were already quantifiable 4
days following injection and animals were randomized and assigned according to
treatment conditions (control, ZA and BPH1222 treated), each group containing 10
animals. Treatment started after 4 and 8 days after injection in case of HCT116 and
SW1417 xenografts, respectively. In order to make sure that the inhibitors are injected in
equal amounts/kg, we decided to treat with equimolar doses instead of equal mass/kg.
Thus, mice were treated with 1.47 ymol/kg ZA or BPH1222 dissolved in steril DPBS
intraperitoneally twice a week for 3 weeks. As BPH1222 is the modified version of ZA,
it has a significantly higher molar massControls were injected with 100 pl of 0.9%
sodium-chloride solution. Tumors were measured with caliper and volumes were
calculated using formula for the volume of a prolate ellipsoid (4/3m x (length xwidth?).
Three animals from each group were sacrificed from the HCT116 experiment on the 14"
day of treatment for monitoring drug effects by histological investigation (data not
shown). Last measurement was performed on day 21, and all remaining mice (7 in each
group) were sacrificed by cervical dislocation. As SW1417 xenografts exhibited rapid
growth rate, the experiment had to be terminated on the 15" day of the treatment.

For combinational experiments, H358 and SW1573 human lung adenocarcinoma cells
(5x108 and 1x108, respectively) were subcutaneously injected in female SCID mice. Cells
were injected in 200 ul DMEM:Matrigel (VWR; Cat.no.: 734-0273) mixture (ratio 1:1)

based on preliminary experiments. When tumor reached approximately 100 mm?3 (H358
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7 days, SW1573 26 days after injection), animals were randomized and treated
intraperitoneally daily except for weekends. Drugs were dissolved in 60% DPBS, 34%
PEG300 (Sigma; Cat.no.: 90878), 5% DMSO and 1% Tween80 (Sigma; Cat.no.:P1754).
H358 xenografts were treated with 5 mg/kg AMG510; 40 mg/kg Tipifarnib, while
SW1573 xenografts were treated with 25 mg/kg AMG510 and 40 mg/kg Tipifarnib.
Controls received vehicle. The subcutaneous tumors were measured with a caliper and
tumor volumes were calculated with the formula V=4/3n x (length xwidth?) and
expressed in mm?3. H358 experiment was terminated after 18 days and SW1573 after 25
days treatment. Tumors were measured upon harvest, then fixed with 4% PFA for
histological analysis (data not shown).

Animals were the properties of the Department of Experimental Pharmacology, National
Institute of Oncology, H-1122, Budapest, Hungary. All experiments were carried out in
accordance with the Guidelines for Animal Experiments and were approved for the
Department of Experimental Pharmacology in the National Institute of Oncology,
Budapest, Hungary (permission number: PEI/ 001/2574-6/2015).

3.12 Statistics

Kolmogorov-Smirnov normality test was used for confirmation of normal distribution of
dependent variables. Statistical differences between groups were determined using
repeated measures ANOVA for spheroid data and xenograft experiments in ZA and
BPH1222 experiments. All ANOVA tests with significant differences were followed by
Bonferroni's post hoc test. Mann-Whitney U test was applied for clonogenic assay using
DLD1 and HCT116 and their knockout derivatives. Otherwise, non-parametric Kruskal-
Wallis and post hoc Dunn's multiple comparison test was used in clonogenic assays and
cell cycle experiments. “In silico” data derived from PRISM Repurposing Primary Screen
were analyzed by two-tailed t-test. In case of in vivo FTi and AMG510 combinational
experiments, unequal numbers due to animal losses during the experiments prevented use
of repeated measures ANOVA or mixed ANOVA. Instead, last day’s relative tumor
growth data were tested with non-parametric Kruskal-Wallis and post hoc Dunn's
multiple comparison test. Regarding tumor mass, one-way ANOVA was used for testing
SW1573 tumors, while due to lack of normal distribution, non-parametric Kruskal-Wallis
and post hoc Dunn's multiple comparison test was used for H358 tumors. Statistical
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significance was established at p < 0.05. All statistical analysis were computed by
GraphPad Prism 5 (GraphPad Software Inc, USA, San Diego, CA).
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4. Results

4.1 Effects of long-term treatment with bisphosphonate drugs on monolayer cultures
Long-term effects of ZA or BPH1222 treatment was investigated by clonogenic assay
(Figure 4). No significant difference could be determined in sensitivity to
bisphosphonates based on major oncogenic mutations. Statistical significance could only
be observed in case of HCA7 cells both at 1 uM and 2 pM concentrations where ZA
exhibited more robust inhibition on clonogenic growth compared to BPH1222, whereas
BPH1222 was significantly more effective in SW480 cells at 1 uM concentration. Higher
efficacy of BPH1222 compared to ZA at inhibition of HCT116 cells did not reach

significance though they could be considered to be at biological relevance.
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Figure 4 Results of bisphosphonate treatment on clonogenic potential of colorectal
cancer cells. a) CACO2 and HCA7 (BRAF, KRAS wild-type), b) SW1417, WIDR (BRAF
mutant), ¢) DLD1, HCT116, SW480 cells (KRAS mutant). Drugs exerted dose-dependent
inhibition of clonogenic growth in all cell lines independently from mutational status.
Data are depicted as relative to control showing average + SEM of three independent
experiments. Significant differences between ZA and BPH1222 with p <0.05 are
indicated with asterisks. Statistical analysis were carried out using non-parametric
Kruskal-Wallis followed by post hoc Dunn's multiple comparison test [108].

4.2 Effects of bisphosphonate treatments on cell cycle of colorectal cancer cells

In vitro changes of cell cycle distribution upon ZA or BPH1222 treatment was determined
by DAPI staining and image cytometry (Figure 5). Both drugs increased proportion of S-
phase as well as subG1-phase (apoptotic) cells in KRAS and BRAF wild type CACO2 and
BRAF V600E mutant WIDR cells. At the same time, robust reduction of ratio of G0/G1

phase cells could be observed. Of note, BPH1222 treatment resulted in more pronounced
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changes, as increase in S-phase was significantly higher in WIDR cells at both
concentrations of BPH1222 and upon 10 uM treatment in CACO2 cells compared to
control. 10 uM BPH1222 treatment induced also significant increase of subG1-phase in
CACO?2 cells. Interestingly, bisphosphonate treatment of KRAS mutant HCT116 cells
exerted only minimal effects in cell cycle distribution, as only a slight — but significant -
increase in the ratio of subG1 phase could be observed upon BPH1222 treatment. ZA

treatment was able to induce significant changes in none of the cell lines investigated.
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Figure 5 Investigation of effects of 72-hour treatment with ZA and BPH1222 on cell
cycle of colorectal cancer cells. (a-c) show changes in cell cycle distribution upon
treatment in CACO2, WIDR and HCT116 cells. Increase of S-phase b) and subG1-phase
cells c) following ZA or BPH1222 exposure. Both drugs resulted in increased S- and
subG1l-phase in CACO2 (BRAF, KRAS wild-type) and WIDR (BRAF V600E mutant)
cells. Only a slight increase in subG1-phase cell could be observed in HCT116 (KRAS-
mutant) cells. Data are shown as average £ SEM of three independent experiments for
each cell line. Significant differences between control and bisphosphonate treatment with
p <0.05 are indicated with asterisks. Statistical analysis were carried out using non-
parametric Kruskal-Wallis followed by post hoc Dunn's multiple comparison test[108].

