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Abstract

Mapping the molecular mechanism of GTPases KRAS and RIT1 in lung cancer

Kristin Holmes

Chair of the Supervisory Committee:
Alice Berger, Ph.D.
Genome Sciences

RAS genes are mutated in 30% of human cancers, and RAS genes are amongst the most
important oncogenes. KRAS and RIT1 (Ras-like in all tissues) have been identified as cancer
drivers in 30% and 2% of lung adenocarcinoma, respectively. RIT1 is traditionally studied using
the homology between KRAS to inform functional mutations and effector proteins. Defining
mutant KRAS or RIT1-specific signaling and critical effector proteins is important, because

targeting RAS effector proteins may provide a therapeutic opportunity.

Recently it has been shown that KRAS forms homodimers, and KRAS homodimers are required
for mutant KRAS- driven tumorigenesis. Preliminary mass spectrometry data identified NRAS as
a KRAS interacting protein, raising the possibility that RAS proteins can heterodimerize. In

order to investigate if KRAS and NRAS heterodimerize, I employed the biochemical assays of



size exclusion chromatography and co-immunoprecipitation. Size exclusion chromatography
resolved Ras homodimers, confirming the catalytic RAS G-domain has an innate ability to form
dimers. Future work in optimizing recombinant protein expression is necessary to distinguish
RAS homodimers from putative KRAS/NRAS homodimers. Unfortunately, co-
immunoprecipitation cannot detect KRAS homodimers or putative KRAS/NRAS heterodimers.
Additionally, loss of NRAS in A549 lung adenocarcinoma cells led to a decrease in proliferation,
confirming the functional role of NRAS in mutant KRAS cancer. Continuing to characterize

RAS dimers may uncover opportunities to abrogate Ras heterodimers for therapeutic benefit.

Global proteomic profiling was performed in order to identify RIT1 and KRAS specific
signaling in lung cancer cells. Mutant RIT1 drives epithelial-to-mesenchymal transition (EMT)
similar to mutant KRAS by modulating key EMT genes such as Vimentin, Fibronectinl, N-
Cadherin, Keratin19. Interestingly, mutant RIT1 and KRAS induced down-regulation of HLA
proteins. Additional work is necessary to elucidate the mechanism of loss of MHC class I
complex. Phosphoproteome analysis revealed differential phosphorylation of several EGFR
phosphorylation sites. Understanding the similarities and differences in the signaling pathways
modulated by mutant RIT1 and mutant KRAS can help to elucidate a therapeutic strategy for

RIT1-driven lung adenocarcinoma.
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Chapter 1. INTRODUCTION

Somatic mutations in the RAS family genes (K-,N- and H-RAS) are found in ~ 30% of all tumors'.
Specifically, KRAS is mutated in ~30% of lung adenocarcinomas and over 90% of pancreatic
cancer®>. Over 60,000 lung cancer patients in the United States are annually diagnosed that are
harboring KRAS-mutations. While small molecule inhibitors have been developed to target ‘driver’
mutations in EGFR and ALK, patients with KRAS-driving mutations are primarily treated with
chemotherapy?S, or with PD-1/PD-L1 immunotherapy’, although inhibitors to the KRASS!%¢
variant are now in clinical development®®. This underscores the importance of continuing to
understand RAS biology in order to develop targeted therapeutics for treating mutant KRAS-

driven cancers.

1.1 RAS PROTEINS

RAS proteins are a ubiquitously expressed family of small GTPases (Figure 1.1). GTPases
hydrolyze GTP and function as molecular switches to govern a wide variety of cellular processes!®.
GTPase signaling activity is regulated by binding to GTP or GDP, because the active GTP-bound
state results in a conformational change. There are 3 genes encoding 4 proteins that constitute the
canonical RAS family: KRAS4A, KRAS4B, NRAS, HRAS!!. KRAS has two isoforms KRAS4A
and KRAS4B, which differ in exon 4. RAS proteins contain a catalytic region known as the G-
domain, two switch domains, and a hyper variable region. There is ~80% homology between the
RAS family proteins in the G-domain, residues 1-166!!. While the G-domain is highly conserved
in amino acid sequence, codon usage is different. KRAS uses more rare codons compared to

HRAS; HRAS uses less rare codons!?!3.
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Figure 1.1. Schematic of oncogenic RAS and RIT1 constitutively active signaling.

RAS and RIT1 are GTPases. Oncogenic somatic mutations of RIT1 and RAS
drive tumorigenesis through constitutively active signaling to important
downstream effectors such as RAF family of proteins and PI3 kinase. Mutant
RITT1 inhibits the interaction with LZTR1, and escapes degradation mediated by
LZTRI.
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This use of rare codons has shown to reduced translation efficiency of KRAS!'?!3, 1t is postulated
that mutant KRAS expression levels can drive tumor formation, but are low enough to evade
senescence; conversely, mutant HRAS protein expression levels may be too high to be tolerated,
leading to senescence or apoptosis'®!4.

While there is functional overlap between the RAS family members, they are not fully
reduntant!. In vivo embryonic knockouts of RAS family members determined that Kras knockout,
but not Nras or Hras knockout, is embryonic lethal. Murine models deficient for Kras expression
(Kras™) died around day E12 and none survived to birth'3. In this study, Kras”* embryos contained
defects in the fetal liver microenvironment resulting in a smaller liver size. In order to understand
the functional overlap between Kras and Nras, Johnson et al generated Nras’;Kras"- murine
models. Interestingly, almost 70% of embryos died between E10 and E12, and the remainder died
perinatally. Therefore, Kras wildtype expression is required for the survival of Nras deficient mice.

The extensive homology between K-, H-, and NRAS does not extend into the hyper-
variable region (HVR). The hyper-variable region is the C-terminal 19-20 amino acids residues of
RAS proteins and contains the CAAX domain!!. After translation, RAS proteins undergo multiple
posttranslational modifications. The initial step removes the 3 final amino acids of the CAAX
motif to produce an intermediate form of the RAS protein that contains C186 at the C-terminus!®.
This is commonly called Step 1 of RAS processing!’”. The CAAX domain is modified by

17.18 The intermediate form of the

polyisoprenylation and is required for this Step 1 processing
RAS protein has increased hydrophobicity but is still primarily found in the cytosol.
Polyisoprenylation is added post-translationally to RAS proteins on residue C186 residue in the

CAAX domain and is required for RAS proteins to associate with the plasma membrane!”. RAS

proteins are unable to localize to the plasma membrane if residue C186 is mutated, and
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nonisoprenylated RAS proteins localize to the cytoplasm!8. Nonisoprenylated RAS proteins do not
transform NIH3T3 cells due to the cytosol localization, not a result of biochemical changes!®.
During this processing, the intermediate and the mature RAS proteins become methylated; no
methylation was detected in the initial form of the RAS translation product!®.

Additionally, some RAS proteins receive a palmitoyl post-translational modification during
processing. Hancock et al observed that palmitoylation is not necessary for transformation.
Palmitoylation of HRAS (originally called p21HRAS) occurs at residues CI181 and C184;
however, KRAS4B (originally called p21KRAS4B) is not palmitoylated'’. While palmitoylation
is not necessary for membrane association, it does increase the affinity of the interaction!”-%.
KRAS4B does not contain a cysteine residue upstream of C186. Instead, KRAS4B contains a
polybasic stretch in its hypervariable region, which increases the positive charge of the region!”.
The polybasic stretch strengthens the anchorage of KRAS4B to the plasma membrane by
increasing the electrostatic interactions with the phospholipid groups in the membrane.

The observations that signaling occurs when RAS proteins are localized to cell membranes
led to the development of farnesyl transferase inhibitors (FTIs) as potential therapeutics to impede
mutant RAS tumorigenesis. However, FTIs are unsuitable as potential therapeutics for KRAS and
NRAS mutant cancer, because KRAS and NRAS become geranylgeranylated when treated with
FTI". Geranylgeranylated KRAS and NRAS remain bound to the plasma membrane where they
are able to signal to downstream effector proteins. A key study describing this interesting
observation concluded that RAS proteins in the DLD-1 colon cancer cell line become
geranylgeranylated when cells were treated with SCH56582, a farnesyl transferase inhibitor!®.
DLD-1 cells have a mutant KRAS allele. This study was extended by transfecting COS cells with

individual RAS vectors, followed by SCH56582 treatment in order to determine if HRAS and
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NRAS may be geranylgeranylated similar to KRAS. HRAS, unlike KRAS and NRAS, is not able

to be geranylgeranylated upon FTI treatment. Therefore, HRAS remains unprenylated, and in the
cytosol. This highlights how the biological differences between proteins in the RAS family can
dictate the efficacy of potential therapeutics.

In addition to localizing to the plasma membrane, KRAS and NRAS can localize to the
mitochondrial membrane®®. Recent work has determined that KRAS4A additionally localizes to
the outer mitochondrial membrane and interacts with HK 1, exerting metabolic changes in glucose
consumption?!. Previous literature has primarily focused on the canonical signaling of RAS
proteins at the plasma membrane; however, future work may continue to discover the unknown

about RAS signaling at the mitochondrial membrane.

1.2 RAS REGULATION

1.2.1 RTK/Ras Activation

RAS proteins are active and bind to effector proteins when bound to GTP and inactive when bound
to GDP (Figure 1.1). RAS proteins have a very high affinity for GTP. As small GTPases, RAS
proteins possess the innate ability to hydrolyze GTP. However, RAS proteins rely on GTPase
activating proteins (GAPs) to make the hydrolysis process efficient leading to GDP-bound inactive
RAS?. Conversely, Guanine exchange factors (GEFs) induce a conformational change in RAS
proteins; this conformational change allows for the release of GDP and the binding of GTP leading
to active RAS.

There are several RAS GEFs that are regulated by different mechanisms. Growth factors
stimulate RAS through the RAS GEF Son-of-Sevenless (SOS). RAS in the plasma membrane is
activated when SOS translocates from the cytoplasm to the plasma membrane?:. The translocation

is mediated by GRB2, an adaptor protein, which contains a SH3-SH2-SH3-domain. The SH3
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domains bind to the proline-rich region of SOS, and with its SH2 domain to the phosphorylated

tyrosine kinase receptors. SOS is recruited to the plasma membrane where RAS is located. SOS
contains a CDC25-homology domain specific for RAS and a C-terminal proline-rich region.
CDC25 is the RasGEF in Saccharomyces cerevisiae**. Translocation is controlled by negative
feedback loop as a result of ERK phosphorylation of SOS, resulting in its dissociation from

GRB2%.

1.2.2  Ras effectors

There have been many RAS effector proteins that have been reported in cancer: RAF, PI3K,
RalGDS, Ras effector 1A (NORE1A), Af6, phospholipidase C (PLC), Ras and Rab interaction 1
(RINT1), T cell lymphoma invasion and metastasis-inducing protein (TIAM), and growth factor
receptor 14 (Grb14) (summarized in Stephen 2014)%°. RAS effector proteins contain a RAS-
binding domain that typically interacts only with a specific conformation of RAS. When RAS
proteins are in the activate state, bound to GTP, the RAS-binding domain allows for effector
proteins, such as, RAF and PI3K, to physically bind to RAS proteins. The effector domain in the
different RAS proteins (K-, N-, and H-RAS) are identical and are capable of binding the same
effector proteins!?2. While there are overlapping biological functions, there are distinct biological
difference between K- N- and H-RAS!'%!>27 Today it is not known the reasons underlying the
different biological functions in the RAS family, however, some hypotheses have been put
forward. For example, subcellular compartmentalization can regulate the accessibility of RAS
proteins to their effectors and activators?®. Another reason for the biological differences observed
between RAS isoforms could be due to different protein expression levels!'3. Although RAS
isoforms have extensive homology at the amino acid level, the specific codons vary between RAS

1soforms. KRAS uses more rare codons than HRAS. The functional effect of this increase in rare
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codon utilization causes reduced translation efficiency and a decrease in KRAS protein
expression”. Furthermore, even different KRAS missense mutations have different binding
affinities and altered nucleotide exchange rates®°. These differences may account for the different
prevalence of each protein in cancer and other diseases.

The RAS-RAF interaction leads to the signaling cascade leading to MEK and ERK
phosphorylation and increased cellular proliferation®!-*°. Indeed, given the high affinity RAS
proteins have for RAF proteins, it is postulated that other effectors and GAPs cannot compete with
RAF proteins®®. The RAS-PI3K interaction signals through AKT and mToR to affect cellular
survival’2, Both of these interactions occur when RAS is bound to GTP, and at the plasma
membrane.

Additionally, different effector proteins may reside in different locations within the cell
besides at the plasma membrane. KRAS4A allosterically binds to hexokinasel (HK1) and this
interaction requires outer mitochondrial membrane localization, prenylation and for KRAS to be
GTP bound?!. Hexokinasel (HK1) is a canonical component of glucose metabolism, and localizes
to the outer mitochondrial membrane®’. HK1 interacts preferentially with KRAS4A and NRAS
over KRAS4B and HRAS. When KRAS4B and HRAS are artificially targeted to the outer-
mitochondrial membrane they can physically interact with HK1. Both mutant KRAS4A and
KRAS4B increase glucose consumption in HEK293T cells; however, mutant KRAS4A induces a
much greater glucose consumption. Indicating the importance of exon 4, disrupting exon 4 with
CRISPR resulted in a decrease in glucose consumption in mutant KRAS lung and pancreatic
cancer cells. HK1 is necessary in the mechanism by which KRAS4A stimulates a greater glucose
consumption than KRAS4B. This study suggests that the preference of KRAS4A for HKI is a

consequence of its differential trafficking to the mitochondrial outer membrane.



