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Résumé

RAS est une GTPase qui transduit les signaux extracellulaires envers des voies de
signalisation intracellulaires, en liant ses effecteurs. RAS peut activer la voie Hippo qui inhibe la
croissance cellulaire et qui est souvent dérégulée dans le cancer. Les protéines RASSF
suppresseurs de tumeurs relient RAS a la voie Hippo. L’expression exogéne de KRASC!?V avec
RASSF1 ou RASSFS5 conduit a l'activation de la voie Hippo, bien que KRAS et RASSF1 ne
s’associent pas directement.

Ce projet de maitrise vise a identifier les protéines impliquées dans l'activation de la voie
Hippo par RAS. Nous avons effectué plusieurs expériences BiolD, une technique qui permet
d’identifier les interacteurs proximaux d’une protéine d’intérét, dans des lignées cellulaires U20S
stables et inductibles exprimant les protéines KRAS®!?Y, RASSF1 ou RASSF5 seules ou
coexprimées, permettant de comparer les conditions ou la voie Hippo inactive ou active. Nous
avons ¢€lucidé l'interactome d'un mutant de KRAS avec affinité accrue envers RASSFS5 et affinité
réduite envers RAF, permettant d’étudier les voies activées en aval de RASSFS5, avec une
activation réduite de la voie MAPK. Nos données montrent que RASSF1 et RASSF5 relachent les
kinases Hippo MST1 et MST2 lorsque la voie Hippo est active, conformément aux données in
vitro démontrant un role inhibiteur de l'interaction RASSF/MST. De plus, nous avons démontré
que KRAS est un interacteur proximal des protéines VAMP3 et SNAP23.

Comprendre comment l'oncoprotéine RAS active des effecteurs et des voies de
signalisation moins étudiés, en particulier ceux qui ont des fonctions suppressives de tumeurs a
des implications importantes pour le développement de nouvelles thérapies ciblées pour les

cancers induits par RAS.

Mots-clés : RAS, voie Hippo, RASSF1, RASSF5, MST, SNARE, BiolD



Abstract

RAS is a small GTPase that transduces signals from membrane-bound receptors to
intracellular pathways, by signaling to downstream effector proteins. RAS can activate the Hippo
pathway, a growth-suppressive pathway that is often dysregulated in cancer. The tumor suppressor
RASSEF proteins link RAS to Hippo signaling. Co-expression of KRASY!?V with either RASSF1
or RASSFS5 leads to Hippo pathway activation, despite KRAS and RASSFI not being direct
binding partners.

This M.Sc. project aims to identify proteins that are involved in RAS-mediated activation
of the Hippo pathway. We performed BiolD, a proteomic technique which is used to identify the
proximal interactors of a protein of interest, in stable and inducible U20S osteosarcoma lines
expressing KRASY!2Y, RASSF1, or RASSFS5 proteins alone, as well as in lines co-expressing both
KRASS!2Y and the RASSF proteins, allowing for a comparison between inactive and active Hippo
pathway interactomes. Furthermore, we mapped the interactome of a double mutant of KRAS that
displays increased affinity for RASSF5 and decreased affinity for the effector RAF, allowing us
to study KRAS signaling downstream of RASSFS5, with decreased activation of the MAPK
pathway. Our BiolD data shows that RASSF1 and RASSF5 disengage the Hippo kinases MST1
and MST2 when the Hippo pathway is active, in line with the inhibitory role of the RASSF/MST
interaction observed in vitro. Furthermore, we show that KRAS is a proximal interactor of the
SNARE proteins VAMP3 and SNAP23.

Understanding how the oncoprotein RAS signals to less studied effectors and pathways,
particularly those with tumor suppressive functions has significant implications for understanding

oncogenesis, and for development of new targeted therapies for RAS-driven cancers.

Keywords: RAS GTPase, Hippo pathway, RASSF1, RASSF5, MST, SNARE, BiolD
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Cellular signaling pathways

Cells receive numerous signals from their environment, and they convey these signals into
functional responses through signaling pathways that consist of sequential protein-protein
interactions. A key feature of signaling pathways is crosstalk between pathways, as well as
crosstalk between the proteins within a pathway resulting in feedforward and feedback loops and
numerous branches at every node. In fact, linear signaling pathways are a way of conceptualizing
the complex network of protein-protein interactions that exists within living cells, and which is
extremely dynamic and responsive to external inputs (1). Modern systems biology approaches
such as proteomics aim to elucidate the larger picture of cellular signal transduction networks.
RAS GTPases play central roles in many signaling pathways; many of their roles in signaling are

well elucidated, while others remain in the dark.

The oncoprotein RAS

RAS small GTPases

RAS is a small membrane bound GTPase that transduces signals from cell surface receptors
to intracellular signaling pathways (2). RAS acts as a molecular switch, cycling between on and
off states by binding either guanosine triphosphate (GTP) or guanosine diphosphate (GDP). When
bound to GTP, it undergoes conformational changes in its Switch I and Switch II regions to assume
an active conformation whereby it can interact with various cellular proteins known as RAS
effectors (2). The nucleotide-bound state and thus the activation state of RAS is regulated by
guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) (3). GEFs
activate RAS by promoting the exchange of GDP for GTP. Binding of GEFs weakens the
GTPase’s affinity for GDP. Since the cellular concentration of GTP is ten times that of GDP,
increased GDP release promoted by GEFs will result in more GTP-bound RAS molecules (4).
RAS has very slow intrinsic GTP hydrolysis activity (5). GAPs negatively regulate RAS by
accelerating the rate of hydrolysis, thus promoting the inactive GDP-bound state (2). They do so
by interacting with a glutamine residue (Q61; HRAS numbering) in the Switch II region of the
GTPase, which is crucial to the hydrolysis reaction (6).
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Figure 1. The GTPase cycle

RAS GTPases cycle between GTP-bound (active) and GDP-bound (inactive) states. GDP to GTP
exchange is facilitated by GEFs, whereas GAPs promote the GDP-bound state by accelerating
GTP hydrolysis.

There are more than 160 small GTPases of the RAS superfamily with conserved
homologues in lower-level organisms and which control a very wide range of cellular processes
(7). The RAS superfamily is divided into five subfamilies based on sequence homology and
functional similarity: RAS, RHO, ARF, RAB, and RAN (8). RAS-subfamily proteins are thought
to regulate cell proliferation, some functioning as oncogenes and others as tumor suppressors (9).
RHO GTPases regulate cytoskeleton remodeling (10), ARF and RAB GTPases control trafficking
(11,12) and a single RAN protein regulates nuclear import and export (13). The RAS-subfamily is
composed of 35 proteins which share a high degree of homology, but which have very diverse
roles in signal transduction.

The human genes HRAS, NRAS, and KRAS encode four protein isoforms: HRAS, NRAS,
and the alternative splice variants KRAS4A and KRAS4B (2). All four isoforms have identical
effector binding regions but differ in the 20 C-terminal residues termed hypervariable region
(HVR) (14). The HVR is subject to lipid modifications, which are important for the plasma
membrane (PM) localization of the protein. Evidence suggests that the isoforms are differentially
located in specific membrane microenvironments. For example, HRAS and KRAS are found in

cholesterol-rich lipid rafts (15,16). K/H/NRAS along with many other RAS GTPases possess a
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CaaX motif at their C-terminus (where C is a cysteine, a is an aliphatic amino acid, and X is any
amino acid). The CaaX motif is subject to prenylation at the cysteine by farnesyltransferases or
geranylgeranyltransferases, and this prenylation is required for PM localization (17,18).

KRAS, HRAS, and NRAS have been intensely studied since their discovery more than five
decades ago due to their prominent role in cancer (19,20). In fact, K/H/NRAS are the most
mutationally activated oncogenes in human cancer, with a quarter of all cancer patients harboring
activating mutations in one of these three genes (21). Activating mutations in K/H/NRAS-driven
cancers typically occur at the glycine 12, glycine 13, or glutamine 61 residues, which trap the
GTPase in the GTP-bound active conformation. Mutation of Q61 impairs both intrinsic and GAP-
mediated hydrolysis, whereas mutation of G12 or G13 impairs GAP-mediated hydrolysis by
preventing GAPs from accessing the site of GTPase activity (2). Mutations at G13 also result in
increased GDP to GTP intrinsic exchange (21). Constitutively active K/H/NRAS mutants lead to
cancer development and progression by signaling to pathways that promote growth and
proliferation such as the mitogen-activated protein kinase (MAPK) pathway and the
phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K) pathway (2).

RAS Effector Pathways

Signaling to K/H/NRAS is activated by binding of extracellular signaling molecules to
receptor tyrosine kinases (RTKs). For example, binding of epidermal growth factor (EGF)
activates the EGF receptor, leading to its phosphorylation at tyrosine residues. Upon receptor
activation, the GEF SOS1 is recruited to the PM via the adaptor protein GRB2 where it will activate
RAS by promoting the GTP-bound state (22). RAS will in turn engage its various downstream
effectors, thus transducing the external stimulus to an intracellular functional response.

RAS interacts with effectors possessing RAS binding domains (RBDs) or RAS association
(RA) domains. While RBD and RA domains possess low primary sequence similarity, they share
a very similar ubiquitin-like tertiary structure, and their mode of interaction with RAS involving
intermolecular interactions between anti-parallel B-sheets is the same for all effectors (23). There
are more than 50 predicted RBD and RA domains in the human proteome (24).

The serine/threonine kinase RAF is the first RAS effector to be discovered and has been
extensively investigated (25-27). RAF links RAS to the MAPK pathway, which drives gene

expression and cell proliferation. The MAPK pathway consists of a cascade involving three
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kinases: RAF, MEK, and ERK. Upon binding and PM-recruitment by RAS, RAF dimerizes and
becomes active, subsequently phosphorylating MEK 1/2, which in turn phosphorylate the MAPKs
ERK1/2 (28). Phosphorylated ERK1/2 translocate to the nucleus where they phosphorylate and
activates various proteins including transcription factors thus driving gene expression (29). There
are three human isoforms of RAF: ARAF, BRAF, and CRAF (RAF1), which can bind K/H/NRAS
with relatively high affinity. Activating BRAF mutations are observed in cancer, namely at the
V600 residue (21). Activation of the RAF/MAPK pathway is critical in RAS-driven transformation
(30), however, in most contexts, RAS requires activation of additional effector pathways to drive
oncogenesis (31-33).

RAS can activate the PI3K pathway by binding to the catalytic pl10a subunit of PI3
kinase, thus activating its kinase activity (34,35). Active PI3K leads to the accumulation of the
PIP3 phospholipid at the PM, which recruits and activates the kinase AKT. AKT regulates several
downstream pathways that promote cell growth and survival, cell cycle entry, metabolism, and
inhibit apoptosis (36). The gene encoding PI3K pl10a subunit (PIK3CA) is mutated in human
cancer, and PI3K activation is necessary for RAS-driven transformation (33).

Another important family of RAS effectors are the RALGEFs (consisting of RALGDS and
RGL1/2/3) that activate the RAS-family GTPases RALA and RALB (37). RALA/B can signal to
several effectors, regulating functions such as trafficking, actin cytoskeleton organization and gene
expression (38). As with RAF and PI3K, RAS signaling through RALGEFs is important for
oncogenesis (39).

The effector Afadin (AFDN) links RAS to the maintenance of cell-cell contacts and cell
polarity by interacting with the polarity protein Scribble (SCRIB) (40), whereas the tumor
suppressor RASSF5 links RAS to the Hippo pathway (discussed below). Other RAS effectors
include PLCg, and RIN1 (41,42). K/H/NRAS share their effectors with other RAS-family and
RAS-superfamily GTPases, highlighting the plasticity of the GTPase/effector interaction (7).
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Figure 2. RAS effector pathways

When bound to GTP, RAS can interact with several effector proteins, thus activating various
downstream signaling pathways. RAS engages RAF to activate the MAPK pathway, which
promotes cell proliferation, whereas RAS activation of the PI3K pathway promotes cell growth
and survival. Other RAS effectors include RALGEFs, AFDN, and RASSFS5.

The role of RAS in Cancer

KRAS, HRAS, and NRAS are very frequently mutated in human cancers, particularly in
colorectal (42% of cases), lung (20%), and pancreatic cancers (71%), which are among the most
lethal and difficult to treat cancers (21,43).