4.3 Effects of bisphosphonates on KRAS signaling and induction of apoptosis

Distinct changes could be observed upon 48-hours-long in vitro treatment with ZA and
BPH1222 on PI3K/AKT and RAF/MEK/ERK cascades, two major signaling pathways
regulated by KRAS (Figure 6). Bisphosphonate treatment elevated p-ERK level in all
three colorectal cancer cell lines carrying KRAS mutation as well as in and BRAF V600E
mutant SW1417. Interestingly, the other BRAF V600E mutant WIDR and BRAF, KRAS
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wild type CACO2 and HCA7 cell lines showed no biologically relevant change in the
level of phosphorylated ERK protein. Level of p-S6 (marking activation of
PISBK/AKT/mTOR signaling) decreased robustly in all cell lines with the exception of
SW1417 (BRAF V600E mutant), where apparently a small increase could be observed in
S6 activation. Notably, observed effects (increase or reduction in the activation of ERK
or S6) were more pronounced in general upon BPH1222 treatment. Furthermore, both
bisphosphonate induced apoptosis based on the detection of cleaved PARP in CACO?2,

HCA7 and HCT116 cell lines.
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Figure 6 Effects of 48-hour-long treatment with 10 uM ZA or BPH1222 on KRAS related
cell signaling in colorectal cells. a) Shows representative blots of proteins investigated,
b) shows effects of treatment on activation level of ERK and S6. Protein levels were
normalized to total protein (using Ponceau staining, data not shown) and to control.
Cleaved PARP indicates apoptosis induction in HCT116, HCA7 and CACQO?2 cells upon
bisphosphonate treatment. BPH1222 was more effective in apoptosis induction in
HCT116 cells while ZA induced apoptosis more effectively in HCA7. p-ERK increased
in KRAS mutant HCT116, DLD1 and SW480 cells as well as in BRAF mutant SW1417
cells. Bisphosphonate treatment reduced robustly activation of S6 in all cell lines with the
exception of SW1417 where a small increase in p-S6 could be observed upon treatment.
Data are shown as average + SD of three independent experiments for each cell line [108].
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4.4 Effects of bisphosphonate treatment on spheroid cell culture

Inhibitory effects of ZA and BPH1222 treatment on spheroid growth are shown in Figure
7. Four of the seven investigated cell lines were capable of sphere formation: KRAS G13D
mutant DLD1 and HCT116 and two BRAF V600E mutant SW1417 and WIDR. Of
importance, lipophilic BPH1222 was more effective in blocking spheroid growth
compared to ZA. Inhibitory effects of bisphosphonates were not dependent on
KRAS/BRAF mutational status.
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Figure 7 Inhibitory effects of 12-day-long ZA or BPH1222 exposure on spheroid growth.
(a-d) Volume of spheroid was calculated based on pictures taken on every third day
(details in Methods). €) Representative images of spheroids at the last day of the
experiment (2 uM concentration ZA or BPH1222). Scale bar=200 um. BPH1222 showed
higher inhibitory effect on spheroid growth. Data are shown as average = SEM of at least
ten spheroids for each cell line from three independent experiments. Significant
differences are indicated by asterisks (p <0.05 compared to control). Statistical
significance was calculated with repeated measures ANOVA and Bonferroni post hoc
tests [108].
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4.5 In vivo effect of bisphosphonate treatment

To validate in vitro findings on the effect of bisphosphonate treatment in in vitro settings,
HCT116 (KRAS G13D mutant) and SW1417 (BRAF V600E mutant) subcutaneous
xenograft models were established in male SCID mice. Both drugs decreased the growth
of HCT116 xenografts, however, only BPH1222 treatment exerted significant inhibitory

effects compared to control (Figure 8a). In contrast with these results, SW1417
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xenografts proved to be highly resistant to both bisphosphonates in vivo, and both
treatments failed to inhibit growth of the subcutaneous tumors (Figure 8b).
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Figure 8 In vivo subcutaneous xenograft experiment using human colorectal cancer cells.
a) HCT116 (KRAS G13D mutant) and b) SW1417 (BRAF V600E mutant) xenograft
tumor growth treated with 1.47 mol/kg (equimolar) ZA and BPH1222. Data are shown as
average of ten tumors/group £ SEM. Significant difference (indicated with asterisk) was
established at p < 0.05 and was tested repeated measures ANOVA and Bonferroni post
hoc tests [108].

4.6 Investigation of effects of bisphosphonate treatment upon knockout of the
mutant KRAS allele

In order to investigate mutant KRAS dependent effects of bisphosphonate treatment,
clonogenic assay was performed using isogeneic cell derivatives of KRAS G13D mutant
cell lines. DKO4 (-/WT) was generated from DLD1 (KRAS G13D/WT) while HKh-2 (-
/WT) originates from HCT116 (KRAS G13D/WT). (Figure 9a-b). Interestingly,
disruption of the mutant KRAS allele resulted in increased sensitivity to BPH1222
treatment in DKO-4 (-/WT) cells compared to DLD1 (G13D/WT) cells. By contrast,
HKh-2 (-/WT) cells apparently became more resistant to BPH1222 treatment compared
to its parental cell line HCT116 (G13D/WT) while we could not observe differences in
sensitivity to ZA treatment between parental and knockout cells. Analysis of cell
signaling also revealed differences in response to bisphosphonate treatment between
parental and knockout lines (Figure 9b-c). Interestingly, drug induced strong activation
of ERK in DLD1 and HCT116 (KRAS G13D/WT) was abolished in the knockout clones
(-/WT). Notably, pattern of ERK activation in HKh-2 showed similarity to BRAF, KRAS
double wild-type cell lines CACO2 and HCA7. Furthermore, bisphosphonate treatment
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failed to induce apoptosis (based on level of cleaved PARP) in HKh-2 (-/WT) in contrast
with its parental line HCT116 (G13D/WT).
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Figure 9 Investigation of the role of mutant KRAS allele in response to prenylation
inhibition. Both DLD1 and HCT116 harbor heterozygous KRAS G13D mutations
(G13D/WT). Mutant KRAS G13D allele was disrupted resulting in DKO-4 and HKh-2 (-
/WT) cells. DKO-4 is the knockout derivative of DLD1, while HKh-2 originates from
HCT116. a) Shows effects of long-term bisphosphonate exposure on parental and
knockout lines. Differences could be observed only upon BPH1222 treatment that showed
opposite effects in the parental and knockout pairs. DKO-4 (-/WT) was more sensitive to
BPH1222 compared to DLD1 (G13D/WT), while HKh-2 (-/WT) apparently became
more resistant to it compared to HCT116 (G13D/WT). Statistical significance was tested
with non-parametric Mann-Whitney U test. (b-c) Show changes in cell signaling.
Increased activation of ERK only could be observed in parental lines (G13D/WT) but not
in knockout clones (-/WT). Disruption of KRAS G13D allele in HKh-2 abolished drug-
induced apoptosis that could be observed in HCT116 (G13D/WT) [108].