1.2.3 Constitutively active mutations

RAS proteins have a “hot spot” of somatic mutations at residues G12, G13 and Q613*%
(Figure 1.2). These mutations impair the association with and inactivation of RAS by GAPs
generating constitutively active RAS. The Q61 residue is the catalytic site of KRAS and its
mutation strongly inhibits the hydrolysis. RAS?¢! wildtype adopts a conformation not observed
with the mutants; this particular conformation allows for GTP hydrolysis to be catalyzed®®.
Glutamine 61 forms a hydrogen bond with residues Arg789 of GAPp120 to allow the nucleophilic
attack of a water molecule. A RAS protein containing a leucine at position 61 (RAS?!L) cannot
activate the nucleophilic water molecule, because of the leucine side chain. There is also a decrease
in the intrinsic hydrolysis for mutations in G12 and G133°. Modeling indicates that the side chains
of other residues at positions 12 and 13 are within van der Waals distance to residue 61; this may
limit the ability for Q61 to coordinate the nucleophilic attack®’. KRASY!? mutants, which substitute
glycine for another amino acid, have reduced GTP binding and/or catalysis*®. There are no major
differences in structure between wildtype and mutant G12V, except for the presence of the side-
chain at residue 12%’. This is one of the challenges in designing inhibitors specifically for KRAS
mutants that also do not impede the function of wildtype KRAS. The structure of KRAS contains
1 six-stranded B-sheet, 5 a-helices, and 10 connecting loops®’. Loop L1 is important and adopts a
rigid, inflexible conformation because of the interactions between L1 and the -phosphate. Due to
the inflexible nature of loop L1, G12V mutations expose the hydrophobic side-chain of valine to

the solvent; this is also why G13 is an important residue.
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Figure 1.2. Human wildtype KRAS bound to GDP.

The crystal structure of human wildtype KRAS has been resolved. The switch I
domain is labeled in yellow. The switch II domain is labeled in blue. Residue
G12 is labeled in magenta. Residue G13 is labeled in green. Residue Q61 is
labeled in light blue. GDP is depicted in red. (PyMOL; PDB: 40BE)
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1.3 RAS DIMERS

Recently, emerging in the field of RAS biology is the idea that KRAS has the ability to form
homodimers. However, RAS homodimers are controversial, and a lot remains unknown.

Previous studies identified nanoclusters containing 5-8 RAS monomers®®4, These
nanoclusters served as RAS signaling scaffolds to recruit effector proteins such as RAS and PI3K
to the plasma membrane. These initial observations were with immuno electron microscopy. Due
to the technical limitations of immuno electron microscopy, additional studies were necessary
which would allow for increased resolution of the RAS nanoclusters*!. This study revealed that
these ‘clusters’ were primarily RAS dimers, and higher order oligomers were rare; this result
contrasted previous notions that RAS proteins function as monomers, and supports the idea that
RAS proteins dimerize*!.

In order to determine if MAPK activation resulted from the formation of RAS dimers, or
resulted from RAS overexpression increasing the RAS concentration at the plasma membrane,
researchers used an artificial dimerizing agent and KRAS fusion proteins*'. KRAS was fused to
the FKBP-dimerizing domain. Upon treatment with the dimerizing agent, AP20187, KRAS
monomers are induced to form artificial dimers without overexpressing KRAS above endogenous
levels, and without increasing plasma membrane concentration. Subsequently, the KRAS
homodimers were detected using photo-activated light microscopy (PALM), and MAPK
activation was measured by ERK phosphorylation. This study concluded that dimerization does
not depend upon GTP binding. However, the CAAX domain is required for KRAS homodimer
formation. When mCherry was fused to the CAAX domain, mCherry-CAAX aggregated similar
to mChery-KRASWY!T and mCherry-KRASY!?P. Furthermore, when the CAAX domain was

mutated to SAAX, the KRAS-SAAX mutant did not localize to the plasma membrane and did not
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activate MAPK signaling, even when treated with the dimerizing agent. Therefore, the KRAS-
SAAX mutant did not activate downstream MAPK signaling. This study postulated that it is the
KRAS homodimers that led to the recruitment and activation of RAF. However, the possibility
that the dimers occur using the G-domain could not be excluded. Additionally, it is unknown the
role that KRAS homodimers may have on other downstream pathways, like PI3K signaling.

Another study reports two possible conformations of KRAS4B homodimers*?. This reports
that the HVR stabilizes the KRAS oligomeric structure. Increased stability was observed using
isothermal calorimetry and fluorescence resonance energy transfer. This finding could possibly
support the conclusion in the Nan et al study, that the CAAX domain is required for KRAS
homodimers as the CAAX domain is contained in the HVR region of RAS proteins. This
requirement of the HVR may explain the observation that RAS dimers are better observed in the
cellular context because the HVR increases the concentration of RAS proteins at the plasma
membrane?.

It has been postulated that the ability to form dimers is observed across the RAS family of
proteins**. As previously described, KRAS contains 5 alpha helices (Figure 1.2)*". The proposed
o4- a5 KRAS homodimer would have the binding interface between the a4 helix of one KRAS
monomer and the a5 helix of the second KRAS monomer*. The a4- a5 KRAS homodimer
structure overlaps the interface identified in NRAS molecular modeling. The key residues at this
dimer interface are: R135, D154 and R161%%. One study concludes that the dimer interface is
distinct from the interface used to bind GAPs and GEFs, while other study postulates that RAS
regulatory proteins and effectors compete with B—sheet dimer interface**2.

A study conducted by Ambrogio et al detected KRAS homodimers in HEK293 cells using

fluorescence energy transfer®. This study demonstrated the importance of Kras homodimers in
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mutant Kras-driven lung cancer in vivo. A D154Q mutation, which abrogates the ability for Kras

G12D murine models.

to form homodimers, impeded the tumorigenesis in Kras

The majority of studies have focused upon RAS protein functions at the plasma membrane,
as a result of post-translational modifications to the CAAX domain?**. As a result of differential
post-translational modifications, RAS proteins segregate into distinct nanoclusters*, therefore
rendering the possibility of RAS heterodimers difficult to explain. However, the traditional role of
RAS proteins functioning only at the plasma membrane has been challenged by the observations
that RAS proteins and binding partners can additionally be found at endomembranes of subcellular
components?®*, As discussed above, KRAS and NRAS were shown to localize to other locations,
one of them being the mitochondrial?*#47, Mouse embryonic fibroblasts deficient for NRAS or
KRAS exhibited abnormal mitochondrial morphology and impaired mitochondrial function®.
Recently, it was postulated that an observed dependence of KRAS-mutant cells on mitochondrial
translation may result from signaling directly at the mitochondrial membrane*. While there has
been extensive research into the localization of RAS proteins at the plasma membrane, RAS/RAS
heterodimers may occur at specific subcellular components with functional consequences, and this
merits further investigation.

It is unknown if KRAS forms heterodimers with different RAS family members, and if this
potential RAS/RAS heterodimer presents an opportunity for targeted therapeutics. Abrogating
dimers may inhibit tumorigenesis in over 60,000 annually diagnosed lung cancer patients in the

United States harboring KRAS-mutations.

1.4 RITI1 BIOLOGY

RIT1 (RAS-like in all tissues) is a small GTPase in the RAS superfamily and contains

similar features to the canonical RAS family members*®#°. RIT1 (originally called Rit) and RIT2
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(originally called Rin) define a sub-family branch in the RAS superfamily tree. The RIT1/RIT2

subfamily groups with the RAS, RAL, MRAS and RRAS families; the RIT1/RIT2 subfamily is
most divergent from the RAP subfamily®. Similar to most RAS proteins, RIT1 is ubiquitously
expressed (Figure 1.3). However, RIT2 is expressed only in neuronal tissue. Like other RAS
proteins, RIT1 is a small GTPase and is active when bound to GTP*-#°, Initial studies, utilizing
His-tagged fusion proteins in a nucleotide binding assay demonstrated the ability of RIT1 and RIN
to bind to GTP and GDP.

RIT1 functions as a small GTPase, which is similar to other members of the RAS
superfamily. A biochemical study by Shao et al utilized recombinant proteins to establish RIT1 as
a GTPase®. This study by Shao also demonstrated that RIT1 releases non-hydrolyzable GTP at a
faster rate than GDP. This result was interesting because RAS proteins have a high affinity for
GTP and rely upon GAPs and GEFs in order to regulate the amount of time RAS bound to GTP
or GDP. After GEFs stimulate the release of GTP or GDP, RAS proteins predominately rebind to
GTP, due to the high concentration of GTP in the cell. However, due to the high rate of GTP
dissociation, GAPs and GEFs likely have a limited role in regulating RIT1 activity. While GAPs
and GEFs regulate RAS activity, it has been additionally demonstrated that intrinsic rates of
hydrolysis have important biological effects*®. RIT1 has a faster intrinsic rate of GTP dissociation
relative to most RAS proteins in the superfamily. When compared to RIT1, at same conditions,
less than 10% of non-hydrolyzable GTP was dissociated from recombinant HRAS. Residue Gly79
in RIT1 is analogous to Q61 in RAS®D. This study revealed that Gly79 is important to the intrinsic
GTPase activity of RIT1. RIT197°t mutant exhibited a reduced rate of GTP hydrolysis and a 3.5-

fold increase in the rate of GDP dissociation relative to wildtype Rit.
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RIT1 and RIT2 are 65% homologous, with the most extensive homology (74%) in the

central 167 residues*®®. RIT1 has 3 isoforms, and isoform 2 is the most studied; RIT1 contains an
extended N-terminal region relative to RAS proteins®'. RIT1 is found at the plasma membrane and
cytosol. RIT2 has an unusual feature, not shared with RAS family or RIT1: it has a C-terminal
sequence that binds calmodulin*®. The significance of this sequence is unclear. Unlike canonical
RAS family members, RIT1 does not contain a CAAX domain in its C-terminal region. Although
RIT1 does not undergo prenylation or palmitoylation, it does have a polybasic stretch in its C-
terminal region of residues 180-1944%9, It was demonstrated that this polybasic stretch is required
for RIT1 localization to the plasma membrane. RIT1 contains a conserved G2 domain and effector
region that are distinct from the RAS family**#°, The G2 domain is 100% conserved from human
to murine, with an identical sequence. The effector G2 domain is similar to NRAS with 7 of the 9
residues conserved. The similar effector region to the RAS family suggests RIT1 may use similar
effectors. Yet the distinctions raise the possibility that there are unique effectors for RIT1 distinct
from the RAS effectors. Below I will describe a few studies about RIT1 effector proteins that are

known so far.
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Figure 1.3. Gene expression of RIT1 and RIT2.

A) Tissue-specific gene expression levels of RIT1. RIT1 is ubiquitously
expressed. B) Tissue-specific gene expression levels of RIT2 reveal that RIT2 is
expressed primarily in neuronal tissues. (GTEx Portal — gtexportal.org)
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Since RIT1 and RAS have extensive homology, especially in the effector domain, an early
study by Shao ef al investigated known RAS effectors to search for potential RIT1 effector
proteins®. This study utilized a yeast two hybrid binding assay to identify RAS effector proteins
as RIT1-binding proteins. In this study, a transcriptional activation domain was fused to cDNA of
the following known RAS effectors: RAF-RBD, A-RAF, B-RAF, C-RAF, RalGDS-RID, RLF-
RID, AF6, RIN1, PI3K p110 (RID = RAS interacting domain; RBD = RAS binding domain). As
expected, HRAS bound to all of the investigated proteins, but RIT1 only bound some RAS effector
proteins, namely: RalGDS-RID, RLF-RID, AF6*. RitS35N, an analogous effector mutant to the
RASS!N dominant negative mutant, did not interact with any of the investigated effector proteins.
These results indicate that RalGDS, RLF and AF6 prefer to interact with GTP-bound RIT1 over
GDP-bound RIT1. The RIT1-Ral-GDS interaction was confirmed to be GTP-dependent, but
additional studies are needed to determine the functional effects of this interaction. It was also
observed that RIT1 only interacted with RLF-RID when loaded with non-hydrolyzable GTP, and
that HRAS has a higher binding affinity for RLF-RID than RIT1. RIT197" interacted with the
known RAS effector proteins in similar fashion to wildtype RIT1. However, this study determined
RAF protein kinases were not effectors of RIT1, because no interaction was detected between
RIT1 and B-RAF or C-RAF. This result was disproved in later studies confirmed that RIT1 does
indeed interact with C-RAF and B-RAF in human cells®>>!, and that RIT1 signals through the
MAPK/ERK pathway>’. Since later studies demonstrated that RIT1 interacts with C-RAF and B-
RAF, the negative two-hybrid result may have been an artifact of the study, or there are additional
factors required to support this interaction. However, it is interesting that RIT1 is capable of

binding to B-/C-RAF but this interaction leads only to B-RAF activation. RIT1 is capable of
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activating ERK following receptor tyrosine kinase stimulation, but this varies by cell type and the
type of tyrosine receptor activation.

Another study concluded that PARG is an effector protein of RIT1°%. RIT1 binds directly
to PAR6 in a RITI-PAR6-Rac/Cdc42 ternary complex. The RIT1-PAR6 interaction was
determined to be GTP-dependent, and that RIT1 binds to the PDZ domain in PAR6. This
interaction was determined by co-immunoprecipitation in COS-7 cells with N-terminal Myc-
tagged RIT1 and GST-tagged PAR6. The RIT1-PARG interaction is specific to the RIT1/ RIT2
subfamily as co-immunoprecipitation with full length Myc-tagged HRAS did not replicate the
interaction. A RIT1Y>¥¢ mutant was created to model the RAS Y40C mutant that is unable to bind
to effector proteins. As expected, the RIT1Y°8¢ mutant did not bind to PAR6. Therefore, indicating
that RIT1 binds through its effector domain to the PDZ domain of PAR6 in a GTP-dependent
manner. The functional role of RIT1-PAR6-Rac/Cdc42 complex was determined using a foci
formation assay in NIH3T3 cells. It was concluded that the RIT1-PAR6-Rac/Cdc42 complex was
necessary for foci formation. However, the RITI-PARG6 interaction is controversial and may be
more complex than initially determined and further studies are needed>°.

