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Abstract
Small guanosine triphosphatases (GTPases) are a family of low molecular
weight guanosine diphosphate (GDP)-/guanosine triphosphate (GTP)binding proteins that act as “molecular switches”, regulating key cellular
processes, such as cell proliferation and differentiation. The activity of
small GTPases is controlled by guanine nucleotide exchange factors
(GEFs), which facilitate nucleotide exchange from GDP to GTP, and
GTPase activating proteins (GAPs), which stimulate intrinsic GTP
hydrolysis of the GTPase. Complex, yet unresolved, mechanisms maintain
the precise spatiotemporal regulation of these proteins, which is essential
for accurate cellular signaling. Accordingly, aberrant function of small
GTPases is associated with a large number of human diseases, such as
cancer, neurodegenerative diseases and inflammatory disorders. The
availability of small molecule modulators of GTPase activity would be
highly valuable to improve the understanding of small GTPases of the Ras
superfamily and their regulators. However, very few probes of this kind
currently exist. To address this gap, I have focused on discovering
different small GTPase-modulating probes through different screening
approaches.
MgcRacGAP is a GAP protein for Rho family small G-proteins and a key
regulator of cytokinesis. After almost two decades of research, the
detailed functional role, its relevant target GTPase and its GAP activity in
cytokinesis are not yet fully resolved. Furthermore, like many other
regulators of GTPase activity, its overexpression has been linked to
different malignant properties, such as epithelial-to-mesenchymal
transition, cell polarity and (invasive) migration, as well as correlated to a
poor clinical prognosis in many types of cancers. To be able to investigate
the biological role of MgcRacGAP, we first addressed the lack of chemical
tools to probe its function by developing a high throughput screening
strategy to identify compounds inhibiting its GAP function. The discovery
of MgcRacGAP Inhibitor Compound 1 (MINC1), a selective MgcRacGAPRac1 inhibitor, represents the first described selective small molecule
inhibitor of a Rho GTPase activating protein and shows that development
of inhibitors of small GTPase activating proteins is possible. We utilized
MINC1 to study the function of MgcRacGAP in cell division as well as the
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role in the events that regulate signal transducer and activator of
transcription 3 (STAT3) signaling. Notably, we showed that MINC1mediated inhibition of MgcRacGAP caused impaired mitotic spindle
formation during the metaphase, which suggests that the GAP activity of
MgcRacGAP plays an important role in mitosis. To address the role of
MgcRacGAP in the events that regulate STAT3 phosphorylation and
subsequent nuclear translocation, we used both MINC1 treatment and
small interference RNA (siRNA)-mediated gene silencing of MgcRacGAP.
With these complementary techniques we showed that inhibition of
MgcRacGAP triggers STAT3 phosphorylation caused by a Rac1-PAR3-IL6IL6R-JAK2 mediated autocrine/paracrine mechanism.
Due to their key role in different essential cellular processes, non-specific
inhibition of GTPases or their regulators is expected to result in significant
risk of side effects. Compounds that interfere with specific protein-protein
interactions are expected to circumvent this problem, yet most current
screening methods fail to detect these. To address this, we have
developed a protein-protein interaction inhibitor screening strategy for the