The frequency of mutation of the isoform and the mutation itself vary depending on the
cancer type. Among the three isoforms, most RAS mutations occur in KRAS. Furthermore, G12
is the residue most frequently mutated in KRAS-driven cancers. Specifically, 86% of pancreatic

ductal adenocarcinomas (PDAC), 32% of lung adenocarcinomas (LUAD), and 41% of colorectal



cancers (CRC) harbor KRAS G12 mutations (most frequently G12D, G12V, or G12C) (21). NRAS
is highly mutated at the Q61 residue in melanoma (29%). HRAS is less frequently mutated than
the other two isoforms, but HRAS mutations at G12 and Q61 have been observed in head and neck
squamous cell carcinomas and in bladder cancers (21).

Notably, many cancers that don’t harbor RAS mutations, nonetheless have increased RAS
signaling due to dysregulation of regulators such as upregulation of RTK expression/activation,
gain-of-function of GEFs, or loss-of-function of GAPs (44,45). For example, the tumor suppressor
NF1, which functions as a RASGAP, is very frequently inactivated in human cancer (2).

Oncogenic RAS signaling can drive cancer development and progression through different
mechanisms. Namely, oncogenic RAS drives growth factor-independent cell proliferation by
activating expression of genes that promote cell cycle progression via the MAPK, PI3K and
RALGEF pathways, as well as suppresses apoptosis via the MAPK and PI3K pathways (46).
Furthermore, oncogenic RAS can promote increased metabolism of tumors, immune evasion, and
remodelling of the tumor microenvironment through processes such as increased angiogenesis.
Additionally, RAS can promote metastasis by facilitating cell migration through various
mechanisms, namely by disrupting cell-cell contacts, dysregulating the actin and tubulin
cytoskeletons, and destabilizing the extracellular matrix (46).

Dysregulation of RAS signaling is also responsible for development of genetic disorders
called RASopathies caused by germline mutations in the RAS genes as well as in genes encoding
RAS regulators and effectors (45).

Development of targeted therapies to treat RAS mutant cancers has been ongoing for the
last thirty years, with only mild success. Recently, sotorasib, a drug that directly targets KRASS!2¢
was approved for treatment of patients with non-small-cell lung cancer (NSCLC) (47). Sotorasib
covalently binds GDP-bound KRASS!?¢ and prevents GDP to GTP exchange, thus preventing
activation by SOS1 and association with RAF (48). This KRAS inhibitor is currently in numerous
clinical trials for treatment of other KRASS!?“-mutant cancers and for use in combination with
other therapies (21). However, this inhibitor does not work on other KRAS mutations, including
G12D or G12V, which are more common. In addition to development of drugs that directly target
RAS, much research has focussed on developing inhibitors for RAS regulators such as SOS1, as
well as inhibitors of RAS effectors such as RAF and PI3K. Several RAF and MEK inhibitors are

currently approved for treatment of cancers driven by BRAF mutations, however, most of these
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drugs are ineffective in treating RAS-driven cancers. Similarly, several PI3K inhibitors have been
developed, however none are approved for use for RAS mutant cancers (21). While several
promising therapies are currently in development (21), there remains a need for novel treatments

and for the discovery of novel targets in RAS-driven cancers.

The Hippo pathway

Discovery of the Hippo pathway in Drosophila

Organ and tissue development is a tightly regulated process where cells must be capable of
sensing the limits of the organ and changes in cell density. Thus, organ size control requires a
careful balance between cell growth, cell-cycle progression, and apoptosis (49). A major pathway
implicated in organ size control is the Hippo pathway.

The Hippo pathway was first discovered in Drosophila two decades ago. Mutational
screens to identify genes whose loss-of-function leads to an overgrowth phenotype in flies
identified the genes Hippo (Hpo), Salvador (Sav), and Lats (49,50). Inactivation of either of these
three genes resulted in similar Drosophila phenotypes with overgrown organs exhibiting increased
proliferation and decreased apoptosis (49-51). Further characterization revealed that Hpo, Sav,
and Lats function as part of the same growth suppressive pathway whereby Hpo can bind and
phosphorylate Sav, and that this Hpo/Sav interaction facilitates the phosphorylation of Lats
(49,51).

The Hippo pathway genes are well conserved in mammals. Expression of the human
homologue of Hippo in Drosophila can rescue the overgrowth phenotype caused by loss of Hpo
(49). The organ size control function of this pathway is also conserved in mammals as

dysregulating the Hippo pathway results in increased organ size in mice (52).

The Hippo pathway in mammals

The Hippo pathway in mammals is governed by a kinase cascade consisting of mammalian
Ste20-like kinases (MST1) and MST2 orthologs of the Drosophila kinase Hippo, and of large
tumor suppressor 1 (LATSI) and LATS2, mammalian orthologs of Lats. MST1/2 phosphorylate
LATS1/2 which in turn phosphorylate Yes-associated protein (YAP) and transcriptional co-
activator with PDZ-binding motif (TAZ) (53). This phosphorylation of YAP/TAZ at specific
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serine residues (S127 and S89 respectively) creates binding sites for 14-3-3 proteins leading to
their cytoplasmic sequestration (52,54,55). Additional phosphorylation sites on YAP/TAZ
promote their ubiquitin-mediated degradation (56). The proteins SAV1 (mammalian homologue
of Sav) and MOB1A/B function as adaptor proteins in this kinase cascade. Both SAV1 and MOB1
can be phosphorylated by MST1/2 and facilitate the MST/LATS interaction (50,57,58). When the
Hippo pathway is inactive, YAP/TAZ are localized in the nucleus where they bind to transcription
factors of the TEA domain (TEAD) family and activate expression of genes that promote growth
and proliferation (52,56). Thus, the Hippo pathway negatively regulates growth and proliferation
by regulating the nuclear localization and expression of YAP/TAZ.

Notably, the Hippo pathway is dysregulated in cancer as seen by an increase in YAP
activity (53,59-62). Furthermore, multiple studies using mouse models show that dysregulation of
Hippo pathway genes leads to tumorigenesis (53). NF2, a well characterized tumor suppressor, is
a positive upstream regulator of the Hippo pathway (53). Furthermore, it was recently reported
that loss of MST1/2 in KRAS-driven lung cancer drives tumor formation (63). Taken together,
this evidence, along with evidence regarding the oncogenic function of YAP/TAZ (discussed

below) highlights the importance of the Hippo pathway in cancer.

The MST1/2 kinases

The MST1 and MST?2 kinases are at the core of the Hippo pathway. They are composed of
an N-terminal kinase domain and of C-terminal coiled-coil motif termed Salvador-RASSF-Hippo
(SARAH) domain. The SARAH domain mediates the dimerization of MST1/2, as the two coiled
coils will bind in an antiparallel manner. Upon dimerization, which is further stabilized by SAV1
binding, the kinase will trans-autophosphorylate at a threonine residue in its activation loop (T183
for MST1 and T180 for MST2) and become active (50,64—67). MST1/2 are cytoplasmic, although
they cycle through the nucleus. MST1/2 have been shown to be subject of cleavage by caspases in
certain cell types (50).

The transcriptional co-activators YAP/TAZ
YAP and TAZ are two homologous transcriptional co-activators. They can bind to all four

TEAD-family proteins, activating their transcription factor activity (56). YAP/TAZ have been
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shown to promote expression of genes involved in cell proliferation including MKI167, MYC, and
SOX4, and antiapoptotic genes such as /AP family and BCL2 family genes, among others (52).
YAP and TAZ are bona fide oncogenes. Amplification of the chromosomal region that contains
the YAP gene is observed in various human cancers (60), and the TAZ encoding locus is amplified
in a subset of breast cancers (68). YAP overexpression in various cell types can overcome contact
inhibition (54), activate proliferation, inhibit apoptosis (52,69), and promote tumor formation
(60,61). Both YAP and TAZ have been shown to activate epithelial-to-mesenchymal transition
(EMT). Epithelial cells overexpressing YAP or TAZ display hallmarks of EMT such as having an
invasive phenotype, upregulated mesenchymal markers, and disorganized adherens junctions
(55,69). Furthermore, YAP can bind and activate the EMT-driving transcription factor FOS (62).
EMT is an important process for cancer progression as it confers cancer cells of epithelial origin
traits necessary for invasion and metastasis such as disruption of cell junctions and loss of cell
polarity (70). Cell stemness is also a hallmark of cancer. In addition to activating EMT, TAZ can
promote cancer stem cell-like properties in breast cancer such as self-renewal and tumorigenic
potential (68).

The YAP oncogene seems to be very important in some KRAS-driven cancers. In mouse
models of KRAS-driven pancreatic and lung cancers, tumors that have relapsed following KRAS
inhibition show increased YAP activation (61,62). In KRAS-driven colorectal cancer cells, YAP
expression can rescue proliferation following knock down of KRAS (62). Overexpression of YAP
in a KRAS-driven breast cancer line promotes metastasis (71), and YAP and RAS cooperate to
initiate tumorigenesis in rhabdomyosarcoma (72). Finally, YAP has increased activation in RAS-
driven neuroblastoma following treatment with MEK inhibitors (73). Targeting YAP in RAS-

driven cancers poses a very appealing therapeutic strategy to be pursued.

Upstream regulators of the Hippo pathway

The Hippo pathway is regulated by mechanical cues such as stretch and compression and
by disruption of the actin cytoskeleton (74—77). Cell-cell adhesion regulates the Hippo pathway
(78,79), and proteins at cell-cell contacts can sense mechanical cues and can transmit those signals
to the Hippo pathway (80). Namely, disrupting a-catenin or E-cadherin, components of adherens
junctions, activates YAP (81). Furthermore, cell polarity proteins can regulate the Hippo pathway.
SCRIB positively regulates the Hippo pathway in epithelial cells by promoting assembly of the
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MST/LATS/TAZ complex (68). Conversely, Discs large homolog 5 (DLGS5), which is involved in
maintenance of apicobasal cell polarity, negatively regulates the Hippo pathway by directly
binding MST1/2 and preventing its interaction with LATS1/2 (82). Another Hippo pathway
regulator is the tumor suppressor NF2. NF2 is localized at the plasma membrane and positively
regulates the Hippo pathway by binding and activating LATS1/2 (53,83-85). Additionally, G-
protein coupled receptors (GPCRs) can either activate or inhibit the Hippo pathway depending on
the type of receptor. GPCRs with a Gau subunit of type G11, G12, G13, or Gq activate YAP by
inhibiting LATS1/2 activity, whereas Gs-coupled receptors inhibit YAP by activating LATS1/2.
The latter case likely involves RHO GTPases and actin cytoskeleton reorganization (86).The
upstream regulation of the Hippo pathway is not as well characterized as the core kinase cascade,

and the precise mechanisms regulating the Hippo pathway are likely context dependent.

Hippo pathway activation at the plasma membrane

There is convincing evidence that Hippo pathway signaling occurs at the plasma
membrane. Yin et al have shown that both in Drosophila and in human cells, NF2 recruits
LATS1/2 the plasma membrane and that this recruitment is important for activation of LATS1/2
(84). Similarly, membrane-targeted expression of MOB1A/B activates LATS1/2 (57). SAV1 is
primarily membrane localized. Co-expression of SAV1 and MST1 promotes membrane-
translocation of MST1 (84). In vitro simulation of membrane recruitment of MST1/2 increases

their kinase activity by promoting their dimerization and autophosphorylation (66).

The RASSF family of RAS Effectors

RASSF proteins are effectors of RAS GTPases

The RAS association domain family (RASSF) consists of 10 scaffold proteins which play
roles in inhibiting cell growth and survival and in promoting apoptosis. Like their name suggests,
all ten family members contain an RA domain. The RA domain of RASSF1-6 (C-RASSFs) is
located near the C-terminus, whereas that of RASSF7-10 (N-RASSFs) is at the N-terminus.
Interestingly, only RASSFS5 is a bona fide effector of H/N/KRAS, binding to the GTPase via its
RA domain. A crystal structure of the RA domain of RASSF5 bound to HRAS has been solved,

and the interaction has a dissociation constant of 80 nM (87). While some groups have reported
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binding between KRAS and RASSF1 in vitro, the affinity of the interaction is extremely weak,
and we and others have provided ample evidence demonstrating that RASSF1 is not an effector of
KRAS in cells. When co-expressed, constitutively active KRAS and RASSF1 do not share the
same cellular localization; RASSF1 is localized at microtubules whereas KRAS is present at the
plasma membrane (Fig 4). In fact, RASSF1 seems to be an effector of other RAS-subfamily
GTPases such as REM1/2, GEM, and RASL12 (88).