Additionally, RIT1 signals to p38 MAPK. RIT1 activates p38 in response to diverse stimuli
including reactive oxygen species (ROS) to regulate cell survival®’. It has been demonstrated that
ROS-mediated p38 activation is impeded in Rit/ knockout MEFs. RIT1-p38 activation lead to
MK2 activation with HSP27. HSP27 is a scaffolding protein®, and MK2 is a kinase essential for
tumor necrosis factor synthesis®*. It was demonstrated that HSP27-MK2-p38 complex is required
for RIT1-dependent AKT activation. Furthermore, stress dependent ROS-p38 activated- AKT
scaffold activation regulated cell survival. RIT1 co-immunoprecipitated with p38, AKT, MK2,

and HSP27. However, HRAS did not immunoprecipitate with those proteins. Silencing RIT1 or
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inhibiting p38 or MK 1/2 leads to CREB-dependent transcription, inducing expression of Bel-2 and

Bclxw anti-apoptotic proteins, to promote cell survival.
While some additional effector proteins for RIT1 have been identified, the full spectrum of

RIT1 effector proteins remain to be elucidated.

1.5 “RAS”’-OPATHY — NOONAN SYNDROME

Mutations in the RAS/MAPK pathway cause Noonan Syndrome, a congenital disorder
characterized by cardiac defects, facial dimorphism and short stature. Germline mutations in
KRAS, NRAS, PTPN11,SOS1, BRAF, RAF1 (CRAF), MAP2K1 and MAP2K2 have been identified
to cause Noonan Syndrome>->’. Noonan syndrome shares some overlapping phenotypic features
with Costello syndrome, which is caused by germline mutations in HRAS?%-8, Additionally,
patients with Noonan Syndrome exhibit a predisposition to RAS-driven Juvenile myelomonocytic
leukemia; approximately 25% of Juvenile myelomonocytic leukemia patients have germline
KRAS and NRAS mutations®® 3. A dysregulation of the RAS/MAPK pathway causes Noonan

Syndrome.

1.5.1  RAS germline mutations

The germline mutations that are found in Noonan Syndrome are functionally different than those
found in RAS-driven cancers®®>°. A couple of representative KRAS variants identified in Noonan
Syndrome are: T58I, and V14I. Like the activating mutations in RAS-driven cancers, these
mutations reduce intrinsic GTPase activity, thereby activating RAS signaling, but unlike the
mutations in cancer, the GTPase activities of Noonan Syndrome can still be activated by
neurofibromin and p120 GAP. The KRASV!*! mutation affected the innate GTPase activity less

than wildtype but was more functionally responsive to GAP stimulation than G12D, which was
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unresponsive®®. Similarly, the KRAS™3!' mutation was less responsive than KRASYT;
interestingly, KRAST8! was specifically more responsive to p120 GAP stimulation than to another
GAP, neurofibromin. These mutations render the protein less responsive to GAP-mediated
hydrolysis than wildtype KRAS, but they still retain some responsiveness relative to the strong
KRAS mutations found in cancer. A couple of representative NRAS mutations found in Noonan
Syndrome are at T501 and G60E>. G60E is functionally similar to the Q61 mutation which are
found in RAS-driven cancers; NRASYE mutants are bound to GTP more than GDP and are
resistant to GAP activity. Resolving the crystal structure revealed that the NRAS T50I and G60E
mutations did not result in a significant change in the protein structure.

These findings have led to the idea that Noonan Syndrome is caused by germline RAS
mutations, which weakly reduce the overall GTP hydrolysis rate, compared to oncogenic
mutations. However, mutations that render the RAS protein completely resistant to GAP activity
are developmentally lethal, and thus occur only as somatic mutations®®>. KRAS mutations are

more associated than NRAS mutations with severe developmental delays and learning issues®°.

1.5.2  RITI germline mutations

Novel RITI mutations were identified in patients with Noonan Syndrome. Whole exome
sequencing identified 9 mutations in RI7'1, corresponding to ~9% (17/181) of patients previously
classified to have an unknown Noonan Syndrome mutation®’. The following previously known
Noonan Syndrome mutations were negative in the 181 patients: PTPNI1, KRAS, HRAS, SOSI,
BRAF (exons 6 and 11-16), RAF'I (exons 7, 14, and 17) MAP2K1 and MAP2K?2 (exons 2 and 3),
and exonl in SHOC2. Noonan syndrome RIT1 mutations occur throughout the protein in the G1,
switch I and switch II domains; the location of RIT1 mutation in Noonan Syndrome contrast the

location of mutations in HRAS found in Costello Syndrome, which occur at residues G12, and
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G13 in the Gl domain®’*8, Overexpression of mutant RIT1 ¢cDNA results in increased ELK1
transactivation. The following Noonan Syndrome RIT1 mutations were studied: S35T, AS57G,
E81G, F82L, G95A. RIT1% corresponds to RASS!7, which when mutated to N is dominant
negative®-!. However, RIT153T cells exhibited the increase in ELK1 transactivation that was not
expected for a dominant negative effect, indicating the RIT1 mutations observed in Noonan
Syndrome are gain-of-function mutations. Cardiac abnormalities are a feature of Noonan
Syndrome>>-. In the Aoki et al study, the incidence of hypertrophic cardiomyopathy is greater in
RIT1-mutant Noonan Syndrome than the overall rate of Noonan Syndrome. 70% of patients with
RIT1 mutations had cardiac hypertrophy (12/17) compared to the 20% occurrence in Noonan
Syndrome overall (25/181).

Noonan Syndrome has been modeled in model organisms, such as zebrafish and murine

models>?37

. The role of RIT1 in development is conserved. Introducing mutant RIT1 mRNA into
zebrafish results in developmental abnormalities, such as: craniofacial abnormalities, hypoplastic

chamber, and enhanced yolk sac. Some of these abnormalities are reminiscent of Noonan

Syndrome. Approximately 70% of embryos exhibited significantly slower development.

1.5.3 Treatments

The challenge in clinically diagnosing Noonan syndrome is that, while it is autosomal
dominant, the expression is variable and heterogenous®®. However, since the Noonan Syndrome
phenotype affects individuals from birth, correct post-natal diagnosis is important because Noonan
Syndrome treatment requires a multifaceted approach to manage and control®®. Cardiac
abnormalities are a feature of NS, and over 50% of Noonan Syndrome patients have an abnormal

electrocardiogram; hypertrophic cardiomyopathy is present in ~20% of Noonan Syndrome cases,

and higher incidence for specific mutations, such as RIT1 and RAF1°7-*°, Therefore, adults with
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Noonan Syndrome will require follow up cardiac monitoring. Although most patients have mild
pulmonary valve stenosis, some patients may have a more severe case that requires intervention
such as a balloon valvuloplasty, or, in severe cases, a pulmonary valvectomy or pulmonary
homograft during childhood*. Noonan Syndrome/myeloproliferative disorder (MPD) is condition
found in infants. Noonan Syndrome/MPD is similar to Juvenile myelomonocytic leukemia, but
with a better outcome while some infants will develop aggressive Juvenile myelomonocytic
leukemia, some will improve by year 1 without clinical intervention®. In a study that identified
RIT1 mutations in Noonan Syndrome, one patient developed cancer and was put on standard
chemotherapy as treatment®’. Growth hormones have been used to treat Noonan Syndrome and
the efficacy of this treatment has been studied. While Noonan Syndrome is characterized by a
lymphatic development disorder, there have been heterogenous and inconsistent results as a result
of growth hormone treatment®. This inconsistency may be a result of the genetic heterogeneity of
mutations that underlie Noonan Syndrome and requires additional studies to elucidate the role, and
responsiveness of growth hormone treatment in Noonan Syndrome patients. PTPN11 positive
patients have been shown to have less response to growth hormones treatment than PTPN11
negative patients®”. However, since this study had differences in efficacy from short versus long
term studies, this result is controversial and may be a feature of the study design. Noonan
Syndrome presents many clinical features and requires accurate post-natal identification and a

multidisciplinary treatment approach.

1.6 RTK/RAS SIGNALING IN LUNG ADENOCARCINOMA

Somatic mutations in the RAS family (K-,N- and H-RAS) are found in ~ 30% of all tumors'.
Incidence of mutations vary between KRAS, NRAS, and HRAS. RAS proteins are mutated at

different rates in human cancers; for example KRAS mutations are the most prevalent of all RAS
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missense mutations (84%), followed by NRAS (~12%), and HRAS (~4%)%. Not all RAS

mutations are the same. Mutations affect the intrinsic hydrolysis of KRAS, which is thought to
have a biochemical functional effect, irrespective of the interaction with GAPs and GEFs*°.
Different RAS genes are mutated in different types of cancers. Within certain cancer types
a particular RAS gene may be mutated more frequently than another RAS gene. There are
differences in the incidence of KRAS mutations depending upon cancer tissue type®!. For example,
KRAS is mutated more frequently in lung adenocarcinoma (LUAD), than HRAS?. KRAS is almost
the exclusive driver of pancreatic ductal adenocarcinoma, accounting for over 95% of driving
mutations®. Furthermore, a particular RAS mutation may be more prevalent in a certain type of
cancer depending upon the tissue type. For example, G12C very common in lung cancer, but rare
in PDAC. It has been suggested that this may be due to selection for a particular mutation when
tumorigenesis originated®?. This selection may be informed by pressures to select the particular

RAS protein and mutation that renders the optimal expression level for tumorigenesis.

1.6.1  KRAS-driven Lung Adenocarcinoma

KRAS is mutated in ~30% of lung adenocarcinomas and over 90% of pancreatic cancer??.
Interestingly, wildtype KRAS is thought to impede the tumorigenesis driven by its mutant
counterpart®. In support of this idea, wildtype KRAS is lost in patient samples harboring KRAS
mutations®, showing that there is a selection against wildtype KRAS function in mutant KRAS
lung tumorigenesis. This genetic interaction between wildtype and mutant KRAS could be
explained by a recently discovered phenomenon: RAS dimerization. Emerging in the field of RAS
biology is the revelation that KRAS can dimerize and KRAS-GTP homodimers activate MAPK
signaling*!. Surprisingly, mutant KRAS dimers are required for KRAS-mutant lung

tumorigenesis®. Ambrogio et al identified a specific amino acid, D154, involved in a RAS
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dimerization; a D154Q variant of KRAS is unable to dimerize®. Interestingly, when the KrasP!>Q
mutant was introduced to KrasS!?P mice, there was a decrease in lung tumors, proliferation, ERK
phosphorylation in Kras®!'2PP134Q mice models. It is postulated that homodimers may explain the
phenomenon of wildtype KRAS attenuating KRAS-mutant lung cancer progression and raises the
exciting possibility of blocking KRAS dimer formation for therapeutic benefit®*!.

Additionally, it has been demonstrated that expression of wildtype NRAS and HRAS have
a functional role in KRAS-driven cancer!**. Murine models of Nras null mice were chemically
treated with urethane, which commonly causes mutation of Kras, to induce lung tumors
mutations®*. The Nras®°®O mice with Kras mutations exhibited more lung tumors than wildtype
Nras mice. There was a very modest increase in the incidence of Kras-induced tumors, in the
Hras®O%0 and HrasW"%© mutant mice compared to mice with wildtype Hras. Conversely,
however, in KRAS-driven colon cancer cells, loss of wildtype NRAS had the opposite effect, with
a decrease in proliferation, and increased sensitivity to chemotherapy'. In this colon cancer study,
NRAS and HRAS were knocked down using shRNA. It was found that decreased expression of
NRAS, and HRAS, in KRAS-mutant cells caused a decrease in proliferation, as a result of a
delayed mitotic cycle. Additionally, a hyper-phosphorylation of ERK and PI3K/Akt signaling
pathways. The hyper-activation led to phosphorylation of Chk1 at an inhibitory site, residue S280.
More work will need to elucidate the mechanisms behind the contradicting role of wildtype RAS

family members in KRAS-driven cancer, as there may be tissue specific effects.