4.7 In silico analysis

In order to asses broader spectrum of effects of prenylation inhibition and its association
with KRAS mutation, we performed an “in silico” analysis using publicly available data
from the PRISM Repurposing Primary Screen [106] on depmap.org. This screen contains

sensitivity data of hundreds of cells in response to thousands of compounds. Data explorer
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tool of depmap.org allows easy comparison of drug sensitivity data based on various
cellular characteristics (e.g. tissue of origin, mutational data) derived from other high-
throughput datasets. Accordingly, we compared sensitivity of KRAS mutant and wild type
lung and colorectal adenocarcinoma cells using three classes of these prenylation
inhibitory drugs, namely statins, N-bisphosphonates and farnesyl-transferase inhibitors
(Figure 10). Interestingly, tissue specific sensitivity patterns emerged to the distinct
prenylation inhibitor classes, however, differences only reached significance in lung
adenocarcinoma. Colorectal cancer cells lines harboring KRAS mutation was found to be
more resistant to N-bisphosphonates (p=0.12) and farnesyl-transferase inhibitors
(p=0.17) compared to cells with wild type RAS genes. Lung adenocarcinomas apparently
show opposite behavior: N-bisphosphonates and FTi-s block cells with KRAS mutations

more effectively than wild type cells (p=0.136 and p=0.007, respectively). No significant

differences could be established analyzing statins (p>0.5).
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Figure 10 Drug sensitivity values of lung and colorectal adenocarcinoma cells. Data
derives from PRISM Repurposing Primary Screen [106]. Inhibitory effects of statins, N-
bisphosphonates and farnesyl-transferase inhibitors comparing cells with KRAS
mutations to those with wild type RAS. List of drugs used are listed in Table 1. Significant
difference could only be observed in FTi-treated lung cancer cells (two—tailed t-test,
p<0.05). Interestingly, opposite trends could be observed in response to N-
bisphosphonate and farnesyl-transferase inhibitors between colorectal and lung cancer
cells. Analysis contains for CRC lines: RAS WT n~10; KRAS MUT n~20; for LUAD:
RAS WT n~28; KRAS MUT n~18. A small variation can be found between the amount of
cells with available data for the drugs included in the analysis [31].
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4.8 2D combinational tests

KRAS mutation dependent significant differences in response to FTi treatment in lung
cancer cells lead us to question whether farnesyl-transferase inhibitors could enhance
efficacy of recently approved KRAS G12C inhibitors. Thus, 2D growth inhibition assays
were performed with single agents or in combination of AMG510 and tipifarnib on a
panel of KRAS G12C mutant LUAD cell lines (Figure 11).
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Figure 11 2D Growth inhibition assay with single agent or combination of AMG510 and
tipifarnib. a Cell lines were treated with different concentrations of AMG510 or tipifarnib
or both for six days. Relative cell viability is shown (mean, SEM, N). b Combination
indexes of AMG510 and tipifarnib combinational treatment. Combination indexes (CI)
were calculated by CompuSyn Software from the data of viability assays (A) of AMG510
and tipifarnib combination treatment. Cl values less than 1 indicate synergy while values
equal to or more than 1 represent additive or antagonistic effect, respectively.

Of note, tipifarnib was able to exert dose-dependent inhibition of all KRAS G12C mutant
cell lines, in accordance with our in silico results. The growth inhibitory effect of
tipifarnib was similar among the cell lines, except H1792, which was more sensitive
compared to the other cells. H358 cell line was the most sensitive while H1792 and PF139
showed intermediate sensitivity and SW1573 was resistant to AMG510 treatment (Figure
11/a). Combination indexes (CI) were calculated by CompuSyn Software from the data
of viability assays of combination treatment (Figure 11/b). All cell lines showed much
lower Cl value than 1 indicating strong synergistic interaction in combinational treatment.
Synergism was also confirmed if other type of FTi (lonafarnib) or KRAS G12C mutant
specific inhibitor (ARS-1620) was applied (Figure 12).
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Figure 12 Growth inhibition assay with single agent or combination of ARS1620 and
tipifarnib or AMG510 and lonafarnib. A Combination indexes of AMG510 and tipifarnib
combinational treatment. Combination indexes (CI) were calculated by CompuSyn
Software from the data of viability assays (data not shown) of ARS1620 and tipifarnib
combination treatment B Combination indexes of AMG510 and lonafarnib combinational
treatment. Combination indexes (CI) were calculated by CompuSyn Software from the
data of viability assays (data not shown) of AMG510 and tipifarnib combination
treatment. ClI values less than 1 indicate synergy while values equal to or more than 1
represent additive or antagonistic effect, respectively.

4.9 3D spheroid combinational tests

3D growth inhibition assays were also performed with single agents or a combination of
AMG510 and tipifarnib on our panel of KRAS G12C mutant LUAD cell lines to further
confirm synergism (Figure 13-14).
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Figure 13 3D spheroid growth experiment of AMG510 and tipifarnib combination
treatment. Spheroid volume was detected by taking pictures at the end of the experiment.
a) Spheroids were treated with different concentrations of AMG510 or tipifarnib or both
for six days. Relative cell viability based on spheroid volume assessment is shown on day
6 (mean, SEM). b) Combination indexes (Cl) of AMG510 and tipifarnib combinational
treatment. CI were calculated by CompuSyn Software from the data of viability assays of
AMGH510 and tipifarnib combination treatment (a). Cl values less than 1 indicate synergy
while values equal to or more than 1 represent additive or antagonistic effect, respectively.
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Drug sensitivity to AMG510 and Tipifarnib was similar to 2D effects in most of the cell
lines, only SW1573 showed higher sensitivity to AMG510 in 3D compared to 2D
settings. This result is in accordance with published literature showing that KRAS
dependence is more pronounced in 3D conditions [112]. Most importantly, CI values

represented strong synergism similar to 2D results in all cell lines tested.
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Control 50 nM AMG | Control 50 nM AMG

Cortrol sonmMAmG SW1573
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Figure 14 Representative pictures show the effect of the inhibitors on LUAD spheroids
on the sixth day after treatment. Scale bar means 200 pm.

4.10 In vivo experiments testing FTi and KRAS G12Ci combinational therapy

We examined the effect of AMG510, tipifarnib or combined treatment on in vivo growth
of H358 and SW1573 cells transplanted subcutaneously into female SCID mice (Figure
15-16). Notably, H358 was shown to be highly sensitive to AMG510 treatment, while
SW1573 was resistant in 2D in vitro experiments. Thus, AMG510 dosage differed
accordingly. Tipifarnib monotherapy resulted in strong tumor inhibition in the SW1573
tumor carrying homozygous mutant KRAS while AMG510 monotherapy could efficiently
inhibit tumors of both cell lines. Relative growth values of tumors treated with AMG510
at the last day were found to be significantly smaller compared to control in SW1573
model (Figure 15-16) More importantly, combinational treatment resulted in the most
pronounced inhibition of tumor growth, as demonstrated by either the tumor volume
values measured during the experiment and the tumor weight values that was measured

after termination (Figure 15-16). Of note, last day’s relative tumor growth values
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revealed that combination treatment resulted in significantly smaller tumors compared to

control and in case of H358 compared to tipifarnib treated tumors, also.
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Figure 15 In vivo tumor growth of H358 xenografts upon AMG510 (5 mg/kg i.p.) and/or
tipifarnib (40 mg/kg i.p.) therapy. a Tumor volume was determined twice per week using
caliper. Relative tumor volume growths are shown on the graph. Combinational treatment
resulted significantly smaller tumor compared to control and tipifarnib treated tumors
based on last day’s relative growth values (tested with Kruskal-Wallis test followed by
Dunn’s Multiple Comparison Test; p<0.05). b and e Tumor weights (g) of H358
xenografts at day 18. Only combinational treatment resulted in significant effect
compared to control (based on Kruskal-Wallis test followed by Dunn’s Multiple
Comparison Test; p<0.05). d Picture of the harvested tumors ¢ Mouse weight loss during
the treatment (day1=1).