oncoprotein Ras and identified ten compounds that inhibited GTP
hydrolysis in a concentration dependent manner. Four of these
compounds could not be detected with the established method. Of the
three compounds that showed efficacy in Ras signaling dependent cell
lines, one compound had a direct effect on the activation status of Ras.
In summary, this thesis describes i) the discovery of the first RhoGAP
inhibitor named MINC1, ii) the application of MINC1 to elucidate the role
of MgcRacGAP in the activation and nuclear translocation events of STAT3
and iii) the development and exploration of a new screening strategy to
discover Ras protein-protein inhibitors.
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1. Introduction
With the advances in science in the last fifty years, and particularly in the
field of molecular biology with the discovery of tools to analyze and
manipulate genes and proteins, there has been a growing understanding
of the underlying biology that drive diseases. The identification of socalled oncogenes and subsequent increasing understanding of their
function at molecular level, has associated various members of the
GTPase and kinase protein families with cancer and many other diseases,
such as neurodegenerative diseases and inflammatory disorders. As a
result, drug development has become more biology-driven, rather than
based on serendipity. Kinases, with approximately 30 approved drugs for
cancer treatment and more in clinical trails, have been successfully
targeted in cancer drug discovery. However, less than a few clinically
relevant GTPase targeting drugs have made it to the market to date.
There are several reasons for this discrepancy. Despite both being
nucleotide-binding proteins, small GTPases show a higher affinity for
guanine nucleotides than kinases do for adenosine nucleotides, making it
more difficult to compete against with a small molecule inhibitor. In
contrast to kinases, there are no other obvious small molecule-binding
pockets on small GTPases besides the nucleotide-binding pocket. Kinase
inhibitor discovery has been enabled by high enzymatic activity of
kinases, as it was it easier to develop sensitive biochemical assay that
needed only low amount of protein. Last, while both small G-proteins and
kinases tend to serve as nodes in signaling transduction, other domains
within the protein itself regulate kinases, whereas up- and downstream
regulatory proteins as well as scaffolding proteins direct GTPase activity
and thereby determine the role of a GTPase in a wide range of different
signaling pathways. As a result, targeting GTPases is expected to result in
very broad unspecific inhibitory effect, leading to severe side effects. On
the other hand, targeting GTPase-regulatory proteins is expected to result
in specific modulation of select GTPase signaling pathways. In this thesis,
my aim was to elucidate the function of GTPase-regulating proteins such
as MgcRacGAP using small molecule modulators identified through novel
screening assays.
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2. Literature review
The Ras superfamily of small guanosine triphosphatases (GTPases)
comprises over 150 members in humans that all share a common
biochemical characteristic: Cycling between a guanosine triphosphate
(GTP)-bound state and a guanosine diphosphate (GDP)-bound state,
small GTPases act as molecular switches in a variety of cellular processes
(Figure 1)2,3,5. Besides regulating normal physiological processes, small
GTPases and their regulators have been shown to contribute to malignant
tumor characteristics such as invasiveness, metastasis, inflammation and
relapse-causing