1.6.2  RITI-driven Lung Adenocarcinoma

The TCGA study identified potentially oncogenic mutations in RIT1 in tumors that lacked known
oncogenes?. RIT1 mutations account for approximately 2% of lung adenocarcinoma cases and are

mutually exclusive with other mutations in the receptor tyrosine kinase/RAS/MAPK signaling
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pathway. A hot-spot of mutations occurs at residue M90; the change is a methionine to an
isoleucine?®, RIT1 mutations typically occur in regions of the protein different from oncogenic
mutations in RAS family proteins; not at residues G12, G13, or Q61 which dominate RAS
mutations®?. Nevertheless, RIT1 mutations have the ability to transform cells to harbor a cancer
phenotype®?%. Soft agar assay in NIH3T3 cells transfected with RIT1 mutations identified in the
TCGA study indicated that RIT 1-mutant cells exhibit anchorage independent growth®,

RIT1 oncogenic mutations cluster in the switch IT domain, the effector region®*>1%3, The
mechanism by which they activate RIT1 is unclear. One study suggested that the oncogenic
mutations inhibit RIT1 degradation, thereby increasing RIT1 levels in the cell>2 In this study,
MEFs expressing RIT 1MV had higher levels of RIT1 protein but no change in mRNA expression
levels. Additionally, mass spectrometry identified multiple proteins, including LZTR1, as a
potential adapter protein for RIT1. The interaction of RIT1 and LZTR1 was confirmed with
immunoprecipitation in HEK293T cells. RIT1-GDP bound preferentially to LZTR1 over RIT1
loaded with non-hydrolyzable GTP. Surprisingly, RIT1 mutants did not bind to LZTR1; an
exception to this observation is mutant RIT197L, which still exhibited decreased binding relative
to wild-type RIT1. Over-expressing LZTR1 in HEK293T cells resulted in a decrease of RIT1
protein that could be rescued by bortezomib (proteasome inhibitor); this rescue was not observed
with bafilomycin (lysosome inhibitor) treatment. MEFs deficient for LZTR1 had an increase in
RIT1 protein stability. Overall, these results suggest that activating mutations in RIT1 increase the
abundance of RIT1 and dysregulate MAPK signaling in response to growth factor stimulation.

In the Berger lab a small molecule screen of previously approved inhibitors was assayed
for cell viability in a model of RIT1-driven drug resistance®. The screen selected for the inhibitors

that can block RITIMdriven cell survival and cause cell death. The top candidates identified
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were alisertib and barasertib, inhibitors of Aurora kinase A and B, respectively. The screen was
confirmed by a colony formation assay in NIH3T3 cells; there was a decrease of colonies when
RITIM! mutants were treated with alisertib. The observed effects of the Aurora kinase inhibitors
are specific to RIT1-mutant cells as KRASS!2P cells were unaffected by the inhibitor treatment.
Aurora kinase A is upstream of cyclin-dependent kinase 1(CDK1), a critical regulator of the cell
cycle®’. Ectopic expression of active Aurora kinase A overrides the G2 block induced DNA
damage. This signaling reactivates CDK1 and occurs through a Chkl-dependent mechanism.
Interestingly, Grabocka et al proposed a model that the mechanism whereby the knockdown of
NRAS or HRAS expression in KRAS-mutant cells decreases proliferation involves Chkl
phosphorylation and DNA damage!. SIRNA knockdown of NRAS or HRAS expression in KRAS-
mutant cells disrupts G2 DNA damage response by reducing Chkl activity. Chkl activity is
impaired by inducing phosphorylation of Chkl at an inhibitory site, residue S280. Loss of
Chk1/ATR DNA damage response signaling can sensitize KRAS-mutant cells to previously
ineffective DNA-damaging chemotherapies. Therefore, it could be possible that Aurora kinase
inhibitors used in the screen would be effective on KRAS-mutant cells if co-treated with Chk1

inhibitors.

1.6.3 Treatment of RAS- and RITI-driven Lung Adenocarcinoma

Certain lung adenocarcinoma tumors have benefitted from targeted therapies such as kinase
inhibitors. Small molecule inhibitors have been developed for the tyrosine kinase receptor
EGFR®%°, EGFR is upstream of RAS proteins and therefore these therapies are ineffective for
patients with RAS mutations. However, patients with KRAS-driving mutations are primarily
treated with chemotherapy?®, or with PD-1/PD-L1 immunotherapy’. KRAS mutations in cancer

have thus far been an elusive and challenging target for targeted therapies!?.
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There are many challenges to directly targeting RAS proteins, due to the structure of RAS
proteins. RAS proteins do not contain deep pockets where an inhibitor could bind!2. Additionally,
wildtype and mutant RAS proteins have similar structure®’. Another challenge for the development
of RAS-specific therapeutics, is that the inhibitor must be able to distinguish between the RAS
proteins, as inhibitors which inhibit K-,N-, and HRAS would probably be too toxic!2. Furthermore,
targeting both KRAS splice variants, KRAS4a and KRAS4b, but not NRAS or HRAS is another
challenge.

Future therapies may benefit from targeting a specific RAS mutation. Recently, an inhibitor
specifically for KRASY!2C mutations has been developed and has entered clinical trials®®. This
inhibitor is specific for G12C mutations as it relies on this residue to create a covalent bond using
the cysteine residue in the G12C3. These inhibitors allosterically bind the GDP state preferentially
and blocks the GDP to GTP exchange. There are currently no prospective therapeutics which target
KRASS!2Y or KRASY!?D mutations!?.

An alternative to directly targeting RAS proteins is to target the RAS effector proteins.
RAF inhibitors were thought to be a possible strategy for KRAS mutant cancers. ATP-competitive
RAF inhibitors, such as vemurafenib, were developed to specifically target BRAFY?°F mutations.
Vemurafenib was selective for the mutant and preferentially bound the oncoprotein over the
wildtype BRAF protein, giving hope it would be therapeutically useful’”’. However, ATP-
competitive RAF inhibitors paradoxically activate the downstream MAPK signaling in wildtype
BRAF cells, a phenomenon known as the RAF inhibitor paradox 7!*. Drug treatment with ATP-
competitive RAF inhibitors induced association of RAF with RAS-GTP and RAF dimerization.
Wildtype RAF proteins are typically found in an auto-inhibited state. Below the concentrations

necessary to saturate the inhibitor, the RAF inhibitors relieve stimulate downstream MEK
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signaling by mitigating auto-phosphorylation of wildtype RAF, when RAS is active. This

activation of MEK signaling induces proliferation of mutant RAS cells in vivo. However, at
saturating concentrations, the inhibitor blocks BRAF downstream MEK signaling’’7?. Thus,
Vemurafenib cannot be used on BRAF wildtype cancers, such as cancers with activated RAS.

It is necessary to continue to understand RAS biology in order to develop improved

therapies which target mutant KRAS-driven cancers.
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Chapter 2. NRAS IN KRAS-DRIVEN LUNG ADENOCARCINOMA

2.1  INTRODUCTION

In recent years there has been emerging evidence that RAS proteins form homodimers. These
homodimers may be required for mutant KRAS-driven tumorigenesis. It is postulated that KRAS
homodimers may be transient and weak. Previous studies have relied on fluorescence based assays,
or utilized recombinant proteins in order to interrogate RAS homodimers®*!. However, it is
unknown if RAS proteins can form heterodimers with other RAS proteins.

As previously stated, KRAS homodimers require the CAAX domain to activate MAPK.
Wildtype but not SAAX mutant KRAS chimeras containing an artificial dimerization domain
could be dimerized upon treatment with the dimerizing agent, AP201874!. However, SAAX
mutants did not localize to the plasma membrane and MAPK was not activated. Photoactivated
light microscopy demonstrated that the hypervariable region (HVR) stabilizes KRAS oligomers*2.
The HVR enhances the concentration of KRAS monomers at the plasma membrane increasing the
likelihood of homodimers. KRAS homodimers activate MAPK signaling, as measured by ERK
phosphorylation*!. It’s been demonstrated that KRAS homodimers do not depend on GTP or GDP.
The ability to form homodimers is a shared property of KRAS-GDP and KRAS-GTP*:%,

An antibody, NS1, has been created which can selectively bind to HRAS and KRAS but
not NRAS* The NS1 antibody does not block SOS mediated exchange, and it disrupts RAS
homodimers and downstream RAF activation. As the G-domain is conserved in RAS proteins, it
is speculated that the dimer conformation is conserved across Ras family members. The a4- a5
dimer interface is present in KRASY"2P structure (PDB: 4EPR). This interface overlaps residues
identified by NRAS dimer molecular modeling. Important residues at the interface of the NRAS

homodimer are R135, D154, and R161%%. Residue D154 has been demonstrated to be a critical
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residue in KRAS homodimers, forming an electrostatic bond with R161 on corresponding KRAS
molecule®. Similarly, residue R161 is proposed as an important residue in NRAS dimerization
because of electrostatic interactions®’. This strengthens the possibility for KRAS and NRAS to
form heterodimers, with effects on RAS signaling. The dimer interface described is distinct from
that used to bind GAPs and GEFs.

Ambrogio et al, utilized fluorescence resonance energy transfer (FRET) to detect KRAS
homodimers®. When CFP-KRAS and YFP-KRAS bind there is an increase in relative CFP
fluorescence signal if the two KRAS monomers are in proximity. This output was used to validate
KRASWT-KRASWYT homodimers and KRASCY?V-KRASS'?V human cells. Furthermore, these
KRASMUT_.KRASMUT homodimers are required for mutant KRAS tumorigenesis. By analyzing the
structure of KRAS it was predicted that residue D154 was required for KRAS homodimers. D154
forms a salt bridge with residue R161 on the second RAS monomer. Introducing a D154Q
mutation abrogates the ability of KRASY?, and oncogenic KRASS!2V, to form homodimers. When
the KRASS!12V-KRASS!2Y homodimers were abrogated in vivo, there was a significant reduction
in tumor progression as evident by a reduction in tumor volume. Additionally, there was a decrease
in proliferation, measured by Ki67 staining, and MAPK activation, measured by ERK
phosphorylation.

It has been observed for many years that wildtype KRAS impedes the tumorigenesis driven
by its mutant counterpart®. Indeed, wildtype KRAS is lost in patient samples harboring KRAS
mutations®. It is postulated that homodimers may explain the phenomenon of wildtype KRAS
attenuating KRAS-mutant lung cancer progression and raises the exciting possibility of blocking

KRAS dimer formation for therapeutic benefit®*!.
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Two studies investigated the role of NRAS in KRAS-driven lung adenocarcinoma. As
discussed above, one study found that there was an increase in tumors found in KRASY!?Y mutant
mice deficient for NRAS®; conversely, another study found an inverse functional relationship for
the role of NRAS in mutant KRAS mice!. These studies indicate that there is a functional role for
NRAS in progression of mutant KRAS-driven cancer. However, additional studies are necessary
to elucidate whether wildtype NRAS behaves like wildtype KRAS and has an inhibitory role in
mutant KRAS lung adenocarcinoma progression, or the inverse effect.

While there is emerging evidence of RAS dimers, this remains controversial in the field.
There are limitations to the current studies of KRAS homodimers. The fluorescence-based assays,
fluorescence resonance energy transfer (FRET) and PALM rely on proximity as a read out for
KRAS homodimers®*!'. No direct binding assay has yet been able to detect RAS homodimers, and
no crystal structure has yet been resolved for RAS homodimers. Much more remains to be explored
and illuminated about RAS dimers, as it is currently unknown if RAS proteins have the ability to
form heterodimers.

Given the challenge in targeting KRAS for effective therapeutics, and that much is still
unknown about RIT1 biology, proteomic analysis was performed to define the similarities and
differences between RIT1- and KRAS-driven signaling in lung adenocarcinoma. Additionally,
mass spectrometry was performed in order to investigate RIT1- and KRAS interacting proteins.
The Berger lab performed mass spectrometry and proteomic profiling and this preliminary data
was used as the foundation of my thesis research project. This goal of this study was to define
KRAS and RIT1 signaling pathways and elucidate KRAS interactors for therapeutic opportunities.

Overexpressing mutant KRAS (G12V or Q61H) in AALE cells has the ability to transform

the cells from immortalized tracheal epithelial cells to a cancer phenotype; similar to KRAS, over-
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expressing RIT1 transforms epithelial cells®. It has been previously demonstrated that RIT 1M
and other oncogenic RIT1 mutations can transform NIH3T3 cells in vitro and in vivo®. However,
it was unknown if oncogenic RIT1 can transform human immortalized epithelial cells, AALE cells.
Therefore, the following constructs were stably overexpressed in immortalized tracheo-bronchial
epithelial (AALE) cell background: Renilla (control), Flag-KRASWT, Flag-KRASY!?V, Flag-
KRASQMH Flag-RITIWT, Flag-RITIM (Figure 2.1A). As expected, based upon rodent models,
overexpressing RITIM and KRASY!2V in AALE cells induced cellular transformation to enable

AALE cells to form soft agar colonies (Figure 2.1B).
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Figure 2.1. Expression of wildtype and mutant RIT1 and KRAS in AALE epithelial cells

Western blot of AALE cell lines over-expressing: Flag-KRASWT, Flag-KRASC!2V,
Flag-KRASQMH, Flag-RIT1WVY, or Flag-RIT1M%! B. Soft agar colony formation assay
of transformed AALE cells. (All data provided by Dr. Alice Berger)
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In order to identify the signaling networks modulated by mutant RIT1 and mutant KRAS

in lung cancer, each variant was expressed in AALE cells and subjected to global proteome and
phosphoproteome profiling by liquid chromatography mass spectrometry (LC-MS/MS). Initially
lysates were subject to trypsin digestion. Then peptides were labeled with tandem mass tag (TMT)
reagents in two overlapping 10-plex sets for relative quantification of proteome and
phosphopeptides (Figure 2.2). After reverse phase chromatography, LC-MS/MS was directly
performed, or fractions were enriched for phosphopeptides by immobilized metal affinity
chromatography (IMAC) followed by LC-MS/MS. 10,131 proteins were identified, with 9002
detected and quantified in every sample; 29,140 phosphopeptides were identified, corresponding

to 12,325 identified in every sample.
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Figure 2.2. Workflow of LC-MS/MS to identify RIT1 and KRAS specific signaling.

Global phospho- and total proteomic profiling identify KRAS and RIT1-
specific signaling significantly modulated by over-expressing wildtype
and mutant KRAS and RIT1 in AALE human cell lines. TMT labeling,
and protein enrichment were followed by LC-MS/Mass Spectrometry.
(Courtesy of Alice Berger, Proteomic analysis performed by the
Proteomics Core at the Broad Institute)
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The novelty of this approach is that this is an unbiased study to interrogate RIT1 signaling.