RASSF1 and RASSFS5 are most closely homologous to each other among the ten RASSF

proteins, with 66% sequence similarity, and are the best studied in this effector family.
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Figure 3. Schematic representation of the domain architecture RASSF family proteins

The RASSF family is composed of 10 proteins, all of which contain a RAS association (RA)
domain, shown in blue. Jpred secondary structure predictions are shown. RASSF1-6 possess a C-
terminal coiled-coil SARAH motif. SMART (Simple Modular Architecture Research Tool)—
predicted coiled-coil (cc) domains of RASSF7-10 are in purple. This figure is adapted from (88).

The tumor suppressor role of the RASSF1 and RASSF5
The RASSF genes are epigenetically silenced in human cancer by promoter

hypermethylation at GpG islands, most notably RASSF which is the most frequently methylated
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human gene (89-93). Notably, RASSF'I is methylated in 90% of hepatocellular carcinomas, in 80%
of small cell lung cancers, in 70% of prostate cancers, and in 60% of breast cancers (93). RASSF'1
is also downregulated in cancer via deletion of the chromosomal region where the gene is located,
and is also occasionally mutated via point mutations (93). RASSF5 is also frequently subject to
promoter methylation (94,95).

The tumor suppressive role of RASSF1 and RASSFS5 is well established. Overexpression
of RASSF1 or RASSFS5 in cancer cells has been shown to reduce growth and tumorigenicity in
nude mice (89,90,96,97), and mice lacking Rassf1 are more susceptible to developing tumors (93).
Furthermore, RASSF1 and RASSF5 can promote death receptor ligand-induced apoptosis (97—
102). Activation of apoptosis likely involves RASSF1 binding to the BAX-interacting protein
MOAPI (99). Additionally, RASSF1 can activate apoptosis downstream of MST1/2 (102,103),
likely by phosphorylation and activation of the NDR1/2 kinases, which are of the same family as
LATS1/2 (101).

Unlike RASSF5 which displays nuclear and cytoplasmic localization, RASSF1 can
associate with and stabilize microtubules, including at the mitotic spindle. Due to its stabilizing
function on microtubules, overexpression of RASSF1 leads to mitotic arrest in anaphase, by

leading to loss of microtubule dynamics and improper mitotic spindle formation (104).

Binding between RASSF proteins and MST1/2

Like MST1/2, the C-RASSFs possess a C-terminal SARAH domain. Using this SARAH
domain, all six C-RASSFs are capable of associating with MST1/2 (64,88,102,103). Furthermore,
the RASSF SARAH domain can be used for homodimerization, or for heterodimerization between
RASSF1 and RASSFS5 (105). The only proteins that possess this well-conserved SARAH domain
are the C-RASSFs, MST1/2, and SAV1. SAV1 associates with MST1/2 through its SARAH
domain. NMR binding studies show that MST binding to SAV1 or RASSFS5 is mutually exclusive
and affinity of RASSFS5 for MST1 is higher than that of SAV1 (106).

RASSF binding to MST1/2 inhibits their kinase activity by preventing their
homodimerization and autophosphorylation in vitro (64,107). The main determinant of the kinase
activity of MST1/2 is their phosphorylation state, and association with RASSF or SAV1 once they
are already phosphorylated does not further modulate their activity (65,67). While RASSF1 and
RASSFS5 are well established to have an inhibitory effect on MST1/2 in vitro, their regulation of
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the kinases and of the Hippo pathway in vivo is less clear. In fact, RASSF1 and RASSFS5 are
generally considered positive regulators of Hippo. We have shown that when constitutively active
KRASS!?V is co-expressed with either RASSF1 or RASSF5, YAP becomes localized to the
cytoplasm, indicating that the Hippo pathway is active (Fig 4) (88).

KRAS-G12V

RASSF1A

KRAS + RASSF5A KRAS + RASSF1A

RASSF5A

Hoechst

Figure 4. Co-expression of KRAS®!?V with either RASSF1 or RASSF5 leads to Hippo
pathway activation.

Immunofluorescence images of U20S cells expressing Venus-KRASS!2V (green) and FLAG-
RASSF1 or FLAG-RASSFS5 (cyan). The activation state of the Hippo pathway is assessed by the

subcellular localization of endogenous YAP (red). Scale bars are 10 um. This figure is adapted
from (88).

Hippo pathway regulation by the RASSFs

How can the inhibitory role of RASSF1/5 on MST activity in vitro be reconciled with their
activating role on Hippo signaling? A hypothesis proposed by Praskova et al - the reservoir model
- addresses this paradox. This model suggests that RASSF binding to MST stabilizes the kinase
and creates reservoirs of inactive MST primed for activation once released by RASSF as a result
of upstream signals (64). In line with this model, active KRAS would recruit RASSFS5 to the
plasma membrane, thus releasing MST and activating the Hippo pathway (Fig 5).

A second model - the membrane complex model - ignores the in vitro evidence regarding
the inhibitory role of RASSF1/5 binding to MST. It proposes that when the Hippo pathway is
active, KRAS, RASSF5, and MST1/2 form a complex at the plasma membrane. MST1/2
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recruitment to the membrane activates the kinases by bringing them in close proximity to their
substrates. This is in line with evidence suggesting that the Hippo kinase cascade occurs at the
plasma membrane. Furthermore, Khokhlatchev ef al have shown that when exogenously expressed
in cells, KRASS!?V is able to co-precipitates both RASSF5 and MST1 (103).

A problem with both models is they assume KRAS binding and membrane-recruitment of
RASSEF, which is likely true for RASSFS5, but fails to explain how RASSF1, which does not bind

nor co-localize with KRAS, can activate the Hippo pathway upon co-expression with KRAS.
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Figure 5. Schematic Representation of the Hippo Pathway in Mammals

When the Hippo pathway is active (left panel), the kinases MST1/2 phosphorylate LATS1/2,
which in turn phosphorylate the transcriptional co-activator YAP. Phosphorylated YAP is
sequestered to the cytoplasm and targeted for degradation. When the Hippo pathway is inactive
(right panel), YAP is in the nucleus where it binds to TEAD family transcription factors and
promotes expression of genes involved in growth and proliferation. Binding of RASSF1/5 to
MST1/2 inhibits their kinase activity. KRAS might function to activate the Hippo pathway by
sequestering RASSFS5 to the plasma membrane.



Using a Rewiring Approach to Study RAS Signaling

RAS signaling to its various effector pathways is in part regulated by RAS’s binding
affinity towards its effectors and on their local concentration. By modifying RAS’s affinity
towards specific effectors, it is possible to modulate its output to downstream pathways. In the late
1990s, several HRAS mutants were discovered that preferentially bind to some effectors and were
used to study RAS signaling downstream of these effectors.

HRAS™S gpecifically activates the RAF/MAPK pathway (31), HRASE37¢ binds RALGDS
but is unable to bind RAF or PI3K (108), and HRASY4’C interacts specifically with PI3K (33).
These HRAS mutants helped to establish that multiple RAS effector pathways are necessary for
RAS-mediated transformation and have played an important role in elucidating specific functions
of the RALGDS and PI3K effector pathways (32,108-111). Interestingly, the HRASG!2V/E37G
mutant has also been reported to bind RASSF5 and is able to induce apoptosis via RASSF5 more
efficiently than KRASS!2Y (103).

The KRASIFHZR ;mytant

KRAS binds to the effector BRAF with a 30-fold greater affinity than to RASSF5 (Fig
6C), making it difficult to study the effect of RAS signaling solely on the Hippo pathway. We
sought to design a rewiring mutant of KRAS that would signal preferentially downstream of the
effector RASSFS.

By comparing the crystal structures of HRAS bound to either BRAF or RASSFS5, we
identified mutations that abrogate the HRAS/BRAF interaction or enhance the HRAS/RASSF5
interaction. These mutations are grouped in two hotspots: A66D, E37D, M67W which are
predicted to weaken the interaction with BRAF, and 121F, Q25Y, H27R which are predicted to
increase the interaction with RASSF5 (Fig 6B).

Pulldown assays with GST-tagged KRAS mutants and purified RA domains of BRAF and
RASSF5 show that KRAS™2!F and KRAS"2"® are successful in increasing binding with RASSFS5.
Isothermal titration calorimetry (ITC) experiments with a double mutant of KRAS possessing both
mutations (KRAS?!'FH27R) reveal that KRASP?FH27R has 4 5-fold reduced affinity for BRAF and
2-fold increased affinity for RASSF5, compared to KRASWT. Overall the difference in affinity
between KRASP!FH2R:BRAF (270 nM) and KRAS?!FH27R:R ASSF5 (1000 nM) is only 3-fold, as
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opposed to 30-fold for KRASWT (Fig 6C). We reasoned that this KRAS™?'FH27R rewiring mutant
could be used to study the effect of KRAS signaling downstream of RASSFS5 and to the Hippo
pathway, with diminished activation of the MAPK pathway.
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Figure 6. KRAS2IFH27R jg 3 rewiring mutant to RASSF5

(A) Schematic representation of rewiring of KRAS to RASSF5. A KRAS mutant with increased
specificity for RASSFS5 can be used to study KRAS signaling downstream of RASSFS5 (e.g. to the
Hippo pathway), in the context of decreased MAPK signaling. (B) Structure of HRAS showing
amino acid residues computationally predicted to differentially impact KRAS interaction with
BRAF and RASSF5. Mutating residues 121 and H27 has the greatest effect on RAS rewiring. (C)
Isothermal titration calorimetry (ITC) data showing binding of either KRASWT or KRAS?!F/H27R
to the BRAF or RASSF5 RA domains. The difference in binding affinity of KRASPZ!FH2TR tq
BRAF versus RASSFS5 is only 3-fold, as opposed to a 30-fold difference for KRASWT,
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The RASSF1NCKL mutant

Despite not binding KRAS directly, the RA domain of RASSF1 is highly similar to that of
RASSFS5; only a few residues at the RASSF5/RAS binding interface differ in RASSF1 (Fig 7A)
(88). We compared the RASSF1 and RASSF5 RA domains to identify mutations in RASSF1 that
increase its affinity for KRAS. A cysteine in the aN helix of the RA domain of RASSFS5 creates
an important hydrophobic interaction with a tyrosine in the switch II region of HRAS. We mutated
the corresponding asparagine in RASSF1 to a cysteine (N149C). ITC experiments reveal that
RASSF1N49C hag detectable binding with KRAS, with a dissociation constant of 9.4 uM (Fig 7B)
(88).

Furthermore, a lysine (K208) in the 2-sheet of the RA domain of RASSF1 is predicted to
cause steric hindrance with HRAS. A double mutant of RASSF1-RA containing both mutations
predicted to increase affinity with KRAS (RASSFIN4CK208L " hereafter referred to as
RASSFINKL) is indeed capable of precipitating KRASC!?V in GST-pulldown assays, and the
RASSFIN%C gingle mutant also shows binding to KRASS!2V, to a lesser extent (Fig 7C).
Microscopy images reveal that co-expression of RASSFINCKL with KRASC!2Y in U20S cells can
activate the Hippo pathway, as observed by staining for YAP (Fig 7D). Interestingly, whereas
RASSF]1 is localized at microtubules (Fig 4), RASSFINKL has nuclear localization like RASSF5,
and when co-expressed with KRASS!12V, RASSFINCKL completely co-localizes with the GTPase.
The rewired RASSFINKL mutant likely conserves many of the cellular functions specific to the
RASSF1 effector, while being able to associate to KRAS. Thus, we expect that RASSFINCKL can
be used to study the role of RASSF binding to KRAS in activating the Hippo pathway.
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Figure 7. RASSF1NCKL mutant is capable of binding KRAS

(A) Ribbons representations of the RA domain of RASSF5 (PDB 3DDC) and of a model of the
RA domain of RASSF1. Residues found at the binding interface with HRAS are shown below the
structures. Residues in red are those within 4 A of HRAS. Residues indicated by black arrows are
those predicted to make interactions with HRAS (88). (B) Isothermal titration calorimetry (ITC)
data showing binding of KRAS with either RASSFIVT or RASSFIN*C RA domains. The
RASSFIN*C mutant binds KRAS with an affinity of 9.4 uM, whereas no binding is detected
between wild-type RASSF1 and KRAS. (C) GST-tagged RASSF1 RA domain mutants were
purified on glutathione beads and incubated with cell lysates expressing GFP-tagged KRASS!12V,
RASSFINI49C/K208L RA domain displays binding with KRASS!?V, and the RASSFIN'4C¢ RA
domain also displays binding, although much weaker. (D) Immunofluorescence images of U20S



cells showing co-localization of Venus-KRASS'?V (green) and FLAG-RASSFIN49C/K208L (cyan),
The activation state of the Hippo pathway is assessed by the subcellular localization of endogenous
YAP (red). Scale bars are 35 um. This figure is adapted from (88).