Only combinational treatment was able to block tumor growth in H358 xenografts
compared to control based on tumor weight (Figure 15B). To assess the toxicity
associated with the drug treatment, body weights were monitored throughout the course
of the study. Body weight losses were not significantly different between treatment
groups (Figure 15C)
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Figure 16 In vivo tumor growth of SW1573 xenografts upon AMG510 (25 mg/kg i.p.)
and/or tipifarnib (40 mg/kg i.p.) therapy. a Tumor volume was determined twice per week
using caliper. Relative tumor volume growths are shown on the graph. AMG510
monotherapy and combinational therapy resulted in significantly smaller tumor compared
to control based on last day’s relative growth values (tested with Kruskal-Wallis test
followed by Dunn’s Multiple Comparison Test; p<0.05) b and e Tumor weights (g) of
SW1573 xenografts at day 28. No statistically significant differences could be established
(tested with one-way ANOVA) d Picture of the harvested tumors (*the smallest tumor of
the AMG510+tipifarnib group was not included by accident). ¢ Mouse weight loss during
the treatment (dayl=1)

4.11 MAPK and PI3K/AKT signaling pathway analysis

We have analyzed the effect of AMG510 and tipifarnib or combined treatment on
ERK1/2, AKT and S6 activation and expression of RHEB and KRAS4B via immunoblot
assay (Figure 17). Three independent measurement were performed, and bands were
analyzed by densitometry (Figure 18).

We observed pronounced changes in the activation status of both signaling pathways,
however, these changes varied among cell lines. The most robust effect on MAPK and
PIBK/AKT pathway inhibition was observed on H358, where p-ERK, p-AKT and p-S6
levels significantly decreased upon AMG510 and combination treatment. AMG510 or
combination treatment also decreased activation of ERK in SW1573 and PF139 cells.
Interestingly, in H1792 cells tipifarnib and combination treatment robustly reduced p-S6
level, but elevated the level of p-ERK (Figure 17-18).
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Figure 17 Representative blots of 48-hour treatment with 100 nM AMG510, 500 nM
tipifarnib or combination. Note the upward shift of RHEB upon farnesylation inhibition
and of KRAS upon AMG510 treatment.

Activation level of S6 decreased upon all treatment in H1792 and H358 cell lines.
However, while neither monotherapy could reduce p-S6 activation at the two AMG510
resistant cell line (PF139, SW1573), it was slightly reduced upon combination treatment.
Since FTls inhibit prenylation of certain small G-proteins, we tested the expression of
RHEB that is a member of the PI3K pathway. We observed an electrophoretic mobility
shift of RHEB in each cell lines upon treatment with tipifarnib and combination, which
represents the unprenylated (upper line) and prenylated (lower line) protein. These results
demonstrated inhibition of farnesylation by tipifarnib. Treatments did not change
KRAS4B expression remarkably neither of the cells. Interestingly, electrophoretic
mobility shift was observed upon AMG510 treatment.
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Figure 18 Densitometric analysis of immunoblot experiments shown in Figure 17.
Results are from three independent experiments (mean, SEM). All data was normalized
to total protein (based on Ponceau staining, not shown) and to control protein level. Cell
signaling shows various changes upon treatment. No signal could be detected
investigating p-AKT in H1792. Combinational treatment showed higher inhibitory effects
on pS6 in all cell lines and p-ERK in all lines except for H1792. KRAS level was elevated
as a result of tipifarnib treatment in H358 and H1792 cell lines.
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4.12 Cell cycle distribution and apoptosis induction

The distribution of the cells in the cell cycle phases was determined after mono and
combinational treatment based on DNA content (Figure 19). The ratio of cells in the
GO0/G1 phase was increased by the AMG510 and combination treatment in H358 cell line
on 48 hours treatment. In the other three cell lines (H1792, SW1573, PF139) cell cycle
phases did not change remarkably even after 96 hours long treatment. Tipifarnib and
combinational treatment slightly increased G2/M phase cells in all cell lines. In line with
this finding, we observed delayed cytokinesis in SW1573 time-lapse videomicroscopy

upon tipifarnib treatment (data not shown).
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Regarding the subG1 phase, the highest increase was observed also in H358 and H1792
upon AMG510 and combination treatment, while tipifarnib and combination slightly
elevated level of subG1 cells in SW1573 (Figure 19). Furthermore, we also investigated
the apoptosis induction via Western blot by cleaved-PARP/PARP protein detection
(Figure 20).
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Figure 19 Cell cycle analysis of LUAD cells with 100 nM AMG510 (A), 500 nM
Tipifarnib (T) or combination (A+T). A Changes in cell cycle distribution upon treatment.
Most dramatic changes could be observed in H358 upon AMG510 treatment. B Apoptosis
induction based on elevated subG1-phase cells. Tipifarnib and combinational treatment
successfully increased subG1-phase in all cells except for PF139. Statistical analysis were

carried out using non-parametric Kruskal-Wallis followed by post hoc Dunn's multiple
comparison test.
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We found that AMG510 and combination treatment was able to induce PARP cleavage
in H358 and H1792 cells. We could observe only slight apoptosis induction based on
PARP cleavage upon tipifarnib and combination treatment on SW1573 cells.
Proliferating cell marker - PCNA protein - expression was also determined, and we found
that combination treatment decreased PCNA expression in each cell lines except for
SW1573 (Figure 20 a-b). We have performed time-lapse videomicroscopic analysis of
in vitro 2D mitotic activity of SW1573 tumor cells, which can be characterized with
relatively high proliferative capacity (data not shown).

We found in 72 hour-long experiments that following 24-hour exposure to drugs,
combinational treatment drastically decreased the number of mitoses compared to both
control and mono-treatments (Figure 20C).
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Figure 20 Apoptosis induction and mitotic activity of LUAD cells upon 100 nM
AMG510 and/or 500 nM tipifarnib treatment. A AMG510 and combination treatment
was able to induce apoptosis based on PARP cleavage in H358, H1792 and SW1573 cells.
B PCNA protein expression decreased upon combination treatment in H358, PF139 but
not in SW1573. C Effect of mono and combinational treatment with AMG510 (100 nM)
and tipifarnib (500 nM) on mitotic capacity of SW1573 cells. Data derives from manual
counting of mitoses of cells in three representative square from each field of view
throughout treatment. One field of view was used in each well, and three well per
treatment group was used in each experiment. Data are from three independent
experiments.
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5. Discussion

Aim of this thesis was to re-investigate the concept of prenylation inhibition as potential
anticancer therapy with special emphasis on its association with KRAS mutation in
colorectal and lung adenocarcinoma. Specifically, we compared a lipophilic, recently
developed bisphosphonate with no affinity to bone material to clinically applied ZA using
various preclinical models. We also investigated in vitro effects of bisphosphonate
therapy on presence or absence of oncogenic KRAS mutation using isogeneic knockout
cell models. Furthermore, using a publicly available database, we examined KRAS
mutation dependent effects of three clinically applied classes of prenylation inhibitors on
a large scale: statins, bisphosphonates and farnesyl-transferase inhibitors. Finally, we also
investigated the combination of FTis with novel KRAS G12C mutation specific

inhibitors.