As opposed to previous studies, this assay does not rely upon the homology to RAS proteins to
inform potential effector proteins. Protein profiling can be used to determine the similarities and
differences of RIT1 and KRAS specific signaling in epithelial cells. Additionally, I interrogated if
RAS proteins can form heterodimers. Specifically, I will investigate if KRAS and NRAS have the

ability to form heterodimers with direct binding assays.

2.2  RESULTS

Using IP/MS data generated by the Berger lab my bioinformatic analysis suggests that
NRAS may be a putative binding partner, and physically interact with KRAS in AALE epithelial
cells (Figure 2.3A). As a preliminary validation of the dataset, a KRAS peptide was enriched, as

would be expected with Flag-KRASYT pulldown.
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Figure 2.3. Global proteomic profiling data reveals NRAS as a KRAS interactor.

A) IP/MS data indicated that a NRAS interacted with KRAS in the
KRASWT overexpression in AALE (immortalized trachea-bronchial
epithelial) cells. Phospho-proteomic data revealed NRAS phosphorylation
at residue Serine 136 was increased as a result of wildtype KRAS over-
expression in vitro. A) and B) Normalized to Renilla control. C) Unique
NRAS peptide identified in wildtype LC-MS/MS mass spectrometry.
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As previously stated, RAS proteins have ~80% significant homology!!. Beneficially, upon
Flag-KRASWYT pulldown, there was enrichment for a unique peptide that mapped specifically to
NRAS but not to KRAS or HRAS (Figure 2.3B). NRAS contains a Serine at residue S87 instead
of a threonine, enabling specific identification of NRAS in the immunoprecipitated proteins. This
indicates a putative KRAS-NRAS complex in human lung epithelial cells. It should also be noted
that other peptides were identified that could map to either NRAS or KRAS. Additional phospho-
proteomic analysis in the same cell line revealed NRAS phosphorylation at residue Serine 136 was
increased as a result of wildtype KRAS over-expression (Figure 2.3C). Phosphorylation of S136
is a previously uncharacterized NRAS phosphorylation site.

Stomatin (STOM) and Caveolinl (Cavl) were identified as potential KRAS binding
partners, in addition to NRAS (Figure 2.3A). Both STOM and Cavl both undergo farnesyl
modification, which anchors the protein into the plasma membrane; both STOM and Cav1 contain
a polybasic stretch of amino acids’*’>. STOM is an integral membrane protein, and has been
previously demonstrated to form homodimers’>-’®. The detection of these additional proteins which
localize to the plasma membrane further raises the possibility that KRAS may interact with these
proteins in lung epithelial cells.

Based upon the possible interaction of NRAS and KRAS, I hypothesized that like wildtype
KRAS, wildtype NRAS might inhibit the progression of mutant lung adenocarcinoma. If so, we
would expect there to be a selection against NRAS expression in KRAS-mutant lung tumors. To
understand whether human tumors undergo selection for loss of NRAS expression, we analyzed
gene expression and mutation data from The Cancer Genome Atlas project?. Data indicates that

NRAS mRNA expression was modestly lower, yet statistically significant, in KRAS-mutant lung
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adenocarcinomas compared to KRAS wildtype tumors (Figure 2.4). This is similar to the

observation that wildtype KRAS is lost in human patients®.
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Figure 2.4. NRAS mRNA expression is downregulated in KRAS-mutant lung
adenocarcinoma.
Analysis of TCGA data reveals NRAS mRNA expression is decreased in
KRAS-mutant human lung adenocarcinoma samples (TCGA data form
cBioPortal)
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Summary of SEC with human recombinant proteins

Size exclusion chromatography (SEC) was performed to investigate the ability of KRAS and
NRAS to physically heterodimerize. By using size exclusion chromatography, I have been able to
resolve RAS monomeric fractions of his-RAS recombinant proteins. Expression plasmids
containing human recombinant proteins of the catalytic G-domains (residue 1-167) of KRAS and
NRAS with N-terminal his-tag were synthesized. Initially, the buffer was loaded with GDP. Initial
expression and purification were successful and yielded his-KRASWT and his-NRASY!. His-
tagged KRAS successfully purified as a monomer. Unfortunately, GDP bound his-NRAS did not

elute from the SEC column as a stable monomer (Figure 2.5A-E).
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Figure 2.5. Size exclusion chromatography of his-KRASY! and his-NRASWT human

recombinant proteins.

A) Size exclusion chromatograph of human recombinant his-KRASYT. B) Size
exclusion chromatograph of human recombinant his-NRASWT. C) Size exclusion
chromatograph of his-NRASYT monomeric fraction from (B). D) Size exclusion
chromatograph of human recombinant his-KRASWT plus his- NRASYT. E) Overlay of
graphs A, B, and D.
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His-tagged NRASWT eluted from the SEC column at two molecular weights. Rerunning
the higher molecular weight over the SEC column yielded fractions with the same profile as the
initial run at a lower, diluted, amplitude (Figure 2.5B). This indicates that his-NRAS recombinant
protein was in dynamic equilibrium between monomeric and dimeric fraction. Unfortunately, since
his-NRAS did not resolve as a monomer, the SEC assay was unable to distinguish between a
NRAS homodimer and a putative KRAS-NRAS heterodimer (Figure 2.5E).

In order to overcome this challenge, I cloned the human recombinant RAS proteins to have
a tag with a larger molecular weight, to allow for resolution during size exclusion chromatography.
The MBP tag is approximately 41kDa. MBP-RAS recombinant proteins which express and
fractionate at higher molecular weights than his-RAS proteins, ~63kDa compared to ~22kDa
respectively. MBP-RASWT recombinant proteins were successfully expressed and purified (Figure
2.6).

After purification, MBP-KRASWT fractionates at the expected molecular weight (Figure
2.7A-B). The peak at molecular weight over the 670 standards is a higher order oligomer as

indicated by the SDS-PAGE gel (Figure 2.7C).
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Figure 2.6. Expression of MBP-KRASWT human recombinant protein.

SDS-PAGE gel of samples taken during the purification process of
human recombinant MBP-KRASYT protein. Expected size ~63kDa.
{L=lysate; CL=cleared lysate; FT= flow through; W= wash; E=
elution}
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In future studies, I anticipate the ability to resolve RAS homodimers from putative RAS
heterodimers, by combining a his-RAS protein with the appropriate MBP-Ras protein; future
experiments would combine MBP-NRASYT with his-KRASWY!, or MBP-KRASY! with his-
NRASWYT, In order to perform SEC, it is imperative to have a purified protein of both MBP-
NRASWYT and his-KRASYT of high quality. Unfortunately, while repeating the expression and

purification process his-KRASWT

was not visible in the elution lanes (Data not shown). After
purification, the SDS-PAGE gel for his-KRASYT depicted a protein at the expected size washing
off the column prior to the elution step, indicating a weak interaction. Therefore, it was concluded
that the protein expressed was not his-KRASWT,

Additionally, the protocol for human recombinant his-RAS protein expression needs to be
optimized in order to consistently observe the protein robustly expressed after IPTG induction,

and during the elution step in the purification process. An alternative approach would be to utilize

a yeast surface expression vector to interrogate if the G-domains of KRAS and NRAS can bind.
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Figure 2.7. Human recombinant MBP-RAS expresses and is stable.

A) Size exclusion chromatography of MBP-KRASY! bound to non-
hydrolyzable GTP. B) Closer view of (A). C) SDS-PAGE gel of MBP-
KRASWT fractions, labeled in (B). Expected size of MBP-KRASWT is
~63Da.
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Summary of Co-Immunoprecipitation in human cells

As an alternative approach to validate the physical interaction of KRAS and NRAS, I performed
co-immunoprecipitation assays in HEK293 cells. The purpose of this assay was to determine if
KRAS and NRAS physically interact in human cells.

A Western blot was performed for in HEK293 cells for Flag and V5; Vinculin was the
loading control. Using total cell lysate, I was able to confirm expression of Flag-KRAS, at the
expected size of ~21kDa (Figure 2.8A). The Flag antibody was used for immunoprecipitation to
pulldown Flag-KRASWT; T was able to confirm that the Flag expression was enriched in the
samples containing Flag-KRASYT after Flag immunoprecipitation.

Whole cell lysate confirmed correct expression of V5-NRASWT at the expected size of
~25kDa (Figure 2.8B). There was a band at the expected size of 25kDa in the Flag-KRASYT and
V5-NRASYT, However, this result was challenged by an observable band in the
immunoprecipitation negative control lanes, lacking V5-NRASW!, indicating the problem of
significant cross-reactivity between Flag and V5 antibodies Therefore, I concluded that co-
immunoprecipitation was not able to confirm the physical interaction of KRASWT and NRASWT
in HEK cells.

Given the proposed transient and perhaps weak nature of Ras dimers in general®*!, it is
unknown if co-immunoprecipitation would be able to detect KRAS homodimers. In order to
determine if co-immunoprecipitation could be used to interrogate KRAS homodimers, I
transfected Flag-KRASWYT and V5-KRASYT in HEK293 cells. Successful expression of Flag-
KRASWT and V5-KRASWYT was determined by Western blot with whole cell lysate (Figure 2.8A-
B). After Flag immunoprecipitation, Flag expression was enriched in the samples containing Flag-

KRASWI,
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Figure 2.8. Co-immunoprecipitation results investigating putative KRAS/NRAS heterodimers

A) Immunoprecipitation results of Flag-KRASWT plus V5-NRASWT. Western blot
with Flag antibody after Flag immunoprecipitation. 1000ug of whole cell lysate was
loaded for Flag immunoprecipitation. B) Co-immunoprecipitation results of Flag-
KRASYT plus V5-NRASWT, Western blot with V5 antibody after Flag
immunoprecipitation. 1000ug of whole cell lysate was loaded for Flag
immunoprecipitation. (*) symbol indicates the negative control lane.
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Figure 2.9. Co-immunoprecipitation results to detect KRAS homodimers.

A) Immunoprecipitation results of Flag-KRASWT plus V5-KRASYT. Western
blot with Flag antibody after Flag immunoprecipitation. 1000ug of whole cell
lysate was loaded for Flag immunoprecipitation. B) Co-immunoprecipitation
results of Flag-KRASYT plus V5-KRASYT, Western blot with V35 antibody after
Flag immunoprecipitation. 1000ug of whole cell lysate was loaded for Flag
immunoprecipitation. (*) symbol indicates the negative control lane.
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Despite the technical issues, there was no band at the expected size of V5-KRASWT (25kDa) in the

Flag-KRASWYT and V5-KRASWT lane (Figure 2.9B). Again, the problem of non-specific binding
and cross-reactivity was observed as indicated by bands in the negative control lanes. Therefore, I
concluded that co-immunoprecipitation as performed cannot detect KRAS homodimers in
HEK293 cells.

These results do not negate the possibility that the endogenous NRAS may be able to form
a complex with KRAS in human epithelial cells. This study utilized V5 tagged NRAS which did
not replicate the design of the experiment which produced the preliminary data. In the original
mass spectrometry data, endogenous NRAS was detected as a putative KRAS interacting protein
upon pulldown with Flag-KRASWT. Additionally, in the future, buffer composition may be
optimized based upon literature. Previous literature could also inform a positive control, which
have previously been used for KRAS co-immunoprecipitation to validate the buffer composition,
and the immunoprecipitation protocol. For example, OTUBI, a de-ubiquitinase, was confirmed by
co-immunoprecipitation as a KRAS binding protein in HEK cells”’. Additionally, this assay cannot
rule out a tissue specific putative KRAS-NRAS heterodimer. Therefore, this assay could be
repeated in AALE cells with a subsequent Western blot for endogenous NRAS. This setup will
more closely replicate the preliminary data that collected the IP/MS and proteomics, which was
the foundation for this research project.

A549 cells are human lung adenocarcinoma cells that harbor a G12S mutation’. NRAS
was knocked down in A549 cells with shRNA targeted to NRAS. Lentiviral sShRNA plasmids were
purchased from SIGMA to target NRAS. A Western blot for NRAS was used to verify a decrease
in NRAS protein abundance after treatment with shRNA targeting NRAS (Figure 2.10A).

Additionally, Western blot confirmed the expression of V5-NRASWT.
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Figure 2.10. Reduced NRAS expression decreases proliferation in mutant KRAS lung
adenocarcinoma cells.

A) Western blot to determine the expression of endogenous NRAS and V5-
NRASWT, B) Proliferation assay of A549 cells after a decrease in NRAS
expression by shRNA. Cells were seeded at 5x10° and counted after 13 days.
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NRAS shRNA-2 produced a more effective knockdown of NRAS protein expression than NRAS

shRNA-5. I hypothesized that NRAS may function similar to wildtype KRAS in mutant KRAS-
driven lung adenocarcinoma. As a result, NRAS knockdown would cause an increase in A549
cells. However, cells with NRAS knockdown had a decrease in proliferation (Figure2.10B).
Additionally, ectopic expression of V5-NRASYT indicated the opposite effect and increased the
proliferation of A549 lung cancer cells. Future studies are necessary to further elucidate the role

of wildtype NRAS in mutant KRAS-driven lung adenocarcinoma.

2.3 DISCUSSION

It is unknown if KRAS forms heterodimers with different RAS family members, and if this
potential RAS/RAS heterodimer presents an opportunity for targeted therapeutics. Abrogating
dimers may inhibit KRAS function in lung cancer patients harboring KRAS-mutations. Future
studies could explore the possibility of RAS heterodimers. The majority of RAS studies have
focused upon how RAS proteins function at the plasma membrane, however additional studies
could focus on the functional effects of RAS proteins at endomembranes, like mitochondrial
membranes.