BiolD proximity biotinylation

BiolD is a proteomic technique used to identify proximal interactors of a protein of interest
(bait). The bait is fused to a mutant Escherichia coli biotin protein ligase (BirA*) and the BirA*-
bait recombinant protein is expressed in living cells (112). BirA* catalyzes a reaction with biotin
generating a reactive biotinyl-AMP intermediate. Biotinyl-AMP reacts with epsilon amine groups
of exposed lysine residues of proteins that come in an approximate 10 nm radius of the BirA*-bait
(although this radius can vary depending on the cellular compartment), resulting in their
biotinylation (113).

Biotinylated targets can be affinity purified using streptavidin beads, digested with trypsin,
and identified by mass spectrometry, revealing the interaction network (interactome) of the bait
(112) (Fig 8A). BiolID has several advantages over other interactome-mapping techniques e.g.,
affinity purification mass spectrometry (AP-MS), such as its ability to capture weak and transient
interactions in vivo. Due to mixing of proteins from different cellular compartments during cell
lysis, AP-MS might identify interactions that do not normally occur in vivo. Furthermore, since
BiolD relies on biotinylation, which is a covalent modification, more stringent lysis can be
employed, thus allowing for identification of proteins found in poorly soluble cellular
compartment, such as membranes, chromatin, the nuclear lamina, and the cytoskeleton (113).
Not only can the BioID technique be used to map the interactome of a single protein, but it can
also be used to systematically map the composition and organization of entire cellular
compartments, including membrane-less organelles that cannot be efficiently isolated by
fractionation (114—116). Recently, Go et a/ have used BiolD to map an extensive interactome of
HEK 293 cells by using 234 baits localized in more than 30 cellular compartments (117).

BiolD results in the identification of thousands of hits, most of which are not true proximity
partners of the bait. For example, endogenously biotinylated proteins such as mitochondrial
carboxylases, proteins that are non-specifically biotinylated by most baits, and proteins that bind
non-specifically to Sepharose beads will be among the hits. It is therefore crucial to use appropriate

controls (Fig 8B). Cells not expressing the BirA* enzyme can be used to control for endogenously
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biotinylation, and the BirA* enzyme expressed alone or fused to a control such as green fluorescent

protein (GFP) can be used to control for promiscuous biotinylation (113).

A
o
+Dox .
+Biotin .\ ‘ @
—— — — Cea D — Bead —
; . ¢
Induction with doxycycline In cell biotinylation (24 h) Cell lysis ID by mass spectrometry
Addition of biotin Purification on streptavidin beads
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Figure 8. Schematic illustration of the BiolD technique.

(A) BiolD is a proteomic technique which allows identification of proximal interactors of a bait
protein. The bait is fused to a mutant biotin ligase (BirA*) and expressed in cultured cells. Upon
addition of biotin, proteins proximal to the bait become biotinylated, and can thus be purified on
streptavidin beads and identified by mass spectrometry. (B) Two negative controls were used; the
parental cell line to control for endogenous biotinylation, and BirA* coupled to GFP to control for
non-specific biotinylation.

Rationale and Objectives

While the literature points to a clear link between KRAS, RASSF proteins, and the Hippo
pathway, there are significant gaps in knowledge in explaining the precise mechanisms by which
KRAS and RASSF1/5 activate Hippo signaling.

(a) KRAS signaling downstream of its effectors RAF and PI3K is very well elucidated. By
contrast, the signaling which occurs downstream of KRAS engaging its effector RASSFS5 is poorly
understood. How KRAS/RASSFS signaling activates apoptosis either via the Hippo pathway or

via other pathways is unclear.
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(b) While the core Hippo kinase cascade and its regulation of YAP/TAZ is well understood,
the upstream regulation of this pathway is not as well characterized. Some mechanisms by which
cellular cues such as cell-cell contact, polarity, and actin cytoskeleton dynamics regulate the Hippo
pathway are gradually being elucidated. However, it is unknown how these Hippo regulators might
couple to RAS signaling.

(c) It is still not entirely clear how the RASSF proteins themselves regulate the Hippo
pathway in vivo. Their inhibitory function on MST1/2 kinases in vitro seemingly conflicts with
their requirement for Hippo pathway activation.

(d) RASSF1 cooperates with KRAS to activate the Hippo pathway, despite not being a
KRAS effector. This KRAS/RASSF1 cooperation is thus indirect and can only be explained by
the involvement of other proteins.

The rationale behind this M.Sc. thesis is to address some of the knowledge gaps outlined
in the above four points in hopes of defining the precise mechanism of KRAS activation of the
Hippo pathway via the RASSFs. We hypothesized that other proteins involved in this mechanism
can be uncovered by BiolD. The first objective of this project is to map the interactome of KRAS,
RASSF1, and RASSFS5 either alone or when co-expressed using BiolD. The second objective is to

validate some of the identified partners as true interactors.
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MATERIALS AND METHODS
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DNA constructs

Table 1: Expression constructs used in this study

Construct Backbone Cloning
BirA*-FLAG-eGFP N-pSTV6 Gateway
BirA*-FLAG-KRAS N-pSTV6 Gateway
BirA*-FLAG-KRAS G12V N-pSTV6 Gateway
BirA*-FLAG-KRAS G12V/I21F/H27R N-pSTV6 Gateway
BirA*-FLAG-RASSF1A N-pSTV6 Gateway
BirA*-FLAG-RASSF1A N149C/K208L N-pSTV6 Gateway
BirA*-FLAG-RASSF5A N-pSTV6 Gateway
FLAG-KRAS G12V pDEST-pcDNAS5-FLAG-5’ Gateway
FLAG-KRAS G12V/I21F/H27R pDEST-pcDNAS-FLAG-5’ Gateway
FLAG-RASSF5A pDEST-pcDNAS-FLAG-5’ Gateway
3xFLAG-RASSFA pMSCV-3xFLAG Restriction
3xFLAG-RASSF1A N149C/K208L pMSCV-3xFLAG Restriction
3xFLAG-RASSF5A pMSCV-3xFLAG Restriction
3xHA-KRAS pDEST-pcDNAS-3xHA-5’ Gateway
3xHA-KRAS G12V pDEST-pcDNAS-3xHA-5’ Gateway
3xHA-KRAS G12V/I21F/H27R pDEST-pcDNAS-3xHA-5’ Gateway
3xHA-SNAP23 pDEST-pcDNAS-3xHA-5’ Gateway
3xHA-VAMP3 pDEST-pcDNAS-3xHA-5’ Gateway
GFP-RASSF5A pDEST-pLenti-CMV-GFP-Neo | Gateway
Venus-RASSF5A pDEST-pcDNA3-Venus-5' Gateway

N-pSTV6, pDEST-pcDNAS-FLAG-5’, and pDEST-pcDNAS-3xHA-5 backbone vectors

were graciously provided by Dr. Anne-Claude Gingras (LTRI, Toronto).
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Cloning of the constructs shaded in grey was performed by me using Gateway

recombination (Invitrogen). PCR primers with Gateway recombination sites were designed to PCR

amplify gene sequences.

Table 2: PCR primers used for Gateway recombination cloning

Gene

Gene ID

Residues

PCR primers

RASSFIA

11186

Full length

Forward:
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCG
GGGGAGCCTGAGCTCATTGAG

Reverse:
GGGGACCACTTTGTACAAGAAAGCTGGGTCCCCAAGG
GGGCAGGCGTGCAGGG

RASSF5SA

83593

Full length

Forward:
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCC
ATGGCGTCCCCGGCCATCGGG

Reverse:
GGGGACCACTTTGTACAAGAAAGCTGGGTCCCCAGGT
TTGCCCTGGGATTCTC

KRAS
(KRAS4B)

3845

Full length

Forward:
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACT
GAATATAAACTTGTGGTAGTT

Reverse:
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACATA
ATTACACACTTTGTCTTTGAC

SNAP23

8773

Full length

Forward:
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGAT
AATCTGTCATCAG

Reverse:
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGCTGT
CAATGAGTTTCTTTG

VAMP3

9341

Full length

Forward:
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCT
ACAGGTCCAACTGC

Reverse:
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATGAA
GAGACAACCCACAC
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Genes were first cloned into a pPDONR221 entry vector, and subsequently recombined in
the indicated destination vectors. Constructs were validated by Sanger sequencing and by digestion

with restriction enzymes followed by separation on a 0.8% agarose gel.

Cell culture and transient transfection

HEK 293T cells (ATCC CRL-1573) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 8% Newborn Calf Serum (NCS) and 2% Fetal Bovine
Serum (FBS). U20S cells (ATCC HTB-96) were maintained in DMEM supplemented with 10%
FBS. Cells were maintained at 37 °C and were passaged every 3-4 days to maintain a confluency
of 30-95%. Transient transfection in HEK 293T cells was performed using
Polyethyleneimine (PEI), whereas transient transfection in U20S was performed using
Lipofectamine (Thermo Fisher Scientific). Cells were seeded in either 6-well plates or 6 cm plates
at approximated 0.5 million or 1 million cells per well and grown for 24 hours prior to transfection,

and 2pg or 4pg of DNA was transfected.

Lentiviral infection

At 75% confluency, HEK 293T cells were transfected with second generation lentiviral
packaging and envelope expression vectors (psPAX2 and pCMV-VSV-G) together with one of
the N-pSTV6 BiolD expression vectors. After 24 hours, media was replaced with media containing
5% FBS and 100 pg/mL penicillin/streptomycin. After a subsequent 24 hours, media containing
the lentivirus was collected and filtered through a 0.45 pum filter. U20S cells at 30% confluency
in 10 cm plates were infected with lentivirus; 2.5 mL of virus-containing media was added per 10
cm plate. Polybrene at a final concentration of 8 pg/mL was also added to the media. After 24
hours, 2 pg/mL puromycin was added to the infected cells, to select for stably expressing clones.
Antibiotic selection was maintained for 3-5 days, during which cells were scaled up to 15 cm
plates. To determine the amount of lentivirus to be used for efficient infection, viral titering was
performed. U20S cells plated in a 6-well plate were infected with varying amounts of virus-
containing media expressing the N-pSTV6-GFP vector, ranging from 125 uL to 500 puL per well.

GFP fluorescence was assessed under the microscope to estimate the percentage of infected cells
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48 hours following infection. The viral titre resulting in efficient infection (70%) was determined

to be 500 pL per well (2.5 mL per 10 cm plate).

Generation of stable Flp-In T-REx cell lines

At 80% confluency, Flp-In T-REx (Invitrogen) U20S cells (provided by Dr. Marc
Therrien) in 6-well plates were transfected with Flp-Recombinase expression vector (pOG44), and
with one of the pDEST-pcDNAS-FLAG-5’expression vectors. After 48 hours, 100 pg/mL
hygromycin was added to the media to select for stably expressing clones. Antibiotic selection was

maintained for 14 days, during which cells were scaled up to 15 cm plates.