5.1 Investigation and comparison of anti-tumor effects of the recently developed
lipophilic bisphosphonate BPH1222 with the clinically approved zoledronate

Zoledronate (ZA) is a conventional, hydrophilic bisphosphonate that is currently used for
treatment of osteoporosis and bone metastases. Recently, its lipophilic derivative,
BPH1222 was developed [91].

Direct antitumor effects of ZA have been demonstrated in several preclinical study. In
early works ZA turned out to possess the highest antitumor effect on breast cancer cells
in comparison with other bisphosphonates such as aminobisphoshonate pamidronate and
EB 1053, or a non-nitrogenous bisphosphonate, clodronate [79]. Furthermore, ZA also
induced apoptosis and blocked proliferation using pancreatic cells in vitro. [82]. ZA
exerted anti-proliferative and pro-apoptotic effects in vitro and also successfully blocked
tumor growth of colorectal cells in vivo [113, 114].

However, bisphosphonates (including ZA) are well-known to possess high affinity to
bone material that excludes their applicability for non-bone related events[115]. In an
effort to expand usability of bisphosphonate therapy, lipophilic bisphosphonates with
hydrophobic side-chains have been established [116]. Hydrophobicity of these drugs
effectively prevented their accumulation in bone with significantly longer plasma half-
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life compared to conventional bisphosphonates. Of note, they were found to be potent
anticancer agents in vitro as well as in vivo using lung cancer models. [91].

We also performed two-dimensional in vitro experiments with ZA and BPH1222 using
colorectal cancer cell cultures. Dose-dependent inhibitory effect could be observed upon
treatment with both drugs. Furthermore, distinct differences could be observed in regard
to sensitivity to ZA and BPH1222, though these differences did not show any association
with major oncogenic mutations of cells. Neither drug was exclusively superior to the
other in any mutational groups based on BRAF and KRAS oncogenic alterations.

In a study investigating melanoma cells, 12-hour exposure to 100 uM ZA drastically
increased number of apoptotic cells [84]. Another study using human breast cancer cell
lines found that S-phase arrest and twofold increase in the number of apoptotic cells could
be observed upon 24-hour treatment with 100 uM ZA [78]. Also, in colorectal cancer cell
line HCT116 25 uM ZA treatment induced apoptosis marked by the presence of cleaved
PARP [114] and also in other study demonstrated by flow cytometry analysis [113]. Also,
induction of apoptosis was confirmed by TUNEL assay in colorectal cancer xenograft
models following exposure to ZA [117]

We used significantly smaller concentration of bisphosphonate (10 uM) than used in the
literature to get more physiologically relevant results and still observed a moderate but
consequent increase in subG1l- and/or S-phase. Efficacy of BPH1222 on inducing
increased subG1l-phase and S-phase block was more intense in comparison to ZA,
although it was not statistically significant.

Based on distinct polarity of ZA and BPH1222, we examined their behavior and efficacy
in 3D environment using multicellular tumor spheroid model. The spheroid model is
considered to be more clinically relevant than conventional monolayer cultures as it
mimics several aspects of in vivo conditions including cell-cell and cell-ECM
interactions, distinct distribution and diffusion of drugs, oxygen and nutrients [118]. Of
note, probably due to its lipophilic nature, BPH1222 inhibited stronger the spheroid
growth compared to ZA in all cell lines. Interestingly, this result was independent not
only from their mutational status but even from the results of clonogenic assays in
monolayer experiments. In line with our 3D spheroid results, lipophilic bisphosphonates
were demonstrated to be more potent in in vivo KRAS-mutant lung cancer models [91].
Our study also confirmed this finding as HCT116 xenografts carrying KRAS G13D
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mutations was shown to be more sensitive to BPH1222 treatment in comparison with ZA.
Inhibition of tumor growth by BPH1222 was statistically significant compared to control
xenografts.

Both bisphosphonates failed to block tumor growth in BRAF V600E mutant SW1417
colorectal cancer xenograft model. Notably, though dose-dependent effects with both
drugs were observed in SW1417 cells in vitro in 2D and 3D settings, this cell line was the
only one where activation of S6 did not decrease upon treatment. Level of phosphorylated
S6 has been shown to be an important marker of drug response [119]. In addition, 3D
spheroid growth rate of SW1417 was found to be the highest among the cell lines
investigated and 3D efficacy of both bisphosphonate was the lowest against this cell line
among the four cell lines capable of spheroid formation. Colorectal tumors harboring
BRAF V600E mutation have a poor prognosis, even when treated with vemurafenib, a
mutation specific inhibitor, that failed to show clinical activity likely due to feedback
reactivation of EGFR pathway [120].

Nevertheless, 3D spheroid data and in vivo experiment with KRAS G13D mutant HCT116
xenograft model unequivocally support higher potency of lipophilic BPH1222 in
comparison to the currently most effective clinically applied ZA. Along with the fact that
lipophilic bisphosphonates show no bone accumulation [91], our data strongly suggest
clinical examination of this approach even in non-bone related application.

5.2 Investigation of effects of bisphosphonates on mutant K-RAS

We have previously showed that PTEN wild-type and BRAF-mutant melanoma cells were
more resistant to ZA in comparison to BRAF-mutant and PTEN null or NRAS-mutant cells
that showed profoundly lower proliferation and increase in apoptosis upon ZA exposure
in vitro [85]. Concerning other molecular aberrations in the RTK signaling pathway, wild-
type and mutant HER expressing cells were sensitive to ZA treatment in breast and lung
cancer cells, while cells with low expression of HER were found to be resistant to it [80].
Furthermore, lipophilic bisphosphonate BPH1222 showed synergistic effects on KRAS-
mutant lung cancer in vitro and in vivo models in combination with rapamycin [91].
Above mentioned scientific data show that inhibition of prenylation has pleiotropic —and
not fully understood — effects on RTK signaling. Thus, we examined effects of ZA and

BPH1222 exposure on RAS-related signaling. Interestingly, we found that prenylation
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inhibition had strong effects on the activation of ERK and S6 of which phosphorylation
level is commonly used for examining activation status of the two major signaling cascade
regulated by RAS: RAF/MEK/ERK and PI3K/AKT, respectively.

Prenylation inhibitors strongly decreased level of p-S6 in all cell lines, except for
SW1417. S6 is an important downstream component of the PI3K/mTOR cascade and is
considered to integrate input signals from various signaling pathways that are essential
for cell growth and survival. In line with this, reduced activation of S6 has been shown to
be a sensitive marker for efficacy of drug treatment [119]. Our study confirms this
observation as we found that SW1417 xenografts did not respond to treatment with ZA
or BPH1222. Notably, treatment with bisphosphonates was not able to reduce level of p-
S6 only in this particular cell line among our cell panel examined.

Interestingly, ZA and BPH1222 induced profound activation of ERK in all three cell lines
carrying KRAS mutation as well as in BRAF V600E mutant SW1417, while in KRAS and
BRAF wild type CACO2 and HCA?7, and also in BRAF V600E mutant WIDR, no change
could be observed on ERK activation. In order to examine whether changes in RAS
signalization has any connections with presence of oncogenic KRAS protein, we repeated
some of our experiments using two distinct isogeneic cellular model system on mutant
KRAS. These models consist of isogeneic cell pairs with parental cell lines (DLD1 and
HCT116) with heterozygous KRAS G13D mutations and their knockout derivatives
(DKO4 and HKh-2, respectively) that has their KRAS G13D allele disrupted by
homologous recombination. We observed significant differences in sensitivity only to
BPH1222 treatment between parental cells and knockout derivatives. In addition, while
bisphosphonate treatment elevated level of phosphorylated ERK in the parental cell lines
(KRAS G13D/WT), it had only small or no effect in the knockout clones (-/WT). Of note,
response to bisphosphonate regarding ERK activation resembled to what was observed in
KRAS wild-type CACO2, HCA7 and WIDR cell lines.