Preliminary LC-MS/MS data identified NRAS as a putative KRAS binding partner. This
study utilized biochemical and genetic systems to investigate the occurrence and role of putative
KRAS/NRAS heterodimers in lung adenocarcinoma. The purpose of the study was to determine
if the functional consequences of KRAS and NRAS heterodimerization is activating or inhibitory
in lung cancer.

One of the challenges with proteomic profiling is that the lysates are subject to digestion
and fragmented into peptides prior to LC-MS/MS detection and quantification. LC-MS/MS entails

that the peptides are mapped back to specific proteins. The challenge is distinguishing proteins
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with extensive sequence homology as there must be at least one unique peptide that specifically
maps to only one protein. A technical challenge with performing immunoprecipitations with
endogenous NRAS is the availability of an NRAS specific antibody. For example, the only NRAS-
specific antibody identified in a study by NIH RAS Initiative study, was discontinued during this
research project. The strength of proteomic profiling is the view of the global changes which occur.

Human recombinant proteins were expressed to perform size exclusion chromatography.
Size exclusion chromatography was able to resolve stable his-tagged KRAS monomers.
Unfortunately, his-tagged NRAS recombinant proteins were in dynamic equilibrium between
dimers and monomeric fractions. A challenge with using size exclusion chromatography to resolve
putative RAS heterodimers is that RAS proteins are the same molecular weight. Therefore, in order
to confirm RAS heterodimers, the RAS proteins need to be tagged with epitopes which produce
RAS proteins at sizes able to be resolved by size exclusion chromatography. Therefore, as
conducted, this study was unable to distinguish between NRAS homodimers and a putative
heterodimer. In the future, adding an MBP tag to one RAS protein would allow for better resolution
between a RAS homodimer and a putative RAS heterodimer. Future work is needed to optimize
the expression of recombinant RAS proteins to continue with this study.

Another challenge with using recombinant proteins to investigate RAS heterodimers is that
KRAS/NRAS heterodimers may require additional proteins or factors, which size exclusion
chromatography assay lacks. To overcome this challenge, 1 elected to perform
immunoprecipitation. However, RAS homodimers have not been detected by co-
immunoprecipitation and the proposed transient, and weak nature of RAS homodimers in general
may present a challenge to using co-immunoprecipitation to detect RAS dimers®*!. Therefore,

additional studies are necessary to detect physical interaction of KRAS with NRAS human cells.
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More studies are necessary to confirm the observations that loss of NRAS causes a decrease
in proliferation of mutant KRAS lung adenocarcinoma cells. Perhaps there is a threshold to the
levels of NRAS where it exerts this effect. In the previous studies the increase in lung tumors was
observed in NRAS-/- mice; however, the decrease in proliferation of colon cancer cells was a result
of NRAS knockdown with shRNA. In the future, CRISPR could be used to produce a complete
NRAS knockdown in A459 cells and additional other human lung adenocarcinoma cell lines.

The role of KRAS homodimers in driving KRAS-mutant lung adenocarcinoma has recently
been discovered, but whether RAS proteins form heterodimers is unknown. Disrupting dimers can
present a synthetic opportunity for previously ineffective therapeutics in RAS-driven cancers.
Therefore, it is important to understand if RAS proteins heterodimerize, because it may present an
opportunity for targeted therapeutics to become effective in ~30% of human tumors associated

with RAS mutations.
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Chapter 3. CHARACTERIZING THE RIT1- AND KRAS-

REGULATED PROTEOME IN LUNG
ADENOCARCINOMA

3.1 INTRODUCTION

RIT1 (RAS-like in all tissues) is a small GTPase in the RAS superfamily and contains
similar features to the canonical RAS family members (ie. K-, H-, and N-RAS)*#°, Similar to
most RAS proteins, RIT1 is ubiquitously expressed*®. Novel RIT1 mutations were identified in
patients with Noonan Syndrome. Noonan syndrome RIT1 mutations occur throughout the protein
in the G1, switch I and switch II domains; the location of RIT1 mutation in Noonan syndrome
contrast the location of mutations in HRAS found in Costello syndrome, which occur at residues
G12, and G13 in the G1 domain’’-*%, Additionally, RIT1 mutations have the ability to transform

cells to harbor a cancer phenotype®>%. It was recently described that RIT 1M

mutations disrupt
the physical interaction between RIT1 and LZTR1. LZTRI is a ubiquitin conjugating enzyme.
RITIM! mutants are unable to interact with LZTR1, causing RIT1 overexpression and increased
downstream RAF/MEK signaling®.

As previously stated, RIT1 contains a conserved G2 domain and effector region that are
distinct from the RAS family*®#°. The similar effector region to the RAS family suggests similar
effectors. Yet the distinctions indicate that there are possibly unique effectors for RIT distinct from
the RAS effectors. Comparing the proteomic profiles of RIT1 and KRAS proteomic profiles can
elucidate the previously unknown downstream effects of RIT1 activation. The goal of this study
was to use global proteomic profiling to determine the similarities and differences of Noonan

syndrome and oncogenic RIT1 specific signaling, compared to oncogenic KRAS specific signaling

in AALE, immortalized lung epithelial cells.



55

Previous studies have traditionally relied upon the homology between KRAS and RIT1 to
study candidate signaling pathways. Given that a lot remains unknown about RIT1 biology, we
elected to perform proteomic analysis to define RIT1 signaling pathways for therapeutic
opportunities. We believe this is the first unbiased mapping of downstream RIT1 regulated

signaling.

3.2 RESULTS

The canonical RAS signaling is downstream to the RAF/MEK/ERK cascade!?. RIT1 also
binds to C-RAF, inducing transcription of ERK target genes®’. In order to determine if the
downstream signaling cascade is regulated in the same way the following analysis was performed
on AALE cells stably expressing the following: wildtype RIT1 or KRAS, RITIM KRASC!12Y,
KRASQH — Mutant KRASS!?V, KRASH —and mutant RITIM®®' all enhanced ERK
phosphorylation relative to their wildtype counterpart (Figure 1.2). However, wildtype RIT1 also
increased ERK phosphorylation, but wildtype KRAS suppressed ERK phosphorylation.

Proteome and phosphoproteome analysis revealed that the RIT1 mutant is very similar, yet

distinct from the KRAS mutants. Proteome and phosphoproteome data from RIT1M%%!

-expressing
cells were highly correlated with KRASS!?Y and KRASQ!™ profiles (r = 0.70-0.80 and 0.72-0.75
for proteome and phosphoproteome, respectively; Figure 3.1A). The high degree of correlation
suggests that mutant RIT1M?! and KRAS mutants may have similar downstream consequences.
As expected, KRASY!2Y and KRASQ!H proteomes and phosphoproteomes were highly correlated
(proteome r = 0.85 and phosphoproteome r = 0.79). KRAS®!?Y and KRAS?! mutants are more
similar to each other than to than to the RIT1M%"! mutant. In contrast, the wildtype KRAS profile

was the least correlated and most divergent of all the profiles. The wildtype KRAS downstream

signaling profile is very different than the KRAS-mutant profiles or RIT1 profiles. However,
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wildtype RIT1 more closely resembles the RITIM! profile than the wildtype KRAS resembles

the mutant KRAS profiles (Figure 3.1A). A difference between KRAS and RIT1 is that over-
expression of wildtype RIT1 can activate downstream oncogenic pathways, but over-expressing
wildtype KRAS does not.

Certain proteins that were identified to be significantly modulated in LC-MS/MS proteome
profiling were validated by Western blot. In LC-MS/MS data, FOSL1 had higher expression in
mutant RITIM KRASC!2V and KRASQH cells compared to the wildtype or vector controls
(Figure 3.1B). Western blots using independently derived AALE cell lines upheld a greater
expression of FOSL1 in mutant cells compared to wildtype or vector controls. Additionally, LC-
MS/MS identified TXNIP was one of top down-regulated proteins (Figure 3.1C). As expected,
Western blot also confirmed a down-regulation of TXNIP expression in independently derived
AALE cells. This demonstrates that protein expression changes identified by LC-MS/MS can be
biochemically validated. Additionally, it demonstrates RITIM! may share a similar RAS-

regulated mechanism to regulate FOSL1 and TXNIP.
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Figure 3.1. Proteomic profiling identifies global differences in RIT1 and KRAS mutants as
determined by LC-MS/MS can be validated by Western blot.

A) Correlation heatmap showing correlations of RIT1 and KRAS proteome and
phosphoproteome. Pearson and Spearman correlations of each proteome and
phoshoproteome replicate to every other replicate. Phosphorylation sites were
collapsed to the protein level by taking the median of all phosphorylation sites for each
protein (Analysis performed by Alice Berger). B) LFC of FOSL1 and TXNIP as
determined by LC-MS/MS and validated by Western blot. (Western blots for TXNIP
and FOSLI1 performed by Sitapriya Moorthi). C) LFC oF TXNIP as determined by
LC-MS/MS and validated by Western blot (Western blots for TXNIP and FOSL1
performed by Sitapriya Moorthi).
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KRAS and RIT1 mutants regulate EMT hallmark genes

Gene set overlap using MSigDB Hallmark pathway gene sets was performed. Analysis
determines EMT is amongst the most differentially up-regulated gene sets in

KRASSCI2V/KRASQMH and RITWT/RIT1M! cell lines (Figure 3.2).
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Figure 3.2. Gene set overlap analysis identifies epithelial-to-mesenchymal genes as a key

signaling pathway in RIT1 and KRAS mutants.

Gene set overlap analysis of up-regulated (LFC >2) and down-regulated (LFC < -2)
proteins using MutSigDB. “K” is the average of KRASS!2Y/KRASH cells; “R” is the
average of RITIM*/RIT1WT, Circle size corresponds to the p-value as determined by
MutSigDB. (Analysis performed by Alice Berger).
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Previous literature has established that oncogenic KRAS promotes EMT?. The epithelial-

to-mesenchymal transition is the process by which epithelial cells acquire mesenchymal
properties, such as motility. Diverse signaling maintains the epithelial-to-mesenchymal transition.
Analysis of the top10 genes up-regulated in EMT Hallmark gene set identifies many canonical
markers of a mesenchymal transition (Figure 3.3A). Vimentin, N-Cadherin, and Fibronectinl are
canonical markers of mesenchymal cells; expression of these key mesenchymal genes in epithelial
cells indicates an epithelial to mesenchymal transition®®. Both KRASS!2V, KRASQH and
RIT1M% are capable of upregulating key EMT markers: Vimentin, N-Cadherin, and Fibronectinl

(Figure 3.3B-D).
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Figure 3.3. RIT 1M drives an epithelial-to-mesenchymal transition similar to KRAS mutants.

A) Heat map of the top ten up-regulated hallmark EMT proteins. Hallmark EMT
proteins were identified from MutSig database. B) Log: fold change (LFC) of
Vimentin as determined by LC-MS/MS (top) and validated by Western blot.
Vimentin expression relative to control (luciferase-expressing AALE). (Western
blots for Vimentin performed by Sitapriya Moorthi). C-G) LFC abundance of EMT
marker genes, relative to control. H) LFC abundance of LAMC?2 protein, relative to
control.
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Keratin19, is expressed in epithelial cells®!. Keratin19 is down-regulated by mutants KRASS!2Y,
KRASQMH and RIT1M?! (Figure 3.3E). The canonical EMT transcription factors Snail (SNA1)
and Slug (SNA2) were not detected in the proteome analysis and may be expressed in quantities
too small for detection. To my knowledge this is the first time it has been demonstrated that RIT1
promotes EMT in any cell type.

The proteomic profiling revealed other genes associated with EMT to also be modulated.
E-cadherin is a marker of the epithelial cells and was shown to be down-regulated in the mutant
RITIM! and mutant KRAS-mutant cells (Figure 3.3F). However, the down-regulation of E-
cadherin protein abundance had a fold change less extreme than the up-regulation of key
mesenchymal markers. Zeb2 protein abundance exhibited a unique pattern to the other EMT genes
(Figure 3.3G). In previous studies, Laminin y2 (LAMC2) was found to be up-regulated in lung
adenocarcinoma metastatic cells, and expression of LAMC2 was found to be highly correlated
with vimentin expression®?2. LAMC2 was upregulated in mutant KRAS and mutant RIT 1ML
expressing cells (Figure 3.3H). Wildtype RIT1 phenocopied mutant RIT1M?! and mutant KRAS
rather than wildtype KRAS. This is another instance of when the functional effects of wildtype
RIT1 signaling diverges from wildtype KRAS signaling.

Oncogenic KRAS and RIT1 suppress MHC class I

Major histocompatibility complex (MHC) proteins were among the most suppressed
proteins by mutant KRAS and RIT1IM! cells. Class I MHC proteins HLA-A, HLA-B, HLA-C,
and HLA-F were dramatically down-regulated by KRASY!12Y, KRASQH and RITIM (Figure
3.4A-C). Observing the total protcome of KRASY!?Y and KRASQM reveals a striking down-

regulation of the group of HLA proteins (Figure 3.4D-E).
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Figure 3.4. HLA proteins are down-regulated by RITM90I and KRAS mutants.

A) Heatmap of HLA protein abundance in each global proteome replicate.as
determined by LC-MS/MS. B) LFC of HLA-A protein abundance, relative to
control. C) Rank plot of all protein abundance changes in KRASC!2V cells.
D) Total proteome of KRASY!'?V, normalized to control. HLA proteins and
Vimentin labeled. E) Total proteome of KRAS?H, normalized to control.
HLA proteins and Vimentin labeled.
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There is increasing interest in understanding the role of the immune system in cancer
evolution. Supporting that notion, it is important to understand how HLA expression modulates
metastatic KRAS-mutant lung adenocarcinoma.