regeneration4,6-9.

Because of this biological and
therapeutic potential, small GTPases have been considered targets from a
drug discovery perspective ever since their discovery. In this review, I will
first introduce the small GTPases and their regulators, focusing mainly on
Ras and Rho family proteins. Furthermore, I will discuss the drug
discovery efforts in the field of small GTPases. And last, I will go in
greater detail on the function of Male Germ Cell RacGAP (MgcRacGAP,
gene name RACGAP1), both in physiological and pathological processes
and why there is a need for MgcRacGAP inhibitors.



GDI













 





Effector






Figure 1 The small GTPase cycle. Most small GTPases cycle between what is commonly
considered an inactive GDP-bound and an active GTP-bound form. In vivo, their intrinsic activity is
regulated by guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and
guanine–nucleotide-dissociation inhibitors (GDIs). Active GTPases interact with effector proteins to
mediate a response. GDP, guanosine diphosphate; GTP, guanosine triphosphate Pi, inorganic
phosphate.
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Highly conserved from lower eukaryotes to mammals, the Ras
superfamily of small GTPases is divided into five major families based on
their genomic sequence and functional similarities: Ras, Rho, Rab, Arf and
Ran (Figure 2A)3,10. All small GTPase proteins have a conserved ~20 kDa
catalytic domain, built of a six-stranded β-sheet surrounded by five αhelices, which includes the five conserved motifs (G1-G5) that recognize
the β-phosphate and the magnesium ion or the guanine base (Figure
2B)2,11,12. Two highly flexible segments within this domain, switch I and
II, facilitate the conformation change that distinguish the GTP- and GDPbound forms13. Switch I region corresponds with the conserved G2 motif
and is part of the so-called effector binding domain, whereas switch II
region comprises the G3 and the c-terminal adjacent α2 helix14. The
distinct conformational change resulting from the substitution of GDP by
GTP causes the GTP-bound GTPase proteins to bind with great affinity to
effector proteins, as was shown for Ras and Raf13,15.
In addition to the domains common for all small GTPases, there are
structural features that are restricted to one or a few subfamilies (Figure
2B). Arf proteins have an amino-terminal extension, whereas Ran
proteins contain a carboxy-terminal extension. In both cases, substitution
of GDP by GTP causes a large conformational change in switch I,
Figure 2 (next page) The mammalian Ras GTPase superfamily and GTPase functional
domains. A) The Ras superfamily of small GTPases is divided into five subfamilies: Ras, Rho,
Ran, Rab and Arf. Subfamilies, grouped according to structural similarity criteria in smaller
highlighted areas, share the same color throughout the figure. The GTPase proteins studied in
this thesis are depicted in increased font. B) Schematic representation of the protein domains
of Ras superfamily members. The core G-domain, corresponding to Ras residues 4–166,
contains the nucleotide binding domains (G1-5, gradient black), the effector binding domain
(residues 32-40, pink), and the switch regions (S1 and SII). Ras, Rho and Rab proteins
terminate in a hypervariable region (HV) that is essential for membrane binding. Arf and Ran
family GTPases contain amino-terminal (N) and carboxyl-terminal extension (C), respectively.
The Rho family specific domain (Rho insert, yellow triangle) is inserted between Ras residues
122 and 123. (Image adapted from Vega and Ridley1, Wennerberg, Rossman and Der3 and Vigil
et al.4)
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repositioning the terminal extension and enabling regulator/effector
interactions16-18. A so-called Rho-specific insert domain of 9-12 residues
distinguishes Rho proteins from the others19. Ras, Rho and Rab small
GTPases have carboxy-terminal hypervariable sequences, which terminate
in case of most Ras and Rho GTPases with a CAAX motif and for Rab with
cysteine-containing motifs (CC, CXC, CCX, CCXX, or CCXXX; C=cysteine,
A=aliphatic, X=any amino acid). These motifs enable post-translational
modification with lipophilic groups by prenylation (farnesylation or
geranylgeranylation) or palmitoylation, which enhances the small GTPase
interaction with different cellular membranes (reviewed in [20,21]). It is
through these post-translational modifications that small GTPase proteins
gain their characteristic subcellular membrane compartment localization
and can fulfill their physiological function by interacting with membraneassociated regulator and effector proteins.

2)1)2 !#!#( #
In order to successfully localize to the membrane small GTPase proteins
need to go through a series of posttranslational modifications after
synthesis20. In this maturation process, lipophilic groups are attached to
the GTPase protein to provide an anchor for membrane association
(Figure 2B). To illustrate, Ras proteins first receive by prenylation a 15carbon atom farnesyl or the 20-carbon atom geranylgeranyl group on the
cysteine residue in the CAAX-motif at the C-terminal end in the
cytoplasm22,23. Thereafter, in the endoplasmic reticulum24 the last three
amino acids, the AAX sequence, are removed by proteolytic cleavage25,
and subsequently a carboxymethyl group is introduced on the C-terminal
cysteine residue26. This first series of posttranslational modifications
provides the first signal and, together with the second signal coming from
the polybasic positively-charged lysine residues upstream of the Cterminus in K-Ras 4B, it enables membrane association for this Ras
isoform27. For K-Ras 4A, H- and N-Ras, the second signal required for
correct membrane association is provided by a 16-carbon atom palmitoyl
fatty acid moiety that is added in the Golgi complex to an upstream Cterminal cysteine residue24,27.
Generally, the proteins of the Ras superfamily are grouped on the basis of
the abovementioned sequence homologies, however these distinct
16

structural features also determine subcellular localization and thereby
their specific functions in the cell. Where Rab and Arf GTPases appear to
be the regulating proteins in the stepwise process of vesicular transport
between donor and acceptor membrane-bound compartments, Ras and
Rho GTPases function as signaling hubs in a myriad of different pathways,
conveying signals to different effector pathways depending on the
signaling complex formed.