We also found that DKO-4 (-/WT) knockout derivative of DLD1(G13D/WT), became
more prone to BPH1222 exposure. In contrast, HKh-2 (-/WT), knockout clone of
HCT116 (G13D/WT) apparently became less sensitive to BPH1222 treatment.
Furthermore, both bisphosphonate drug induced significant apoptosis marked by the
appearance of cleaved PARP in HCT116 (G13D/WT; TP53 WT). However, this response
was almost completely abolished upon disruption of KRAS G13D allele in HKh-2 (-/WT,;
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TP53 WT), knockout derivative of HCT116. This result suggests that the ability of
bisphosphonate drugs to induce apoptosis in this particular model was dependent on the
presence of the oncogenic KRAS G13D allele. This is also true to other alterations in
response to bisphosphonate treatment: changes in sensitivity or cell signaling. In
summary, our results suggest that inhibition of prenylation by bisphosphonates interferes
with oncogenic KRAS protein, even though this interaction is currently not fully

understood and seems to be varying among cell lines.

5.3 Comparison of anticancer effects of different classes of prenylation inhibitors on
different types of tumors in regard to their KRAS mutational status

On the way towards understanding prenylation inhibition and KRAS, we have to keep in
mind that the tissue of origin may have strong influence on the biology of cells carrying
mutant KRAS including their response to drug exposure [121]. For instance, it has been
demonstrated that site of metastasis affect prognostic value of KRAS, underlining
importance of context-dependent behavior and features of oncogenic KRAS [122-124].
Furthermore, distribution of specific mutations (e.g. abundance of KRAS G12C mutations
in lung adenocarcinoma, or KRAS G13D in colorectal cancers) may also have an impact
on tissue-dependent differences. For example, distinct intrinsic GTPase activity could be
measured between KRAS G12C, G12V, G13D or Q61L mutations as well as differential
sensitivity to GEF mediated activation or inactivation by GAP proteins [125, 126].
Accordingly, our results based on publicly available repurposing primary screen showed
that efficacy of statins, bisphosphonates and farnesyl-transferase inhibitors varied
between lung and colorectal cancer cell lines. Although statistically significant
differences could only be seen comparing KRAS mutant LUAD cell lines to those with
RAS wild type, opposite trends could be observed in response to drugs between lung and
colorectal adenocarcinoma cells. More specifically, colorectal cells carrying KRAS
mutation were more resistant to N-bisphosphonates (p=0.12) and farnesyl-transferase
inhibitors (p=0.17) compared to RAS wild cells. In contrast, KRAS mutant LUAD cells
were more responsive to treatment with N-bisphosphonates and to FTis (p=0.136 and
p=0.007, respectively) than wild type cells.

Although not statistically significant, these results point out to potential tissue-specific

differences in response to inhibition of prenylation in cells harboring KRAS mutation.
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Furthermore, this analysis raises new questions, most importantly why farnesyl-
transferase inhibitors exerted higher inhibitory potential on LUAD cells carrying KRAS
mutations. Notably, alternative geranylgeranylation of KRAS has been demonstrated as
a resistance mechanism in cells treated with FTis.

Distinct isoform expression patterns may also have an impact on the response to different
classes of prenylation inhibitors. Interestingly, it was demonstrated that farnesyl-
transferase enzymes have markedly the highest affinity to KRAS4B isoform, followed by
KRAS4A [127]. It has been increasingly appreciated that KRAS4A isoform is also
commonly expressed in various types of cancers that may have profound impact on
signaling and regulation of KRAS [48]. Additionally, it was postulated that differential
expression of distinct isoforms of RAP1GDS1 gene leads to altered regulation of
prenylation of small GTPases, including KRAS. Tumor progression in breast cancer and
LUAD has been linked with elevated transcription of RAP1GDS1 [128-130]. Thus,
differential expression of RAP1GDS1 may influence sensitivity of distinct tumor types
towards prenylation inhibition.

As prenylation is an irreversible posttranslational modification, blockade of prenylation
can only impact newly translated KRAS proteins. However, little or no data available
concerning degradation and turnover rate of KRAS protein, although several proteins
were proposed to be involved in regulation of KRAS degradation, like B-TRCP1 [131]
NEDDA41 [132] or Lztrl-cul3 [133]. It has also been shown that WNT/B-CATENIN
signaling also regulates RAS stability through p —CATENIN that stabilizes RAS through
binding to it. [134]. Alterations of WNT pathway are frequently found in colorectal cancer
that result in stabilization of f —CATENIN [135] and may affect response to inhibition of

prenylation leading to a more resistant phenotype.

5.4 The combination of clinically approved drug classes with the novel KRAS G12C
inhibitor Sotorasib (AMG510) on KRAS G12C mutant lung adenocarcinoma cell

lines

KRAS is one of the most commonly mutated oncogenes and raises huge challenges for
oncologists and cancer researchers [52]. For decades, mutant KRAS was considered

“undruggable” due to several distinct features of this small, compact protein. Moreover,
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mutation of KRAS is also a negative predictive factor against anti-EGFR therapies [125,
136]. Recently new mutant allele-specific inhibitors were developed against KRAS G12C
oncoprotein, some of them already entering the clinics [53]. While this approach holds
great promises, especially in lung adenocarcinoma tumors, where KRAS G12C mutation
represents ~40% of all KRAS mutations, resistance against these inhibitors also emerged.
Partial response was only observed in 32.2% of LUAD and 7.1% of colon cancer patients.
Majority of patients (56.9% in LUAD, 66,7% in colon cancer) had stable disease, while
tumors of 8,5% of LUAD and 23,8% of colorectal cancer patients progressed [137]. Thus,
combination studies are urgently needed for breaking down resistance and enhance
efficacy of this promising approach. Clinical trials with various combinations are ongoing
testing immunotherapy, SHP2, SOS1 or EGFR inhibitors, among others [54].

Our findings that FTis showed higher antitumor activity in KRAS mutant LUAD cell
lines compared to those with wild type RAS proteins points to a potential new
combinational approach. Farnesyl-transferase inhibitors (e.g. tipifarnib and lonafarnib)
initially was developed against tumors carrying RAS mutation and were the center of
attention at the millennium. Through blocking farnesylation of RAS proteins, FTis were
expected to inhibit RAS signaling by inducing mislocalization of these oncoproteins.
However, clinical trials showed no clinical benefit upon FTi treatment [138]. Further
studies concluded that failure of these drugs was due to alternative geranylgeranylation
of KRAS and NRAS protein that ensured their proper localization even in the presence
of FTis [43]. Notably, HRAS is known only be able to be farnesylated, and clinical trials
of tipifarnib against HRAS mutant tumors are ongoing [31]. Besides, lonafarnib has just
been approved for treatment of progeria showing along with previous clinical trials that
FTis are safe and applicable [97]. In conclusion, although they lack clinical efficacy
against KRAS mutant tumors as monotherapy, these drugs have well studied clinical
behavior, including toxicity and therapeutic window.