B2M is another MHC class complex protein, whose expression loss is associated with
resistance to immunotherapy®. Similar to HLA proteins, a dramatic loss of B2M expression was
observed in KRASC!2V, KRASQH  and RITIM! mutant cells (Figure 3.5A-B). In order to
determine if this B2M down-regulation is observed in patient samples, I analyzed gene expression
and mutation data from The Cancer Genome Atlas project?. Data indicates that B2M mRNA
expression was modestly lower, yet statistically significant, in KRAS-mutant lung
adenocarcinomas compared to KRAS wildtype tumors (Figure 3.5C). This is consistent with human
tumors selecting for loss of B2M expression, but additional functional data is needed.

Other proteins with a similar expression patter to the HLA proteins may inform a possible
mechanism of HLA suppression. Another protein with a similar expression pattern to the HLA
proteins is PSMB9 (Figure 3.5D). PSMB9 (also known as LMP2) is a proteasome subunit. Loss
of PSMB9 correlated with loss of HLA expression (Figure 3.5E). It has been previously
demonstrated that a decrease of PSMB9 expression linked to a decrease of MHC proteins after
oncogenic transformation®*. Additional work is necessary to elucidate the mechanism of mutant

RITIM! and mutant KRAS-driven suppression of MHC class I proteins.
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Figure 3.5. Class I MHC complex proteins correlate with HLA protein expression.

A) LFC of B2M protein abundance as determined by LC-MS/MS,
relative to control. B) LFC of PSMB9 protein abundance as determined
by LC-MS/MS, relative to control. C) LFC of IRF2 protein abundance as
determined by LC-MS/MS, relative to control. D) Correlation of protein
levels for B2M and HLA-A across each cell line. E) Correlation of
protein levels for PSMB9 and HLA-A across each cell line. F)
Correlation of protein levels for IRF2 and HLA-A across each cell line.
G) Analysis of TCGA data reveals B2M mRNA expression is increased
in KRAS-mutant human lung adenocarcinoma samples (TCGA data form
cBioPortal)
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It is challenging to explain the mechanism underlying the changes in HLA protein
abundance. There observed changes in IRF2 protein abundance does not correlate with changes in
HLA protein abundance across (Figure 3.5F-G) was there a difference which correlated between
IRF2 and HLA-A protein abundance. Additionally, there were no transcriptional differences in

upstream regulators of MHC class I, NLRCS5 and IRF1(3.6A-B).
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Figure 3.6. Understanding loss of class I MHC complex

A) Correlation for NCLR5 RNA levels and HLA-A protein abundance
across each cell line (Transcription analysis performed by April Lo). B)
Correlation for /RF'1 RNA and HLA-A protein abundance across each
cell line (Transcription analysis performed by April Lo). C) LFC of
TAP1 protein abundance as determined by LC-MS/MS, relative to
control. D) Correlation of protein levels for PSMB9 and TAP1 protein
abundance across each cell line
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It was concluded that the down-regulation of HLA proteins is not an artifact of lentiviral
transduction as the RIT1WT cells maintained or increased HLA expression relative to the vector
control (Figure 3.4A).

TAP1 has a similar expression pattern to the HLA proteins (Figure 3.6C). Loss of TAP1
correlates with loss of PSMBO protein abundance (Figure 3.6D). PSMB9 and TAP1 are located
adjacent on chromosome 6%°. Perhaps the mechanism is that the entire region is being down-
regulated. Future work is necessary to understand the mechanism underlying the observed loss of
HLA protein abundance.

Phosphoproteome profiling identifies differences and similarities in RIT1 and KRAS
signaling

By identifying proteins with differential phosphorylation between KRARS!?V/KRASQ6!H
and RITIM divergent RIT1 and KRAS functions can be identified. Gene set enrichment analysis
filtered for key RAS signatures, illustrates that the expected pathways were up-regulated in mutant
KRAS and RIT1M? cell lines (Figure 3.7A). It is interesting that wildtype KRAS cells down-
regulated key RAS signature pathways. This again supports the notion that wildtype KRAS has an
inhibitory role in KRAS tumorigenesis. KRAS is downstream of EGFR. Interestingly, EGFR
phosphorylation was significantly modulated by KRAS mutants but not RTTIM! (Figure 3.7B).

EGEFR total protein abundance was increased in KRAS mutant samples.
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Figure 3.7. LFC of EGFR phosphorylation sites in RIT I-mutant versus KRAS-mutant cells.

A) Gene Set Enrichment Analysis (GSEA) identified pathways significantly
modulated by RIT1 or KRAS mutations. B) Differential EGFR phosphorylation
D) USO linear correlation of S-48 phosphorylation and KRAS expression
(Analysis performed by Alice Berger)
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The following EGFR phosphorylation sites were significantly depleted in KRASY!?V and

KRASQH cells, but not RIT1M?1: S991, S991/T993 double phosphorylation, S1026, S1039,
T1041/S1045 double phosphorylation. It is unknown the mechanism of the depletion of EGFR
phosphorylation at these specific sites. Future work could elucidate the feedback signaling
between EGFR and KRAS.

Another protein which exhibited differential phosphorylation between RIT1 and KRAS
expressing cells was USO1 phosphorylation at residue S48. There was significantly more
phosphorylation in the wildtype KRAS-expressing cells compared to wildtype RIT1 cells (Figure
3.7C). There was a reduction in S48 phosphorylation abundance in the mutant RIT1 and mutant
KRAS cells relative to its wildtype counterpart. USO1 phosphorylation at residue S48 correlated
with KRAS expression (Figure 3.7D). In contrast, USO1 phosphorylation at residue S48 did not
significantly change in the RIT1 samples (Figure 3.7C).

This study identified differences in EGFR and USO1 phosphorylation in mutant KRAS
and RIT 1M expressing cells. However, this was just a sample of the dataset. There are many
differences that emerge between RIT1 and KRAS signaling that can be identified in the
phosphoproteome. Future work can identify the differential phosphorylation of other proteins
1 M901

and the functional effects of specific residue phosphorylation in mutant KRAS and RIT

expressing cells.

3.3 DISCUSSION

This study describes global proteomic and phosphoproteomic profiling of RIT1 and KRAS-
regulated signaling. The unbiased approach identified similarities and differenced between RIT1
and KRAS-specific downstream signaling. One key observation is that mutant RITIM! seems to

phenocopy wildtype RIT1. This supports the observation that oncogenic RIT 1M functions in part
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through increasing RIT1 abundance®?’. Unlike RIT1, the wildtype KRAS profile was very

divergent or opposite to the mutant KRASS!2Y and KRASQM profiles. RIT1 can activate
downstream RAF/MEK/ERK signaling when over-expressed. Therefore, RIT1 may not be
regulated by GAPs in the same manner that keeps KRAS inactive.

One of the ways in which RITIM" KRASS!2V| and KRAS®H are similar is that they
induce EMT. EMT markers such as Vimentin, N-Cadherin and Fibronectinl were all increased as
aresult of RITIML KRASS!2V, and KRASQS!H expression in AALE epithelial cells. Additionally,
epithelial marker such as Keratin19, and E-cadherin were down-regulated in RIT 1M KRASC!2V,
and KRASQM transformed epithelial cells. It was also observed that mutant KRAS and RIT1 led
to a loss of HLA-A, HLA-B, and HLA-C expression. Another component of the MHC class 1
complex, PSMB9 was also down-regulated similar to the HLA proteins. It has been previously
established that RAS proteins decrease MHC expression in cancer®. Additional assays in the same
cell lines can, like flow cytometry and Western blot, can be performed to validate this observation.
Future work will be necessary to elucidate the mechanism allow oncogenic RIT1 and KRAS to
suppress MHC expression allowing for tumor evasion.

Phosphoproteome analysis revealed mutant RIT1 and mutant KRAS induced differential
phosphorylation of EGFR. Future work will be necessary to determine the feedback regulation
between KRAS and EGFR, and why KRAS but not RIT1 induces a decrease in EGFR
phosphorylation. A technical challenge with proteomic profiling is the 1) quality of protein
antibodies and 2) the availability of phosphorylation site-specific antibodies for subsequent
biochemical validation of the key proteomic results. Orthogonal studies such as protein microarray
utilize a more targeted set of established antibodies. This assay is an additional method to validate

proteomic profiling and gather insight into oncogenic specific signaling®’.
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This study presents an unbiased global proteomic and phoshoproteomic analysis to
understand the similarities and differences between RIT1 and KRAS-specific signaling. It was
confirmed that RIT1 can stimulate canonical RAS signaling cascades, such as RAF/MEK/ERK
and PI3K. However, differences were identified as well. Future studies will follow up on this

analysis to determine the possible functional effects in cancer and Noonan syndrome.
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Chapter 4. CONCLUSIONS & FUTURE DIRECTION

We sought to identify genes important to, and identify sensitivities induced in lung
adenocarcinoma subtypes. By combining proteomics and biochemistry, we were able to
interrogate and identify the unique functional ramifications of RIT1 or KRAS signaling in lung

adenocarcinoma.

4.1 PUTATIVE KRAS/NRAS HETERODIMERS

Previous studies have observed that RAS proteins have the ability to form homodimers, and
KRAS homodimers have a functional role in promoting tumorigenesis. This study investigated if
RAS proteins can form heterodimers, specifically if NRAS and KRAS interact in lung
adenocarcinoma. While NRAS is a putative KRAS binding partner, it is inconclusive if NRAS
and KRAS can from heterodimers. As part of this study, I designed an experiment to investigate
the functional role of NRAS in mutant KRAS-driven lung adenocarcinoma in vivo. Although this
study is ongoing, in data generated thus far, there appears to be a functional interaction between
KRAS and NRAS in murine models of mutant KRAS (data not shown). This study describes a
preliminary assay indicating that loss of NRAS in mutant KRAS lung adenocarcinoma cells,
leads to a decrease in proliferation; conversely proliferation increases when wildtype NRAS is
overexpressed in mutant KRAS lung cancer cells. Future work is necessary to determine if there
is a tissue-specific functional role of NRAS in mutant KRAS lung adenocarcinoma.

While a unique NRAS peptide was detected in order to identify NRAS as a putative
KRAS binding partner, additional studies are necessary to conclude if KRAS and NRAS
physically interact. In this study, I performed size exclusion chromatography with human

recombinant proteins. This study utilized the G-domain of RAS proteins and lacked the
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hypervariable C-terminal region. Since NRAS was resolved as a monomeric and dimeric
fraction, size exclusion chromatography was unable to distinguish between a NRAS homodimer,
and a putative KRAS/NRAS heterodimer. This study utilized overnight IPTG induction at 16C.
One possibility would be to vary the induction timeline and the competent cells. Future work will
be to optimize the expression of MBP-RAS and his-RAS human recombinant proteins.

A limitation of size exclusion chromatography with human recombinant proteins is that
additional cellular factors may be required to facilitate the physical interaction of KRAS and
NRAS lacking in this experimental context. To overcome this limitation, I sought to perform co-
immunoprecipitation with Flag-KRASYT and V5-NRASYTin HEK293T cells. Unfortunately, my
studies proved inconclusive, and the experimental setup could be improved. The preliminary LC-
MS/MS data which identified NRAS as a putative KRAS binding partner was performed in
AALE cells. As AALE cells are immortalized epithelial cells, it cannot be ruled out that a
KRAS/NRAS heterodimer may be a tissue-specific interaction. Nor can it be concluded that the
V5-tag does not disrupt the putative KRAS/NRAS heterodimer.

Furthermore, it has been postulated in the literature of RAS homodimers, that RAS
dimers may be transient and weak, rendering them difficult to detect. Previous studies reporting
RAS homodimers utilize fluorescence-based proximity assays as evidence of RAS homodimers.
Co-immunoprecipitation has not been reported for KRAS homodimers. Indeed, when I
performed co-immunoprecipitation for Flag-KRASYT and V5-KRASYT, T was unable to detect
KRAS homodimers. Therefore, even if KRAS/NRAS heterodimers occurred, they may be lost
during the immunoprecipitation process. Future work would be to optimize the buffer
composition, and immunoprecipitation protocol to detect KRAS homodimers as a positive

control to determine if co-immunoprecipitation can resolve RAS homodimers.
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4.2  CHARACTERIZING MUTANT RIT1 AND KRAS PROTEOME IN LUAD

This study utilized global proteome and phosphoproteome analysis to elucidate the similarities
and differences between RIT1 and KRAS-specific signaling. Previous studies relied upon the
homology between RIT1 and KRAS to identify putative RIT1 effector proteins, or downstream
signaling cascades. Therefore, an advantage to this study was that it analyzed the entire global
proteome for RIT1 effector proteins in an unbiased manner.