Cell lysis

Prior to lysing, cells were washed twice with ice-cold Phosphate Buffered Saline (PBS),
collected in PBS using a cell scraper, transferred to 1.5 mL Eppendorf tubes, and pelleted by
centrifugation at 500 x g for 5 mins at 4 °C. For all experiments except BiolD, cells were lysed in
200-300 pl of Lysis Buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM MgCl,, 10% Glycerol,
1% TritonX-100, 2 mM DTT, Protease inhibitors (Sigma), | mM PMSF) for 10 mins at 4 °C.
Lysates were clarified by centrifugation at 20,627 x g for 20 mins. The lysates were diluted in 6X
SDS Sample Buffer (375 mM Tris-HCI pH 6.8, 60% Glycerol, 12% SDS, 0.6 M DTT) and then

incubated at 95 °C for 5 mins.

SDS-PAGE and immunoblotting

Polyacrylamide gels (10%, 12% or 15%) were used for SDS-PAGE separation. Protein
samples were electrophoresed at 180V for 1 hour in SDS running buffer (25 mM Tris base, 192
mM Glycine, 0.1% SDS). Subsequently, separated proteins were transferred to nitrocellulose
membranes (Fisher Scientific) by wet transfer at 100V for 1 hour in Towbin buffer (25 mM Tris
base, 192 mM Glycine, 20% methanol) at 4 °C. Membranes were blocked for 1 hour at RT with
rocking in Tris-buffered saline Tween-20 (TBS-T) containing 5% skim milk. Membranes were
incubated with primary antibody overnight at 4 °C with rocking, and then washed 3 times with

TBS-T. HRP-conjugated secondary antibody was added for 1 hour at RT with rocking. Following

37



3 washes with TBS-T, ECL substrate (Bio-Rad) was added to the membranes, which were

developed either on ChemiDoc imaging system (Bio-Rad) or on film.

Antibodies

All primary antibodies for immunoblotting were diluted in TBS-T containing 3% Bovine
Serum Albumin (BSA) and 0.02% sodium azide. Primary antibody solutions were stored at 4 °C.
All secondary antibodies were diluted in TBS-T alone.

Table 3: Antibodies used for immunoblotting and immunoprecipitation experiments

Antibody Dilution Source

anti-BRAF 1:500 Santa Cruz sc-5284
anti-FLAG 1:1000 Sigma F3165

anti-GAPDH 1:500 Sigma-Aldrich MAB374
anti-GFP 1:5000 Abcam ab290

anti-HA 1:1000 Santa Cruz sc-7392
anti-RAF1 1:2000 BD Biosciences 610152
anti-yTubulin 1:5000 Sigma T6557
Streptavidin-HRP conjugate 1:10000 GE Healthcare GERPN1231

Immunoprecipitation

For immunoprecipitation (IP), a 20 uL bed volume of Protein G Sepharose beads (Sigma-
Aldrich) and 1-2.5 pg of antibody were used per sample. Sepharose beads were incubated with
antibody for 1 hour at 4 °C with rotation. Subsequently, beads bound to antibody were washed 3
times with lysis buffer and cell lysates were incubated with the beads for 1-2 hours at 4 °C with
rotation. The beads were pelleted (400 x g, 1 min), the supernatant removed, and beads were gently
washed 3 times with lysis buffer. Following the last wash, 20 uL of 2X SDS Sample Buffer was

added to the bead pellet, which was then incubated at 95 °C for 5 mins.

BiolD and streptavidin purification
BioID was done using U20S cells stably expressing BirA*-FLAG fusion proteins grown
in 2 15 cm plates. At 75-80% confluency, cells were treated with 1 pg/mL doxycycline and 50 uM
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biotin for 24 hours. Cells were lysed in Modified RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1 mM MgCl,, 1% NP-40, 0.5 mM EDTA, 1 mM EGTA, 0.4% SDS, protease inhibitors
(Sigma), I mM PMSF, and 0.4% sodium deoxycholate) in a 4:1 volume:mass ratio. One pL of
benzonase nuclease (250U; Sigma-Aldrich) was added to each sample and lysates were incubated
for 30 mins at 4°C with rotation. Lysates were centrifuged for 20 min at 20,627 x g, and then
incubated with 20 pL bed volume of streptavidin-sepharose beads (Sigma-Aldrich) pre-washed
with Modified RIPA buffer. Affinity purification was performed overnight at 4°C with rotation.
Beads were pelleted (400 x g, 1 min), the supernatant removed, and the beads were washed 1 time
with 0.5 mL SDS-Wash buffer (25 mM TRIS-HCI pH 7.4, 2% SDS), 2 times with 0.5 mL RIPA-
Wash buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.1% SDS, 0.4%
sodium deoxycholate), 1 time with 0.5 ml TNNE-Wash buffer (25 mM TRIS pH 7.4, 150 mM
NaCl, 0.1% NP-40, 1 mM EDTA), and 3 times in 0.5 mL 50 mM ammonium bicarbonate (ABC).

Trypsinization and analysis by mass spectrometry

Trypsinization and analysis by mass spectrometry was performed by the IRIC proteomics
core facility. Samples were reconstituted in 50 mM ABC with 10 mM TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride; Thermo Fisher Scientific) and vortexed for 1 hour at 37°C.
Chloroacetamide (Sigma-Aldrich) was added for alkylation to a final concentration of 55 mM.
Samples were vortexed for another hour at 37°C. One microgram of trypsin was added, and
digestion was performed for 8 h at 37°C. Samples were dried down and solubilized in 5% ACN-
0.2% formic acid (FA). Peptides were loaded and separated on a home-made reversed-phase
column (150-um i.d. by 200 mm) with a 56-min gradient from 10 to 30% ACN-0.2% FA and a
600-nl/min flow rate on an Easy nLC-1000 connected to an Orbitrap Fusion (Thermo Fisher
Scientific, San Jose, CA). Each full MS spectrum acquired at a resolution of 60,000 was followed
by tandem-MS (MS-MS) spectra acquisition on the most abundant multiply charged precursor ions
for a maximum of 3s. Tandem-MS experiments were performed using collision-induced

dissociation (CID) at a collision energy of 30%.

BiolD Data Analysis

The RAW data files generated by mass spectrometry were converted to an MGF format
using RawConverter (118) and then searched using the search engine X!Tandem (119). Spectra
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were searched against the human proteome from UniProt

(https://www.uniprot.org/proteomes/UP000005640) and common contaminants from the Global

Proteome Machine (GPM; http://www.thegpm.org/crap/index.html). The search results were
uploaded to ProHits-Virtual Machine (120), for analysis. Four control runs were used for
comparative purposes: 2 runs of a BiolD analysis conducted on an unrelated bait protein (GFP) to
control for non-specific biotinylation of intracellular proteins, and 2 runs from a BiolD analysis
conducted on wild-type U20S cells to mimic the condition in which endogenous biotinylation
(which primarily occurs on mitochondrial carboxylases) would be predominant. Each negative
control was analyzed in biological replicates with 2 independent biological replicates per type of
control. For visualization and comparison purposes, the spectral abundance of each hit was
normalized. The normalization method used is described by Zybailov ef al (121). For each hit in
each BiolD dataset, the number of identified spectra was divided by the protein length. This ratio
was further divided by total number of spectra identified in the BiolD, and then by the maximum

value in the dataset.

Statistical Tests

The algorithm Significance Analysis of Interactome (SAINT), which computes which
interactions can be deemed as statistically significant, was used to analyze the BiolD datasets
against the controls. SAINT assigns a confidence score to each identified interaction based on the
spectral abundance of the prey in the control datasets, as well as in all datasets analyzed. Only hits
that had more than one unique peptide identified and that had an X!Tandem value <-35
(corresponding to an FDR<0.01) were used for statistical analysis by SAINTexpress (version
3.6.1) (122). The more datasets are analyzed simultaneously by SAINT, the more stringent the
SAINT score will be. A SAINT score of 0.9 corresponds to a FDR of 0.02 (122).
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Validation of the rewiring mutants in cells

Having shown that the rewiring mutant of KRAS (KRASR!FH2'R) and that of RASSF1
(RASSFINCKL) work as designed in vitro, we sought to test their ability to interact with targets in
cells. We transiently co-expressed HA-tagged KRASWT, KRASC!2Y, or KRASCIZV2IF/H2TR with
FLAG-tagged RASSF5, RASSFIWVT, RASSFINCKL or the empty FLAG expression vector. In
HEK 293T cells, we immunoprecipitated HA-KRAS and probed for binding to endogenous BRAF
and FLAG-RASSF (Fig 9). As expected, endogenous BRAF showed increased binding to the
constitutively active (G12V) KRAS mutants compared to wild-type KRAS. Additionally, BRAF
showed reduced binding with KRASG12VRIFH2IR compared to KRASS!?V. Conversely, RASSF5
and RASSFINCKL showed increased binding with KRASCI2VI2ZIFH2TR compared to KRASS!2Y. No
binding was observed between KRAS and RASSF1WT, consistent with our earlier data. These
results confirmed that the binding preferences of the KRAS and RASSF1 rewiring mutants
observed in vitro were also observed in cells, and we could therefore use these designed mutants

in BioID experiments.
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Figure 9. KRASCGIZVIZIFHZTR hag increased affinity for RASSF5 and decreased affinity for
BRAF in cells

HEK 293T cells were transiently co-transfected with 3xHA-tagged KRAS and 3xFLAG-tagged
RASSF1, RASSFIN49C/K208L " RASSF5, or an empty 3xFLAG vector. Subsequently, an
immunoprecipitation (IP) with anti-HA antibody was performed. Immunoblots were probed with
anti-FLAG and anti-BRAF antibodies to assess the binding of the different KRAS mutants with
the RASSF proteins and with endogenous BRAF.

With the aim of identifying proteins that play a role in the activation of the Hippo pathway
downstream of KRAS, we set out to perform a series of BiolD experiments to map the interactomes

of KRAS and RASSF1/5, either alone or when co-expressed.



We subcloned genes encoding full length RASSF1, RASSF5, RASSFINCKL KRASWT,
KRASG!12V, KRASGIZVIZIFH2IR " and a control (GFP) into the N-pSTV6 vector. This lentiviral
vector comprises a BirA*-FLAG tag under control of a doxycycline-inducible promoter where
expression of a BirA*-FLAG-bait fusion protein is induced upon addition of doxycycline to the
media, allowing for control of the timing and duration of expression (123).

Prior to generating stable U20S lines, we verified expression of the BirA*-FLAG tagged
baits in HEK 293T cells upon addition of doxycycline (Fig 10A) and confirmed the total amount
of biotinylated proteins in cells increases upon expression of each BirA*-FLAG-Bait recombinant
protein (Fig 10B). This validated the activity of the BirA* enzyme fused to our baits of interests.
We further checked whether a known interactor of a given bait could be biotinylated upon its
expression. To accomplish this, HEK 293T cells were co-transfected with the BirA*-FLAG-Bait
constructs for RASSF1, RASSF5, or GFP alone together with HA-tagged KRASWT, KRASC!12Y,
or KRASGIZV2IFH2TR in the presence of doxycycline and biotin. We immunoprecipitated the HA-
KRAS preys and probed with streptavidin-HRP to assess whether KRAS was biotinylated. This
demonstrated that KRASS'?V and KRASG!ZVRIFHZR are biotinylated when BirA*-FLAG-
RASSFS5 is expressed, but not when BirA*-FLAG-GFP or BirA*-FLAG-RASSF1 are expressed
(Fig 10C), consistent with their presumed functions. Thus, the BirA*-FLAG baits are well-
expressed in mammalian cells and their expression leads to specific biotinylation of protein

interactors.
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Figure 10. Validation of the BirA*-FLAG baits in HEK 293T cells

(A) All 6 constructs used for BiolD as well as the GFP control were transiently transfected in HEK
293T cells. The expression of each recombinant protein in presence or absence of doxycycline was
assessed by immunoblot with anti-FLAG antibody. (B) The 6 BirA*-FLAG tagged baits and GFP
control were transiently transfected in HEK 293T cells, and biotin and doxycycline were added to
the media. The presence of biotinylated proteins in each lysate was assessed by probing with
streptavidin-HRP. (C) An IP was performed to assess whether cells expressing BirA*-FLAG-GFP,
BirA*-FLAG-RASSF1 or BirA*-FLAG-RASSF5 have a capacity to biotinylate 3xHA-tagged
KRAS. HEK 293T cells were co-transfected with the BirA*-FLAG tagged baits and with 3xHA-
tagged KRAS mutants. Subsequently, an IP with anti-HA antibody was performed and blots were
probed with streptavidin-HRP to assess biotinylation. Expression of BirA*-FLAG constructs was
uneven between samples and this experiment must be repeated, but clearly demonstrates that
RASSFS5 is proximal to KRAS in cells.