Our previous results show that KRAS mutant LUAD cell lines are significantly more
sensitive to FTis. Further analyzing these results we showed that increased sensitivity of
KRAS mutant LUAD cell lines compared to wild RAS LUADS was due mainly to
presence of several KRAS G12C cell lines among them (data not shown).

We also tested this phenomenon on our panel of G12C KRAS mutant LUAD cell lines.
We combined KRAS G12C inhibitors with FTIs and found that addition of this drug
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resulted in robust and reproducible synergy. We used four KRAS G12C mutant lung
adenocarcinoma with distinct sensitivity against KRAS G12C treatment. Besides
conventional 2D tests, we also investigated more relevant 3D tumor spheroids of the
LUAD cell lines treated with AMG510 and tipifarnib. Interestingly, SW1573, highly
resistant against AMG510 in 2D become much more sensitive cultured as tumor
spheroids, in accordance with published literature showing that KRAS dependence are
more pronounced in 3D conditions. Synergy was found to be the strongest on the two
AMGH510 resistant cell lines, PF139 and SW1573.

Interestingly, combining other drugs resulted in similar results, for example AMG510
combined with lonafarnib (another farnesyl-transferase inhibitor) or ARS-1620 (an
earlier KRAS G12C inhibitor) with tipifarnib. However, when we tested other prenylation
inhibitors like statins, N-bisphosphonates or even geranylgeranyl-transferase inhibitors in
combination with KRAS G12C inhibitors, we found no synergistic effects on the tumor
cell lines (data not shown). This result indicates that the mechanism behind the synergy
is based solely on inhibition of farnesylation combined with KRAS G12C targeting.
Furthermore, we wanted to investigate potential clinical applicability of FTis using in
vivo preclinical models. We included one AMG510 sensitive (H358) and one resistant
(SW1573) LUAD cell lines for subcutaneous xenograft experiments. We found that
monotherapy with AMG510 effectively blocked tumor growth in both experiments. This
finding outlines the importance of our spheroid experiments with SW1573, which
predicted that in 3D conditions, higher KRAS dependence could be expected.
Interestingly, tipifarnib alone also effectively inhibited tumor growth of SW1573. In both
experiment combinational treatment had the highest antitumoral activity as demonstrated
by both volume measuring along the experiment and the weight of tumors (FIG). Of note,
no treatment related toxicity was observed during the experiments. These results confirm
our 2D and 3D in vitro experiments and show that combination of FTis along with mutant
KRAS G12C specific inhibitors is an effective and feasible option for treatment of lung

adenocarcinoma tumors harboring KRAS G12C mutation.

5.5 The mechanism for synergistic effects of combinational therapy using FTis and
KRAS G12C inhibitors
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Though inhibition of farnesylation is known to have pleiotropic effects that are hard to
investigate [31], we performed some mechanistic studies in order to find the underlying
mechanism behind these robust synergistic effects. First, we performed immunoblot
analysis investigating KRAS related signaling cascades. Interestingly, we found profound
changes in RAF/MEK/ERK and PISK/AKT/MTOR pathways upon single agent and
combinational treatments, though the responses varied among cell lines. While AMG510
was able to inhibit activation of ERK in each analyzed cell lines, it could only decrease
level of p-S6 on the two most AMG510 sensitive cell lines H358 and H1792.
Interestingly, phosphorylation status of AKT did not mirrored changes in level of p-S6.
In contrast, in the AMG510 resistant cell lines PF139 and SW1573 activation of S6 could
only be decreased by combinational treatment. Regarding AKT activation, we could not
detect p-AKT in H1792 at all, and the other three cell lines also showed mixed results.
While no consistent changes could be observed in the cell lines analyzed, these results
suggest that interference with RAS signaling pathways may partly mediate synergistic
effects of the investigated combination.

We also investigated changes of KRAS4B and RHEB protein levels. We found that
KRAS4B shows a clear upward shift upon AMG510 treatment, a finding that can be
observed in other publications using KRAS G12C inhibitors [112, 139]. However, this
phenomenon still lacks any scientific explanation. Tipifarnib and combinational treatment
elevated KRAS level only in H358 treatment, thus changes in KRAS level are probably
not responsible for synergistic effects. We validated successful inhibition of farnesylation
investigating RHEB protein, a small farnesylated GTPase that is part of the
PISBK/AKT/MTOR pathway. We observed small, but clearly visible upward shift upon
tipifarnib and combinational treatment showing the accumulation of unfarnesylated
RHEB. Of note, this observed effect of FTis is in line with available scientific literature
[140]. One of thepossible explanations is that without farnesylation, the last three amino
acids would not be removed, resulting in a slightly heavier protein that localize upward
of the normally farnesylated protein band.

Indeed, confirmed by the successful inhibition of RHEB farnesylation, we suggest that
inhibition of prenylation of several other small GTPases may be responsible for the strong
synergy observed. Small GTPases, like RHEB, RHO, RAC, and RAP1A play important

part in many cellular processes and signaling pathways controlling proliferation,
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migration, changes in cytoskeleton, among others [93-95, 141]. Many of these processes
were also connected to RAS signaling, therefore their inhibition along with blocking
mutant KRAS activity may as well be responsible for synergistic anti-tumor activity.
Furthermore, we also analyzed how treatment affects cell cycle and apoptosis.
Interestingly, all cell lines analyzed showed only minor alterations on cell cycle
distribution, except for H358 where even after 48-hours treatment ratio of GO/G1 phase
cells was found to be drastically elevated suggesting block of G1-S entry. Interestingly,
proliferation marker PCNA was drastically inhibited by combinational treatment in H358,
H1792 and PF139. However, no changes could be observed in SW1573.

Strong apoptosis induction was observed based on accumulation of subG1 cells and
cleaved PARP in H358 and H1792 upon AMG510 and combination treatment. Tipifarnib
and combinational treatment slightly elevated both level of subG1 cells and cleaved
PARP in SW1573 cells, while no apoptosis induction could be observed in PF139 cells.
Interestingly, none of the end-point measurement of PCNA, PARP and cell cycle in
SW1573 could provide explanation for the robust synergy between KRAS G12C inhibitor
and FTis on this cell line. However, 72-hours-long time-lapse videomicroscopy revealed
robust decrease in proliferation in response to tipifarnib, and even more profoundly, to
combination treatment. Of note, only a small extent of apoptotic cells could be observed
in the videos analyzed (data not shown). Thus, most probably inhibition of proliferation
could be accounted for the observed synergistic effects, demonstrated by immunoblot
analysis of PCNA and time-lapse videomicroscopy.

In conclusion of our mechanistic studies, distinct and various effects were observed upon
single agent and combinational treatments in the cell lines analyzed. Given the multitude
of potential resistance mechanisms, farnesyl-transferase inhibitors are favorable
candidates for combination with KRAS G12C inhibitors, as their pleiotropic effects may
effectively shut down different escape routes of KRAS mutant tumors.
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6. Conclusions

Aim of this thesis was to re-investigate applicability of clinically approved inhibitors of
prenylation as anticancer agent with special emphasis on their association with oncogenic
KRAS. We present our findings below with our objectives from the Aims section.

Comparison of anti-tumor effects of a recently established lipophilic bisphosphonate with

the clinically approved zoledronate.

Our data using different colorectal cancer models established strong basis for further
investigation and potential applicability of lipophilic BPH1222 that exerted significantly
higher antitumor activity in comparison with zoledronate, which is a clinically approved
and widely used N-bisphosphonate. Importantly, lipophilic bisphosphonates could be

used in tumors not affecting bones.