A challenge with validating the LC-MS/MS proteome and phosphoproteome profiles is
the availability of protein antibodies. This study identified that, generally, EGFR
phosphorylation at specific residues was decreased by KRAS mutants. However, of almost all of
these phosphorylation sites lack a phospho-specific antibody, so we were not able to perform
additional validation. Additionally, USO1 was identified to have differential phosphorylation,
but unfortunately, USOI1 protein lacks a phospho-specific antibody. A fluorescence-based
protein microarray is an alternative assay to proteome profiling®’. The benefit to protein
microarrays is the ability to do downstream validation assays with quality antibodies for protein
expression. While protein microarrays focus proteomic analysis by analyzing a smaller subset of
the proteome, the antibodies used in the protein microarray are validated to be of high quality;
this facilitates the biochemical validation of the protein microarray. Subsequently, certain key
signaling pathways identified by the microarray can be validated by Western blot and
immunohistochemistry tissue staining. Additionally, the results of the microarray can be
functionally validated by knocking down the detected downstream markers of RIT1 activation

and assaying for proliferation (Ki67 staining) and ERK phosphorylation.
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Chapter 5. MATERIALS AND METHODS

5.1 PLASMIDS

The cDNA of the following RAS constructs in pPDONR plasmids were obtained from NIH RAS
initiative: KRAS4BWT, KRAS4BY!12V, KRAS4B!H, and NRASWT, The plasmid pLX-TRC313-
Flag-KRAS"T was previously generated in the Berger lab. N-terminus tagged Flag-KRAS"" cDNA
sequence was amplified using PCR; the primers were designed to to amplify the Flag-KRAS"T
amplicon for subsequent Gateway cloning. The LR reaction The LR reaction (ThermoFisher) was
A plasmid expressing N-terminal tagged V5-NRASWYT was generated by performing an LR to
introduce NRASYT constructs (p-DONR-NRASYT) into pcDNA3.1-V5-Dest (ThermoFisher). An
LR reaction was performed to introduce Flag-KRASWT constructs (p-DONR-KRASYT) into
pcDNA3.1-V5-Dest.

Lentiviral plasmids MISSION shRNA plasmids, which target human NRAS, were ordered
(Millipore SIGMA).
The sequence of NRAS shRNA - #2 (TRCN0000300441) is:
CCGGGAAACCTGTTTGTTGGACATACTCGAGTATGTCCAACAAACAGGTTTCTTTTG.
The sequence of NRAS shRNA #5 (TRCN0000300367) is:
CCGGCAAGAGTTACGGGATTCCATTCTCGAGAATGGAATCCCGTAACTCTTGTTTTG.

The pPDONR-NRASYT plasmid was received from the NIH RAS initiative. The V5 epitope
tag was introduced by PCR with primers to generate V5-NRASWT amplicon. Next, the pPDONR-
V5-NRASWYT plasmid was generated by performing a BP reaction (Thermo Fisher Scientific) with
the V5-NRASWT amplicon and pDONR-223; this was confirmed by sequencing. The lentiviral
plasmid plX301-V5-NRAS was generated by performing a LR reaction to with pDONR-VS5-

NRASWT and empty pIX301 backbone vector. The plasmid pIX301-V5-NRASYT was confirmed
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with sequencing.

5.2  CELL LINE GENERATION & PROLIFERATION ASSAY

Lentivirus expression:

On day 1, Lentivirus was created by plating 2x10® HEK293T cells per 10cm plates. On day 2,
lentivirus is transfected after diluting 1.5ug of plasmid delta8.9, 150ng VSV-G with 1.5ug of each
lentiviral plasmid with OPTI-MEM (Thermo Fisher Scientific). The lentiviral plasmids were
NRAS-shRNA-2, NRAS-shRNA-5 and pIX301-V5-NRASWT. In a separate tube, a mix containing
9uL Fugene (Promega) and 36ul. OPTI-MEM for each transfection and incubated for Smin at
room temperature. Then 45uL of the Fugene/OPTI-MEM mix is added to each tube containing the
plasmid/OPTI-MEM. After a 30min incubation, the mixture was dripped onto the 10cm plates. On
Day 3, the media was changed to DMEM plus 30% FBS. On Day 4, the virus was harvested and
frozen at -80C. The media was collected, centrifuged and the supernatant was collected.

Cell line generation:

A549 cells were counted and 5x10° plated in 1 well of a 6WP. An extra well was seeded to be the
no virus control. On day 2, the media was changed to contain 8ug/mL polybrene, and 300uL of
virus was added to each well of the 6WP. On day 3, antibiotic selection started, and the media was
changed to contain 2ug of puromycin. After 4 days of selection the non-virus control cells were
dead and the cell lines were harvested. The cell lines were generated in replicate of 2 and combined
when harvesting.

Proliferation assay:

On day 1, A549 cells were counted and 50,000 cells were plated into a 10cm plate in triplicate.

After 13 days the cells were harvested and counted. This was performed three times
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5.3 DNA TRANSFECTIONS, CELL LYSIS, AND WESTERN BLOT ANALYSIS

I transiently transfected pDest40-Flag-KRAS"" and pcDNA3.1-V5-NRAS"T into HEK293T cells.
For individual transfections, 2000ng of each plasmid DNA (pDest40-Flag-KRAS" T or pcDNA3.1-
V5-NRAS"T) was added to the Lipofectamine + optimum mixture for each well of 6WP. For co-
transfections, 1000ng of pDest40-Flag-KRAS"T and pcDNA3.1-V5-NRAS"T were added to the
Lipofectamine + optimum mixture. After 20min incubation, 100uL of each sample is dripped into
each well of 6WP. As a transfection control I separately transfected in p-EGFP at the same total
DNA concentration. Within 24-65hrs post transfection I harvested the cells for Flag
immunoprecipitation. BCA normalization was performed. Primary antibodies were incubated
overnight at 4C. Membranes were washed with TBS-T 3x5mL. Secondary antibodies were
incubated for lhr at room temperature. Membranes were washed with T 3x5mL of TBS-T. The

membranes were washed and stored in PBS.

5.4  ANTIBODIES/IMMUNOBLOTTING

The primary antibody for Flag (14793S) is from Cell Signaling Technology. V5 (AB3792) primary
antibody was from EmdMillipore/Sigma. The antibody to detect NRAS (F155) is from Santa Cruz
Biotechnology. The vinculin (V9264) antibody was from Sigma Aldrich. The secondary antibodies
were BrighStar700 anti-rabbit (Bio-Rad), IRDye800CW Goat anti-rabbit IgG and IRDye800CW
Goat anti-mouse IgG from LI-COR. Primary antibodies were incubated overnight at 4C.
Secondary antibodies were incubated for 1hr at room temperature. Proteins were visualized using

the ChemiDoc MP Imaging System (Bio-Rad).



79

5.5 IMMUNOPRECIPITATION

Total cell lysate (1000ug) was the input for immunoprecipitation pulldown. The pre-conjugated
Flag affinity gel (Sigma) was used for Flag immunoprecipitation according to manufacturer’s
protocol. Elution from the Flag beads was performed with 20uL of 2X SDS-Page elution buffer.
10uL of the elution sample was used in the Western blot for Flag, and the remaining sample was

used in the Western blot for V5.

5.6  GENERATING RECOMBINANT PROTEIN EXPRESSION PLASMIDS

The Stoddard lab (Fred Hutch) previously generated and validated the human recombinant
expression plasmid: pET15(HE). I designed the human recombinant protein to include only the
catalytic G-domain of RAS proteins, lacking the hypervariable region (residues 1-167). The
protein sequences for human KRAS (hKRAS) and human NRAS (hNRAS) were downloaded
from ENSEMBL (Ensembl.org).

The expected size of human KRAS and human NRAS are both ~500bp. The final pET15(HE)-
hKRAS and final pET15(HE)-hNRAS plasmids was synthesized by GENEWIZ.

Cloning MBP-RAS from his-RAS plasmid:

The sequences for KRAS and NRAS were cloned into the pMAL plasmid (New England BioLab),
which is an MBP expression vector, in order to generate MBP-RAS. The molecular weight of
MBP-Ras is ~63kDa. First, pET15(HE)-hKRAS and pET15(HE)-hNRAS were digested with
Notl/Ncol restriction enzymes. The digested plasmids were run on an agarose gel to confirm
digestion. The expected size of human KRAS and human NRAS are both ~500bp. The human
KRAS and human NRAS were extracted from the gel by gel Extraction kit (Qiagen). The

NotI/Ncol digested hKRAS was ligated into the Notl/Ncol digested pMAL vector, with 1uL of



80
Quick Ligase (New England BioLab). The ligation was similarly performed with insert Notl/Ncol

digested hNRAS into the pMAL vector. The MBP-RAS plasmids were confirmed by Notl/Ncol
double restriction enzyme digestion. ImL sample taken when target optical density is lysed and
run on SDS-PAGE gel to confirm the recombinant protein was expressed at the expected molecular

weight.

5.7 RECOMBINANT PROTEIN EXPRESSION

Protein expression was based upon a previously established protocol by Stoddard Lab. The
expression plasmid was previously generated in the Stoddard lab.

Expression plasmids were transformation in RIL competent cells. A his-KRASWT

colony, and an
MBP-NRASWYT colonies were picked and put into individual 10mL overnight cultures of LB-Amp.
The following morning the 10mL culture was put into 1L LB-Amp culture into a shaking incubator
at 37C until optical density of 0.6-0.8 is reached. Subsequently, IPTG was added to a final
concentration of 0.5mM IPTG for overnight induction, at 16C. To harvest the protein, 1L was
centrifuged at 4000rpm for 30min at 4C. The supernatant was discarded, and the pellet was

resuspended in ~30mL of PBS. The suspension was centrifuged again, and the supernatant was

discarded, and the pellet was frozen at -20C.

5.8  RECOMBINANT PROTEIN PURIFICATION AND SIZE EXCLUSION

CHROMATOGRAPHY

The following buffers were used:
His-RAS Buffer A — 20mM Tris pH 8.0; 5 mM MgCl12; 50mM NaCl; 5% glycerol; 20 uM GDP;

ImM DTT
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MBP-RAS Buffer A — 20mM NaCl; 20mM Tris-HCl; ImM EDTA; ImM DDT (pH = 7.4 at

25C).

The bacterial pellet was resuspended in 30mL of Buffer A. After resuspension, additional Buffer
A was added to a final volume of 50mL. The proteasome inhibitor, PMSF, (100uL. of 100mM
stock solution) was added before sonication. The sample was sonicated for lysis at 18W with a
cycle of 30sec ON/ 30sec OFF repeated 5 times. A 10uL sample is taken (L = lysate). The sample
was centrifuged at 16,000 rpm for 20min at 4C to clear debris. A 10uL sample of the supernatant
is taken (CL = cleared lysate). Polyethyleneimine (PEI) was added to the samples to 0.02% w/v

and the samples are incubated at 4C for 30min with gentle rocking.

IMAC purification: Based upon previously established protocol by Stoddard Lab

For subsequent IMAC purification, the samples are filtered through a column containing a 0.45um
filter with gravity flow.

To purify his-RAS proteins contained 4mL of nickel resin (New England BioLabs) was added to
the column and EtOH solution was allowed to gravity drip to a final resin volume of 2mL. Buffer
A contained 20uM GDP or Buffer A contained 20uM non-hydrolyzable GTP. Wash buffer was
Buffer A plus the addition of 25mM Imidazole. Elution buffer was Buffer A plus the addition of
300mM Imidazole.

To purify his-RAS proteins contained 3mL of amylose resin (New England BioLabs) was added
to the column and EtOH solution was allowed to gravity drip to a final resin volume of 2mL.
Buffer A contained 20uM GDP or Buffer A contained 20uM non-hydrolyzable GTP. The wash
buffer for amylose resin, was the same as Buffer A. Elution buffer is Buffer A plus the addition of

10mM maltose.
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The nickel resin beads were resuspended in the 50mL his-RAS sample solution and
incubated, while rocking, at 4C for lhr. The entire sample plus resin suspension was transferred
back to the column and allowed to gravity filter. A 10uL sample from the flow through is taken
(FT = flow through) and the remainder is discarded. The his-RAS sample plus resin was washed
2 times with SmL of wash buffer. A 10uL sample from the flow through is taken (W1-2 = wash 1-
2). For elution, the his-RAS sample plus resin is resuspended with SmL of elution buffer and
allowed to gravity filter. The SmL elution samples are saved to confirm which samples contain the
recombinant protein. A 10uL sample from the flow through was taken (E1 = elution sample 1).
This is repeated 2 times and a 10uL sample from the flow through was taken (E2-3 = elution
sample 2-3).

This process is the same for MBP-RAS recombinant proteins, using the appropriate buffer
solutions as defined.

The samples taken during the purification process were incubated for Smin at 95C and run
on an SDS-PAGE gel. The elution samples 1-3 that display the recombinant protein at the expected

molecular weight were selected for buffer exchange/concentration.

Buffer exchange/concentration:

Buffer exchange/concentration was performed in a 5S0mL concentrator tube, by centrifugation
using Buffer A until the Imidazole was removed from the sample. The elution samples that were
shown to contain the recombinant protein were combined into the concentrator, and Buffer A was
added until a final 50mL volume. The samples were centrifuged at 4000rmp for 15min at 4C. The
flow through was discarded, and this process was repeated, as necessary. The ideal final target

protein concentration was > 4mg/mL, with final volume 500uL as the minimal volume acceptable.
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Protein concentration was determined using the molecular weight and extinction coefficient of the
tagged recombinant protein.

Size exclusion chromatography:

Initially, each sample was filtered in a microcentrifuge column at 15,000rpm for Smin at 4C. Each
size exclusion chromatography sample run contained a total of 250uL. For the mixed samples, his-
KRAS and his-NRAS were mixed and incubated for Smin prior to centrifuge filtration; similarly,
his-RAS and MBP-RAS were mixed and incubated prior to centrifuge filtration. Size exclusion
chromatography was performed in the appropriate column at a flow rate of ImL/min for a total of
30mL. Size exclusion chromatography with only his-RAS was performed on column with 70kDa
maximum molecular weight size, with relevant standards. Size exclusion chromatography with
his-RAS plus MBP-RAS was performed on column with 650kDa maximum molecular weight
size, with relevant standards. Fractions were collected in unbiased method to subsequent reruns or

SDS-PAGE analysis, as necessary.
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