We chose to perform the BioID in U20S osteosarcoma cells since Hippo pathway function
is intact in this cell line as we’re able to observe regulation of YAP’s subcellular localization (88).
Using lentiviral infection, we made stable doxycycline-inducible U20S cell lines expressing each
of the BirA*-FLAG-bait recombinant proteins. As is the case in many cancer cell lines, the tumour
suppressors RASSF1 and RASSFS are significantly downregulated in osteosarcomas (124—126).
In the context of this study, we considered the low expression of the RASSF proteins in U20S
cells as an advantage since it allowed us to compare between conditions where RASSF proteins
were overexpressed versus those where the RASSF proteins were not expressed.

We began by performing six BiolDs where the bait was the only protein overexpressed
(Table 4). A control run was performed using BirA*-FLAG-GFP as bait to assess non-specific
biotinylation of intracellular proteins. Wild-type U20S cells grown in the presence of biotin were
used as a control for endogenous biotinylation. For all six of these BiolDs, our previous data
suggest the Hippo pathway is inactive as we are overexpressing only a RASSF protein or KRAS
alone, rather than both together (Fig 4).

Given that the aim of this study was to uncover factors involved in the RAS-mediated
activation of the Hippo pathway, it was necessary to compare between the Hippo-active and -
inactive conditions. Thus, we performed five combination BiolDs representing the Hippo-active
conditions (Table 4). In these five experiments, the bait was co-expressed with a second protein
such that both a RASSF effector (RASSF1 or RASSFS5) and constitutively active KRAS

(KRASS2V or KRASGI2VZIFH2TRY were present.
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Table 4: List of BiolD experiments performed

bait Control
Individual BiolDs
1. KRASWT
2. KRASG12vV
3. KRASGIZV/IZ]F/H27R
4. RASSF1 GFP
5. RASSFINCKL
6. RASSF5

Combination BioIDs

7. KRASC™V with RASSFS5
8. KRASCI2VI2IFH2TR with RASSFS
9. RASSFI with KRASS12Y
10. RASSF5 with KRASC12V
11. RASSF5 with KRASCI12V/R21F/H27R GFP with KRASC12Y/ RIFH27R

GFP with RASSF5

GFP with KRASC!2Y

To generate stable U20S cell lines where expression of both proteins is under the inducible
control of doxycycline, we used the Flp-In T-REx system combined with lentiviral infection of the
BirA*-FLAG baits. The Flp-In T-REx system relies on DNA recombination by Flp recombinase
at FRT sites for generation of stable mammalian cells that express a protein of interest under the
control of a doxycycline-inducible promoter. First, we made Flp-In T-REx U20S cell lines stably
expressing either FLAG-tagged KRASS!2V, KRASCI2VI2IFH2TR o RASSF5. Next, using the
BirA*-FLAG tagged baits described above, we transduced the Flp-In T-REx U20S cells with
lentivirus to generate cell lines expressing the BirA*-FLAG-Bait protein together with the
concomitant FLAG-tagged protein. Three control lines were made that express BirA*-FLAG-GFP
with FLAG-tagged KRASS!2V, KRASCI2VI2IFH2TR o RASSF5. Thus, we generated a total of
eleven U20S lines for BiolD, as well as four control lines.

To assess the expression of the exogenously expressed constructs in all of our stable U20S
cell lines, we induced each line with doxycycline and probed for FLAG (Fig 11). Despite being
under the control of a doxycycline-inducible promoter, we observed that in the Flp-In T-REx lines,

the FLAG-tagged proteins were expressed even in the absence of doxycycline (Fig 11B). As this
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would ensure the presence of our Hippo activating prey upon doxycycline induction of the BirA*-
FLAG-bait, we reasoned that it was actually advantageous to have only the BiolD protein be fully
inducible. Initial analysis of BirA*-FLAG-RASSFS5 expression in the two lines where FLAG-
tagged KRASC12Y or KRASGI2VZIFH2R were expressed, showed very low expression levels (Fig
11B). Thus, we remade these two lines using twice as much viral titre to increase expression of
BirA*-FLAG-RASSFS5. For the BiolD, we used the old lines for the first biological replicate and
the new lines for the second biological replicate. Thus, all BirA*-FLAG baits and concomitant
FLAG-tagged proteins were well expressed in the fifteen stable U20S lines and were ready for
BiolD.
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Figure 11. Expression of BirA*-FLAG-baits in stable U20S cell lines

(A) Lentiviral infection of the BirA*-FLAG constructs in U20S cells, followed by selection with
puromycin was performed to generate stable cell lines. Expression of the BiolD recombinant

proteins following addition of doxycycline was assessed by immunoblot with anti-FLAG antibody.
(B) (C) Stable Flp-In T-REx U20S lines expressing either FLAG-RASSF5, FLAG-KRASS!?Y or
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FLAG-KRASG2VR2IFH2TR \yere generated. These lines were subsequently infected with one of the
BirA*-FLAG-bait constructs to generate lines where both the BiolD recombinant protein and a
second FLAG-tagged protein are expressed upon addition of doxycycline. Expression of both
proteins was assessed by immunoblot with anti-FLAG antibody. (D) Expression of BirA*-FLAG-
RASSFS5 was poor in two of the generated lines in (B), thus lentiviral infection was repeated using
double the initial viral titre. Expression of both proteins was assessed by immunoblot with anti-
FLAG antibody.

Validation of the correct function of the BirA*-FLAG baits in the BiolD lines

To determine whether the BirA*-FLAG baits were indeed biotinylating known interaction
partners in the U20S lines, we examined whether known KRAS effectors were biotinylated in the
BirA*-FLAG-KRAS lines, by immunoprecipitating (IP) the prey and probing with streptavidin-
HRP. We refer to this type of experiment as a biotinylation-IP. The first biotinylation-IP we
performed was to assess whether RASSF5 is biotinylated by BirA*-FLAG-KRAS. We
overexpressed Venus-tagged RASSF5 in the three BiolD lines expressing either BirA*-FLAG-
KRASYT, BirA*-FLAG-KRASS'?V, or BirA*-FLAG-KRASG!ZVR2IFH2R = Quhsequently, we
immunoprecipitated Venus-RASSF5 and probed the blot with streptavidin-HRP and anti-FLAG
antibody. We observed that constitutively active KRAS was complexed with RASSFS5 and that
RASSFS5 was biotinylated in the cell lines where constitutively active KRAS was expressed (Fig
12A). This showed that the BirA*-FLAG baits work reliably in the stable U20S lines and that the
biotinylation-IP strategy could be used for hit validation.

Next, we assessed whether the effector RAF1 was biotinylated by BirA*-FLAG-KRAS.
Using the five KRAS BiolD cell lines, we immunoprecipitated endogenous RAF1 and probed the
blot with streptavidin-HRP and anti-FLAG antibody. RAF1 was most strongly biotinylated in the
two samples expressing BirA*-FLAG-KRASS!?V, RAF1 was also biotinylated to a smaller extent
in the sample expressing BirA*-FLAG-KRASC!2V2IFH2IR g]one, and to an even smaller extent in
the sample expressing BirA*-FLAG-KRASC12V2IFH2R with RASSF5, presumably because
RASSF5 was outcompeting RAF1 for binding to KRASC!12V/I2IFH2R (Rjg 12B). Thus, we showed
that known KRAS interactors were subject to biotinylation in the BiolD lines, confirming the

correct function of the BirA*-FLAG baits.
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Figure 12. Biotinylation of KRAS interactors in the KRAS BiolD lines

(A) Venus-RASSFS5 was transiently transfected in the BiolD U20S cell lines expressing BirA*-
FLAG tagged KRASWT, KRASS!2V or KRASC2V/R2IFH2TR and doxycycline and biotin were added
to the media. Subsequently, an IP with anti-GFP antibody was performed and blots were probed
with streptavidin-HRP to assess whether RASSFS5 is biotinylated. (B) Doxycycline and biotin were
added to the media of the 5 KRAS BiolD U20S cell lines. Subsequently, an IP with anti-RAF1
antibody was performed, and the blots were probed with streptavidin-HRP to assess whether
endogenous RAF1 is biotinylated.

The BioID Results

Having validated the function of the BirA*-FLAG baits in the stable U20S lines, we
proceeded with performing BioID proximity biotinylation. Expression of the BirA*-FLAG-Bait
fusion protein was induced with doxycycline and the cells were incubated with biotin for 24 hours.
Subsequently, all biotinylated proteins in the cell lysate in were purified on streptavidin beads.
Virtually all biotinylated proteins in the cell lysate became bound to the beads (Fig 13). Isolated
proteins were trypsinized and identified by mass spectrometry. Two biological replicates were

performed for each BiolD experiment.
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Figure 13. Purification of biotinylated proteins on streptavidin beads

The U20S cells used for BiolD were lysed and biotinylated proteins were purified on streptavidin-
sepharose beads. Different fractions were probed with streptavidin. Most biotinylated proteins in
the sample were bound to the beads.

The mass spectrometry results were analysed using ProHits (120), and SAINTexpress
(122) was used to determine preys deemed statistically significant. For most of our analysis we
only included hits with a SAINT score greater or equal to 0.9. When making figures 15, 16, and
17, we also included hits with a SAINT score greater or equal to 0.5. Given that more spectra are
identified for larger proteins on average, we normalized the spectral abundance of each hit to the
protein length (121). The total number of spectra identified per BiolD might vary between
experiments (for example, due to differences in expression of the BirA*-bait), thus comparing
between datasets can be difficult. Therefore, we also normalized the spectral abundance of each

hit to the total number of spectra identified per BiolD experiment (121).
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Figure 14. Top 25 hits in each BiolD dataset

(A) Top 25 proteins identified in the BiolD dataset of RASSF1 and in that of RASSF1 with
KRASS!2V, (B) Top 25 proteins identified in the BiolD of RASSF5 and in that of RASSF5 with
KRASCI2VR2IFH2TR () Top 25 proteins identified in the BiolD of KRASYT, in that of KRASS!2Y,
and in that of KRASG12VI2IFH2TR yith RASSFS5. The colour intensity of each dot is proportional to
the spectral abundance of each hit normalized to protein length and to total number of spectra. The
size of each dot is proportional to the hit’s spectral abundance relative to its abundance in the other
BiolDs. The colour of the dot’s border represents its SAINT score, where a darker colour indicates
a higher confidence interaction. Only hits with a SAINT score > 0.9 in at least one of the BiolD
experiments are included. The blue/red squares indicate the difference in spectral abundance
between the two indicated BiolD experiments.

KRAS BiolD results

We began by analyzing the hits identified in the five BiolDs of KRAS. Given the
membrane localization of KRAS, the list of the top 25 hits identified in the KRAS BiolDs included
many membrane-localized proteins (Fig 14A). Namely, the top three hits in the BiolD of
KRASS!2Y were SLC3A2, EPB41L2 and EPHA2, all three of which are transmembrane proteins.
EPB41L2 and EPHA?2 have been identified in previous BiolDs of KRAS as well (117,127,128).
Thus, we felt confident that the BirA*-FLAG-KRAS proteins were properly localized at the
plasma membrane.

Many known interactors of KRAS were identified among the hits, including effectors and
regulators (Fig 15). RAS GAPs were among the interactors, including NF1 and RASAL?2.
However, no RAS GEFs were identified. Notably, all three RAF isoforms were identified and so
was the effector AFDN. Furthermore, the RAS effectors were more highly enriched in the
conditions of constitutively active KRAS (KRASY'?V or KRASG!2V/2IFH2TR) than in the KRASWT
condition, further confirming that BiolD worked reliably and that signaling downstream of BirA*-
FLAG-KRAS was occurring. Interestingly, RASSF5 was identified only in the BiolD of
KRASCI2VI2IFH2TR with RASSF5. This was not unexpected in the BiolDs of KRAS alone given
the low endogenous expression of RASSF5 in U20S cells. In fact, RASSF5 has never been
identified in previous BioIDs of K/H/NRAS (129). However, RASSF5 was not detected in the
BioID of KRASY!2V with co-expressed RASSF5. This might simply be because it was not picked
up by the mass spectrometry, given that we could detect the interaction by biotinylation-IP (Fig
12A).
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The top hit enriched in the interactome of KRASC!12V/I2IFH2TR with RASSF5 compared to
that of KRASS!2V alone was B-tubulin 4B (TUBB4B), hinting at a possible involvement of
microtubules in Hippo pathway activation. To our knowledge this is the first time tubulin has been
identified as a proximal interactor of RAS.