Investigation of effects of bisphosphonates on mutant KRAS and comparison of
anticancer effects of different classes of prenylation inhibitors on different types of tumors

in regard to their KRAS mutational status.

Our data on KRAS knockout colorectal cancer cell models suggest mutant KRAS
dependent effects of N-bisphosphonate treatment. Furthermore, large scale in silico
analysis utilizing different classes of prenylation inhibitors (statins, N-bisphosphonates
and farnesyl-transferase inhibitors) showed that KRAS mutational status and tissue of
origin markedly affect sensitivity towards these drugs. Of note, KRAS mutant lung
adenocarcinoma cell lines were significantly more sensitive to FTi treatment than wild
type cells.

Overall, our studies suggest that inhibition of prenylation exerts anticancer effects on cells
harboring KRAS mutations and interfere with biological functions of KRAS as well as
with RAS-related signaling. However, these effects are probably indirect and do not

impact KRAS protein directly.
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Examine potential combinational strategy using clinically approved drug classes with
the novel KRAS G12C inhibitor Sotorasib (AMG510) on KRAS G12C mutant lung
adenocarcinoma cell lines.

Finally, we investigated combination therapy of novel KRAS G12C inhibitor AMG510
(Sotorasib) with the farnesyl-transferase inhibitor tipifarnib. Strikingly, robust synergistic
effects emerged between these drug classes in various in vitro and also in vivo settings.
Notably, farnesyl-transferase inhibitors (like tipifarnib and lonafarnib) are also tested in
the clinics and have favorable, well-known safety profile. The synergistic anti-tumor
effects of FTis in combination with novel KRAS G12C allele specific inhibitors therefore

have high clinical relevance.
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7. Summary

KRAS is one of the most frequently mutated oncogenes; ~30% of colorectal cancer and
up to 16% of lung adenocarcinoma cases carry KRAS mutations. However, except for the
KRAS G12C mutation no targeted therapy is available for the treatment of KRAS mutant
tumors. Furthermore, earlier failure of the farnesyl-transferase inhibitors heavily impaired
efforts for indirect targeting of this oncogene. Aim of this thesis was to investigate the
impact of different classes of clinically approved prenylation inhibitors on KRAS mutant
colorectal and lung adenocarcinoma.

In contrast to FTis, N-bisphosphonates can block both farnesylation and alternative
geranylgeranylation of the RAS proteins. However, due to their high affinity to bone
minerals, their application is limited to bone related events. In order to overcome this
obstacle, lipophilic bisphosphonates were developed. Using conventional monolayers
(2D), multicellular spheroids (3D) and xenograft models (in vivo) of colorectal cancer,
we demonstrated that lipophilic BPH1222 was more efficient than the clinically approved
zoledronic acid in 3D and in vivo settings. Furthermore, we also showed that treatment
with BPH1222 results in distinct changes in signaling and drug sensitivity that depends
on the presence of the KRAS G13D mutation.

We also analyzed the KRAS mutation dependent sensitivity towards statins, N-
bisphosphonates and farnesyl-transferase inhibitors using publicly available data of
PRISM Repurposing Primary Screen. Interestingly, we found that farnesyl-transferase
inhibitors exerted significantly higher antitumor activity on KRAS-mutant LUAD cells
compared to those with wild type RAS. As 40% of KRAS mutant lung adenocarcinoma
cases harbor KRAS G12C mutation, we further investigated whether FTis could enhance
anticancer effects of recently developed KRAS G12C specific inhibitors. Surprisingly,
we found that combination of FTis with KRAS G12C inhibitors resulted in robust
synergistic effects on all cell lines investigated in 2D, 3D and in vivo settings.
Combinational treatment resulted in various profound changes in KRAS related
signalization, inhibition of proliferation and induction of apoptosis.

In summary, our results show that inhibition of prenylation can be a useful tool for
treatment of KRAS mutant colorectal or lung tumors. Furthermore, combination of
farnesyl-transferase inhibitors with Sotorasib can be an efficient strategy for breaking

down resistance against KRAS G12C specific inhibitors.
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8. Osszefoglalas

A KRAS gén egyike a leggyakrabban mutaciot szenvedd protoonkogéneknek: a
kolorektalis tumorok ~30%-a, valamint a tiidé adenokarcindmak 16%-a hordoz KRAS
mutaciot. Ennek ellenére, jelenleg a KRAS G12C mutans eseteken kiviil nincs elérhetd
célzott terapia a KRAS mutaciot hordozo tumorokra. Jelen doktori munka célja a
klinikumban is elérhetd kiillonboz6 tipust prenilacié gatlo hatéanyagok hatdsanak
vizsgalata KRAS mutans kolorektalis és tiidé adenokarcinoma preklinikai modelleken.

A farnezil-transzferaz inhibitorokkal (FTi) ellentétben az aminobiszfoszfonatok képesek
mind a RAS farnezilaciot, mind az alternativ geranilgeranilaciot gatolni. Ugyanakkor
perceken beliil lerakodnak a csontok szervetlen allomanyaba, igy csonthoz kdthetd
kifejlesztett lipofil biszfoszfonatok nem mutatnak csontszelektivitast, igy mas teriileteken
is felhasznalatoak lehetnek. Kisérleteink alapjan az ajonnan Kifejlesztett lipofil BPH1222
hatékonyabbnak bizonyult a klinikumban is haszndlt zoledronsavhoz képest 3D
kornyezetben és in vivo egyarant kolorektalis tumorsejtek preklinikai modelljein. Ezen
felill kimutattuk, hogy a BPH1222 kezelésre mutatott érzékenység, valamint az altala
okozott jelatviteli valtozasok részben a KRAS G13D mutans allél jelenlététdl fiiggenek.
A PRISM Repurposing Primary Screen nyilvanosan elérheté adatbazisa alapjan
megvizsgaltuk a sztatinok, aminobiszfoszfonatok és FTi-k KRAS mutéans statusz fliggd
hatasat. Erdekes médon a KRAS mutéciét hordozé tiidé adenokarcindma sejtvonalak
fokozott érzékenységet mutattak az FTi kezelésre. A KRAS mutans tiido
adenokarcinomak koriilbeliil 40%-at KRAS G12C mutaciok alkotjak, igy szerettiik volna
megvizsgalni, hogy a farnezil-transzferaz inhibitorok képesek-e erdsiteni az uj KRAS
G12C inhibitorok tumorellenes hatasait. Meglepd mddon a kombinacié rendkiviil
robosztus szinergizmust mutatva gatolta a KRAS G12C mutans tiidé adenokarcindéma
sejtvonalak novekedését 2D, 3D és in vivo koriilmények kozott is. A kombinacios kezelés
hatasara a KRAS altal szabalyozott jelatvitel sejtvonalanként eltérd erdteljes valtozasokat
mutatott, ezen feliil apoptdzist és az osztddasi aktivitas gatlasat eredményezte.
Eredményeink alapjan a prenilaci6 géatlasa hatékony terapias eszkdz lehet KRAS mutéciot
hordoz6 kolorektalis és tiid6 tumorokra. Az FTi-k kombinacidja KRAS G12C
inhibitorokkal kiemelten hatékony terapias eszkdz lehet KRAS G12C mutacidt hordozo

tiidé adenokarcindmatol szenvedd betegek kezelésére.
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11. Koszonetnyilvanitas
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