We sought to determine which gene ontology (GO) terms for biological function (BF),
cellular component (CC), and molecular function (MF) were enriched among the hits in our
datasets. Based on this analysis, we grouped the KRAS BiolD hits into five categories; proteins
involved in GTPase signaling, protein kinases, proteins involved in cell adhesion and polarity,
proteins linked to the MAPK pathway, and proteins involved in vesicular transport (Fig 15). Some
hits did not fit any of the categories and some hits were present in two or more of these categories.
Strikingly, many proteins involved in adhesion and polarity such as Erbin, SCRIB and AFDN were

also present in the interactome of RASSFS5.
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Figure 15. Heat map representation of the KRAS BiolD hits grouped by function

Heat map representation of the proteins identified in the 5 BiolDs of KRAS, grouped by cellular
or molecular function: GTPase signaling, protein kinases, cell adhesion and polarity, MAPK
signaling, and vesicular transport. The functional groupings were chosen by identifying gene
ontology (GO) terms that were most enriched in the dataset. The colour intensity of each square is
proportional to the spectral abundance of each hit normalized to protein length and to total number
of spectra. Only hits with a SAINT score > 0.5 in at least one of the BiolD experiments are
included. Hits are ordered based on the difference in spectral abundance between the BiolD of
KRASS?V and the BiolD of KRASCIZV/R2IFH2R = e = hits more enriched in the BiolD of
KRASSCI2VI2IFH2TR gre higher up. A blue line indicates hits that were also identified in the BiolD
of RASSFS.

RASSF1 BiolD results

The BiolD of RASSF1 alone was highly enriched in ribosomal proteins (e.g., RPS3, RPS9,
RPL10). These are likely non-specific interactions that failed to be filtered out by the SAINT
algorithm, resulting from the ribosomal synthesis of the BirA*-bait recombinant protein (130).

Many microtubule-associated proteins (MAPs) such as MAP4, MAP1S, and MAP1B were
enriched in the BioID of RASSF1 alone and in that of RASSF1 with KRASS!?V, consistent with
RASSF1’s observed localization at microtubules (104). Despite our previous data showing that
the RASSFINCKL mutant does not localize at microtubules, many MAPs were identified in the
interactome of KRASNCKL although fewer than in the two RASSF1WVT BiolDs (Fig 16). The
interactome of RASSFINCKL was more highly enriched in cell adhesion and polarity proteins
compared to that of RASSF1WT, although it is interesting to note that RASSF1WT was nonetheless
in proximity to some cell adhesion proteins, despite its microtubule localization. Qualitatively, the
interactome of RASSF1 alone more closely resembles that of RASSF1 with KRASS!2Y than that
of RASSFINCKL,

When KRASS!?Y was expressed, most hits were depleted rather than enriched (Fig 14B).
Such hits include MAP4, MAP1B and the Hippo pathway inhibitor DLG5. Two hits that were
markedly enriched in the BioID of RASSF1 with KRASY?V are the RNA-binding protein
HNRNPC and the lipoprotein receptor LRP1. TUBB4B and a-tubulin 1C (TUBA1C) were also
among the enriched hits.

Prey interactors that were enriched in the BioID of RASSFINKL compared to that of
RASSFIYT include HNRNPC, the mRNA-binding protein IGF2BP2, and centrosomal proteins
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CEP128 and CEP131, whereas depleted proteins include MAP4, MAP7D3, and the mitotic-
spindle associated protein SKA3.

In addition to DLGS, several other Hippo pathway regulators were identified in the
RASSF1 BiolDs. Notably, NF2, which is PM-localized, was only observed as a hit for
RASSF1NCKL The kinases MST1 and MST2, known interactors of RASSF1, were identified in all
three RASSF1 interactomes, although they were both significantly depleted in the BiolD of
RASSF1 with KRASS!12V,
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Figure 16. Heat map representation of the RASSF1 BiolD hits grouped by function

Heat map representation of the proteins identified in the 3 BiolDs of RASSF1, grouped by cellular
or molecular function: cell adhesion and polarity, association with microtubules, and Hippo
signaling. The functional groupings were chosen by identifying GO terms that were most enriched
in the dataset. The colour intensity of each square is proportional to the spectral abundance of each
hit normalized to protein length and to total number of spectra. Only hits with a SAINT score >
0.5 in at least one of the BiolD experiments are included. Hits are ordered based on the difference
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in spectral abundance between the BioID of RASSF1 and that of RASSF1 with KRASY!?V ie.,
hits more enriched in the BioID of RASSF1 with KRASS!2V are higher up.

RASSFS BiolD results

RASSFS5 has been shown to have primarily nuclear localization. Consistent with this, many
of the RASSFS5 BiolD hits were nuclear proteins such as Nucleophosmin (NPM1), which was the
top hit (Fig 14C). The third top interactor for RASSF5 was the small GTPase RAN, which
mediates nuclear import and export of proteins, likely indicative of nucleocytoplasmic shuttling of
RASSFS5. Notably NPM 1, RAN, as well as other nuclear proteins such as the nucleosome assembly
proteins NAP1L1 and NAP1L4 were highly depleted when KRASS!2Y or KRASC12VZIFHZTR \yere
expressed. This is consistent with our observations that when constitutively active KRAS is
expressed, RASSF5 colocalizes with KRAS at the PM.

Proteins that were highly enriched when KRASS!2V or KRASC12V/R2IFH2TR were expressed
include the PM-localized polarity protein Erbin, desmosome-localized Desmoglein 2 (DSG2), and
o-tubulin 1A (TUBA1A). Additionally, B-tubulin 2B (TUBB2B) and the small GTPase RAB21
were enriched only when KRASG!2V/RIFH2R (hyt not KRASY!1?V) was expressed.

As with RASSF1 and RASSFINCKL| a significant number of MAPs were among the
RASSFS5 interactors, including MAP1B and MAP4, which were the second and fourth top
interactors of RASSFS5, respectively (Fig 17). The RASSFS5 hits included Hippo pathway
regulators such as DLG5 and SCRIB. MST1 and MST2 were identified in the interactome of
RASSFS5 alone, and they were significantly depleted in the interactome of RASSF5 with
KRASS!2V and in that of RASSF5 with KRASG12VI2IFH2TR

It has been demonstrated that RASSF1 and RASSF5 can heterodimerize in vitro through
GST-pulldown experiments with purified proteins (105). RASSF1 was not identified in the BiolD
of RASSFS5, and RASSF5 was not identified in the BiolD of RASSF1 likely because they are
poorly expressed in U20S cells and because they don’t share the same cellular localization.
However, RASSF5 was identified as a proximal interactor of RASSFINCKL, RASSFINCKL and
RASSFS5, which based on our previous observations have the same subcellular localization, might
be heterodimerizing in vivo.

Notably, neither KRASS!2Y nor KRASC12VEIFHITR were detected in the BiolD of RASSFS5.
Again, this might be because it was not detected by mass spectrometry, given that the interaction

was indeed detected by biotinylation-IP in HEK 293T cells (Fig 10C).

59



& & Nad /\Q‘
< gg',\ i\ < @r{,\ \((@(L
R\ R\¢ o gV
g é(‘ox O\(}: O\q’ g é(@x 0\{1/0(1' g é(‘ox N ???Q:x (i\x o
XFe TP PP FE&E
W] | | | eren] I TUBB2B B scris [ I
mar1s [N osc2| M TUBATA STRN4
MST1 scre| B KPNB1 DLG1
MST2 KIRREL1 BRCA2 PARD3
pLG1| CENPF PATJ
PARD3| CEP131 APC
PkP2| ALMS1 DCHS1
NG ]| WSE | | STRN3
CTNND1| CENPC o.es [
PATJ TUBA1C DVL3
APC LZTS2 MST2
TNXB PCM1 msT1 [l
DCHS1 MAP1A Hippo
Normalized Abundance, CELSR3 DST
Length Corrected psT| CEP152
B | el | | | PHLDB2
0.0 1.0 DVL3 CCSER2
| in KRAS BioID k| varis D
Adhesion/Polarity var4 [

Microtubules

Figure 17. Heat map representation of the RASSFS5 BiolD hits grouped by function

Heat map representation of the proteins identified in the 3 BiolDs of RASSFS5, grouped by cellular
or molecular function: cell adhesion and polarity, association with microtubules, and Hippo
signaling. The functional groupings were chosen by identifying gene GO terms that were most
enriched in the dataset. The colour intensity of each square is proportional to the spectral
abundance of each hit normalized to protein length and to total number of spectra. Only hits with
a SAINT score > 0.5 in at least one of the BioID experiments are included. Hits are ordered based
on the difference in spectral abundance between the BiolD of RASSF5 and that of RASSFS5 with
KRASGI2VRIFH2IR '§ e hits more enriched in the BioIlD of RASSF5 with KRASC!ZV/R2IF/HITR 4pe
higher up. A blue line indicates hits that were also identified in the BiolD of KRAS.

KRAS interaction with SNAP23 and VAMP3

We were interested in determining which BioID hits could be involved in activation of the
Hippo pathway downstream of KRAS and the RASSF effectors. We found it particularly
interesting that a number of proteins involved in vesicular trafficking were among the KRAS
BiolD hits, and furthermore, that the spectral abundance of many of these hits seemed to vary in
the conditions where RASSF5 was present. This led us to hypothesize that RASSFS5 or the Hippo

pathway can regulate KRAS expression at the membrane by modulating its vesicular trafficking
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(131). Of particular interest to us were the SNARE proteins SNAP23, SNAP29 and VAMP3.
SNARESs are proteins that mediate the fusion of vesicles with target membranes (132). These three
SNAREs have been shown to interact with KRAS and regulate its localization to the plasma
membrane (131). Focussing on SNAP23 and VAMP3, we aimed to validate these two hits as
KRAS interactors through biotinylation-IP experiments. In U20S cells expressing either BirA*-
FLAG-KRASYT, BirA*-FLAG-KRAS®!?V, or BirA*-FLAG-KRAS®?V with RASSF5, we
transiently expressed either HA-SNAP23 or HA-VAMP3, and subsequently immunoprecipitated
the HA-tagged SNARE protein and probed with streptavidin-HRP to assess whether it was
biotinylated (Fig 18). We observed that both SNAP23 and VAMP3 were biotinylated when BirA*-
FLAG-KRAS was expressed, however, the amount of biotinylation did not vary when RASSF5
was expressed, in contrast to what we observed in the BiolD data. Thus, we successfully validated

that SNAP23 and VAMP3 as proximal interactors of KRAS.
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Figure 18. SNAP23 and VAMP3 are biotinylated by BirA*-FLAG-KRAS

(C) BioID U20S cell lines expressing either BirA*-FLAG-KRASWYT or BirA*-FLAG-KRASS!2Y
were used for this IP. Using lentiviral infection, GFP-RASSFS5 was expressed in one of the samples
expressing BirA*-FLAG-KRAS®!?V, 3xHA-tagged SNAP23 or the empty 3xHA vector were
transiently transfected, and doxycycline and biotin were added to the media. Subsequently, an IP
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with anti-HA antibody was performed, and the blots were probed with streptavidin-HRP to assess
whether SNAP23 is biotinylated. (D) Same experiment as in (C) but 3xHA-tagged VAMP3 was
transiently transfected instead.
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A summary of the findings

RAS can engage several effectors to activate a multitude of downstream pathways. How
RAS might select effectors to engage and thus which pathways to activate is not fully understood.
This versatility and crosstalk between pathways make it difficult to study RAS signaling to a single
effector pathway. Rewiring of RAS by point mutations is a useful tool to study RAS signaling
downstream of a specific effector. Compared to wild-type KRAS, the KRASPZ!FH2R doyble
mutant had increased affinity for RASSFS5 and decreased affinity for RAF in vitro and in cells.
Endogenous BRAF displayed less binding to KRASG!12VIFH2ZR compared to KRASS!2Y, whereas
exogenously expressed RASSF5 displayed increased binding to KRASG!2VEIFH2ZIR " Tq fylly
validate the functionality of the KRASC12V/I2IFH2TR mytant in cells, its effect on MAPK activation
should be assessed. This can be done by evaluating phosphorylation levels of ERK (pERK) by
immunoblot following expression of KRASCGIZVRIFHZIR yergys KRASS!2V, in the presence or
absence of overexpressed RASSFS5.

The aim of this M.Sc. project was to identify proteins involved in KRAS mediated
activation of the Hippo pathway via RASSF1 or RASSF5, by mapping the interactomes of these
three proteins by proximity biotinylation. We generated stable doxycycline-inducible U20S cell
lines expressing baits for BiolD, either alone or jointly with a second overexpressed protein. To
ensure that BiolD will work reliably in our cell lines, we checked whether BirA*-tagged baits were
capable of biotinylating known interactors. KRASS!2V and KRASC12VEIFHZTR \ere biotinylated
when they were co-expressed with BirA*-RASSF5 although the expression of the exogenous
proteins used in this experiment was not equal between conditions and therefore needs to be
repeated. Nonetheless, this result validated that BirA*-tagged RASSFS5 could interact with its
binding partner KRASY!2V, Similarly, exogenously expressed RASSF5 was biotinylated in the
BioID lines expressing BirA*-tagged KRASS!2V or KRASC12V/R2IFH2R "Endogenous RAF1 was
biotinylated in lines expressing BirA*-tagged KRASS!?V or KRASGIZVRIFH2ZIR glone, or in
combination with RASSFS5. Interestingly, the band intensity pattern that we observed for RAF1
biotinylation (Fig 12B) was almost identical to the pattern of spectral abundance in the heat map
row corresponding to RAF1 in the KRAS BiolDs (Fig 15). Both the BiolD data and the
immunoblot showed that the interaction between RAF1 and KRASCIZVEZIFHZIR \aq almost
entirely lost upon overexpression of RASSFS5, corroborating the functionality of this KRAS

rewiring mutant. The interaction between RAF1 and KRASY!?Y was not at all diminished when
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RASSFS5 was present, indicating that exogenous RASSF5 was not outcompeting endogenous
RAF]1 for binding to KRAS. It is worth mentioning that the anti-FLAG blot (Fig 12B) showed the
opposite; the RAFI/KRASY!?V interaction was diminished when RASSF5 was present. This
discrepancy could be explained the following way: the peptide sequence recognized by the anti-
RAF1 antibody used for this IP is near the RBD of RAF1, and thus binding of the antibody to
RAF]1 could be partially hindering binding of RAS. However, since the biotinylation of RAF1
occurs in cellulo prior to performing the IP, it wasn’t affected by the binding of the antibody.

We successfully elucidated the interactome of KRAS, RASSF1, and RASSFS in a total of
eleven different conditions. Six of the conditions corresponded to the Hippo pathway in the
inactive state, where KRAS or the RASSF proteins were overexpressed alone, with the remaining
five conditions corresponding to a Hippo active state where both constitutively active KRAS and
RASSF1 or RASSF5 were co-expressed. Analyzing the extensive data and comparing between
active Hippo and inactive Hippo interactomes allowed us to make some interesting observations,

draw several conclusions, and ask new questions.

The KRAS interaction with SNARE proteins

Soluble NSF attachment protein receptors (SNARESs) are a class of vesicle and membrane-
associated proteins that facilitate the fusion between vesicles and target membranes, thus
regulating release of vesicle cargo and transfer of membrane proteins to appropriate compartments
(132). SNAP23, SNAP29 and VAMP3 are SNAREs implicated in the endosome to PM trafficking
of KRAS. SNAP29 and VAMP3 are localized at endosomes, whereas SNAP23 localized at the
PM and at endosomes to a lesser extent. Deletion of all three SNAREs leads to the accumulation
of KRAS at recycling endosomes. Che ef a/ have demonstrated by coimmunoprecipitation (co-IP)
that SNAP23, SNAP29 and VAMP3 can associate with KRAS. Furthermore, using microscale
thermophoresis, the authors calculated the binding affinities for the KRAS/SNAP23 and
KRAS/SNAP29 interactions to be 117 nM and 178 nM respectively, whereas the interaction with
VAMP3 is likely indirect (131).

Our KRAS BiolD data showed an enrichment of these three SNARE proteins (as well as
the SNARE protein VAMP2) in the conditions where RASSF5 was overexpressed. We
hypothesized that expression of RASSF5 or activation of the Hippo pathway might be regulating

KRAS vesicular trafficking and PM localization. Increased interaction between KRAS and the
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SNARE proteins could be interpreted in two ways; (a) that there is an accumulation of KRAS in
recycling endosomes and that KRAS is thus interacting more with these three endosomal proteins,
(b) that there is an upregulation in expression of the three SNARE proteins, which are positive
regulators of KRAS PM localization, and thus that there is an accumulation of KRAS at the PM.
At first glance, explanation (a) is more appealing, given the tumor suppressive role of RASSF5.
However, out of the three SNAREs, SNAP23 was the most significantly enriched in the presence
of RASSFS5 and it is primarily localized at the PM. Furthermore, RAB11B which was identified in
the BiolD of KRAS, was depleted when RASSF5 was expressed, despite its well characterized
localization at recycling endosomes (133).

We confirmed that SNAP23 and VAMP3 are indeed proximal interactors of KRAS by
performing a biotinylation-IP. However, we did not observe an increase in biotinylation of
SNAP23 and VAMP3 when RASSF5 was co-expressed, although this experiment should be
repeated while including KRASG!12V/R2IFH2TR Eyrthermore, immunofluorescence experiments can
be done to assess whether there is an accumulation of KRAS at recycling endosomes upon

RASSFS5 overexpression, using an endosomal marker such as ARF6.

The involvement of microtubules in Hippo signaling

RASSF1 binds and stabilizes microtubules (104). Unsurprisingly, the interactome of
RASSF1 was highly enriched in microtubule-associated proteins. A number of MAPs, namely
MAPIS and MAPI1B, were also enriched in the interactomes of RASSFINCKL and RASSF3,
indicative of a potential role of RASSF5 at microtubules, despite its mostly nuclear localization.
Moshkinova et al have previously observed endogenous RASSFS5 localized at microtubules and at
centrosomes in A549 lung adenocarcinoma cells, as well as in immortalized epithelial cells (134).

The Drosophila and human Hippo pathway interactomes, which were mapped by AP-MS,
both contain microtubule-associated proteins (135,136). Namely, the Drosophila Hippo
interactome shows an enrichment of MAPs involved in mitotic spindle reorganization (135). Hauri
et al have mapped the human Hippo pathway interactome in HEK 293 cells, and they observed
MST1/2 and RASSF1/3/5 in complex with MAP1S and MAP1B (136).

In our BiolD datasets, the enrichment of most MAPs did not vary between interactomes,
regardless of the expression of constitutively active KRAS. Interestingly however, a-tubulin and

B-tubulin (TUBATA, TUBA1C, TUBB2B, TUBB4B) were among the most highly enriched hits
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in Hippo active conditions for RASSF1, RASSFS5, and KRAS interactomes, adding further
evidence of a link between microtubule dynamics and the Hippo pathway. Interestingly, an
interaction between the RA domain RASSF5 and o/B-tubulin has been observed in vitro (137).
Furthermore, RASSFS5 can seemingly promote microtubule assembly in vitro, and this is impeded
by active KRAS (137). A potential role of RASSFS5 at microtubules in vivo should be investigated
further, starting by validating the RASSF5/tubulin interaction by co-IP experiments.

Despite the proximity of RASSFINKL and RASSF5 to MAPs and to tubulin, our BiolD
data does not contradict them having a nuclear localization, given that many nuclear proteins were
among the BiolD hits. In fact, the BiolD datasets suggest that RASSFS5 is in proximity to proteins
in three different cellular localizations: the nucleus (enriched in the absence of KRASS!?Y), the
plasma membrane (enriched in the presence of KRASY!?Y), and microtubules (a-tubulin and B-

tubulin were enriched when KRASS!2V or KRASC12VZIFHZTR were present).

The RASSF interaction with MST1/2

The MST1 and MST?2 kinases, at the core of the Hippo pathway, were identified as preys
in the interactomes of RASSF1, RASSF1N“KL and RASSF5. The interaction of the RASSF proteins
with MST1/2 was enriched in the absence of KRASY!?Y or KRASCIZVZIFH2TR T other words,
RASSF1/5 and MST1/2 interacted more when the Hippo pathway was inactive than when it was
active. This finding aligns with the extensive in vitro data showing that RASSFs are inhibitors of
MST1/2 kinase activity and agrees with a model whereby KRASY!?V binds to its effector RASSF5
to promote release of MST1/2. However, exogenous expression of RASSF1/5 is required for
KRAS-mediated activation of the Hippo pathway, since expression of KRASY!?V alone does not
result in activation. This suggests that the RASSF/MST interaction is nonetheless important for
proper MST activation — for example, this interaction might be important for proper localization
of the kinase at the site of Hippo pathway activation, or it might stabilize the MST protein, leading
to increased expression, supporting the reservoir model (64).

Conversely, this reduced interaction between RASSF1/5 and MST1/2 during Hippo
activation does not support the membrane complex model proposed in the literature whereby
KRAS/RASSF5/MST form a complex at the PM (103). Furthermore, MST1 and MST2 were not
identified in the interactome of KRAS with RASSFS5. However, this model cannot be completely
refuted. KRAS and RASSF5 might cooperate to recruit MST1/2 to the PM, where Hippo signaling
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likely occurs. This would increase the local concentration of MST1/2, which would therefore
promote MST1/2 homodimerization, release of RASSF5, and subsequent activation. Perhaps the
KRAS/RASSF5/MST complex is very transient and only exists for a fraction of the time that the
active MST1/2 dimers exist.

Given that binding between KRAS and RASSF1 is not required for Hippo activation, a
third model is required to explain how KRAS mediates the release of the RASSF1/MST
interaction. Proteins that might be involved in this indirect regulation are hits that displayed
differential abundance between the RASSF1 alone and the RASSF1 with KRASS!2Y interactomes.
The proximal interaction between RASSF1 and DLG5 was markedly decreased when KRASS!2Y
was expressed. DLGS, which has been shown to inhibit the Hippo pathway by interacting with
MST1/2, was also identified in the interactome of KRAS. Whether DLGS5 is involved in KRAS
regulation of the RASSF1/MST interaction should be investigated.

Conclusion

We successfully elucidated the interactome of KRAS, RASSF1, and RASSF5 in the
context of Hippo signaling, while also demonstrating the merit of using a rewiring approach to
study RAS signaling. We have generated an extensive database of proximal protein interactions to
be further investigated by our lab and by the scientific community. Our BiolD data provides
intriguing evidence on how RASSF proteins regulate MST kinases in vivo, and validates a
proximal interaction between KRAS and SNAP23 and VAMP3, supporting the findings of Che et
al. However, we have only scratched the surface of our data; many interesting interactions remain
to be validated, including interactions between RASSF5 and microtubules, RASSF1 and DLGS,
and numerous others. While we demonstrated that the biotinylation-IP strategy is an effective
initial validation step, the best validation strategy for protein interactions is to perform functional
studies (113). The future direction of this project will include such studies, such as proliferation
assays in KRAS-driven cancer cell lines.

The study of oncogenic RAS signaling in the last forty years has been crucial to our
understanding of the molecular basis of oncogenesis. While it is important to keep studying the
oncogenic MAPK and PI3K pathways downstream of RAS, it is equally vital to investigate how
RAS signals to less studied effectors and pathways, particularly those with tumor suppressive

functions like the Hippo pathway. There is a significant need for new treatments for RAS-driven
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cancers, and the oncogene YAP presents a promising target in these highly malignant diseases.
The development of therapies that inhibit Y AP by activating the Hippo pathway is just an example
of why gaining a better understanding of RAS signaling to this pathway is necessary.
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