2)1)3$"#""$ !(
The Ras oncoproteins were discovered on the basis of the homology to
the rat sarcoma virus genes28,29, and are the founding members of the
Ras superfamily of small GTPases that were discovered in later studies.
Early studies on the viral HRAS and KRAS oncogenes showed that these
genes encode for 21 kDa proteins30, which can also be found in the
normal genomic DNA of, and expressed by vertebrate cells31-33. Both the
viral encoded, as well as the endogenously expressed proteins were
demonstrated to be membrane-associated34,35, and able to bind guanine
nucleotides34,36. The preferential binding to GTP of viral Ras isoforms was
shown to enable Ras overexpression-induced cellular transformation of
the host cell36-38, and that the guanine nucleotide-binding activity is
common to the family members and regulate, among other things, cell
proliferation and survival. Their aberrant function was discovered when
the transforming genes in human cancer cells were identified as mutated
HRAS and KRAS39-41. To date, the Ras family contains 36 members in
mammals3,42. In addition to the Ras proteins, it contains two more major
groups; Ras-like (Ral) proteins, which regulate vesicle sorting, cell
morphology as well as proliferation43, and Ras proximal (Rap) proteins,
which are regulators of integrin activation and cell motility44, as well as
some less studied other groups (Figure 2A).
In their mature form, Ras proteins are activated in response to a large
variety of extracellular signals, including many different receptor tyrosine
kinases, various G-protein-linked receptors, as well as intracellular second
messenger signals, such as calcium45. While activated, Ras can interact
with numerous effector proteins to initiate downstream signaling, of which
best-characterized is the Raf kinase46-49, leading to activation of the
mitogen-activated protein (MAP, also known as Erk, extracellular signal17

regulated kinase) kinase pathway50,51. Furthermore, Ras-GTP interacts
with lipid kinases, like the phosphatidylinositol-3 kinase (PI3K)52-54, which
results in the increase of phosphatidylinositol-3,4,5-trisphosphate and
subsequent phosphorylation of protein kinase B (PKB, also known as Akt)
by 3-phosphoinositide-dependent protein kinases55,56. Additionally, Ras
also interacts with regulatory proteins of other GTPase proteins. For
instance, signaling from Ras GTPase family member Ral57,58, and Rho
GTPase family member Rac59,60, is initiated through Ras effector proteins
(Figure 3). Interestingly, whereas Ras binds to and signals through p110α
subunit of PI3K53,54, Rho GTPase family members Ras-related C3
botulinum toxin substrate (Rac) and cell division cycle-42 (Cdc42)
regulate PI3K through the other regulatory subunit61,62.
The best-studied Rho GTPases are the members of the Rho, Rac and
Cdc42 subfamilies, which primarily have been studied in their function as
regulators of cytoskeletal reorganization in response to extracellular
signals. RhoA-C enable the formation of stress fibers and focal adhesion
assembly by actin polymerization, whereas Rac1, Rac3 and RhoG are
responsible for lamellipodium formation as well as membrane ruffling and
the members of the Cdc42 subgroup direct filopodia formation through
actin polymerization63-67. In addition to cytoskeletal reorganization, Rho
GTPase proteins have been implemented in numerous other cellular
responses, such as the involvement of Rho in smooth muscle
contraction68, Rac in the generation of reactive oxygen species (ROS)69-72,
and Cdc42 in the endo- and exocytosis of vesicles73-76
Like Ras, active Rho GTPases promote the activation of numerous
effectors of which the major pathways have been included in Figure 3.
Some of these effectors are GTPase specific; Rho-associated protein
kinases (ROCKs)77-80 and protein kinase N (PKN)81,82 are Rho downstream
effectors that promote formation of stress fibers and focal adhesions, Racspecific ROS-generating NADPH oxidase69-72, as well as WASP family
verprolin-homologous (WAVE)83, and Wiskott-Aldrich syndrome protein
(WASP) or N-WASP as Cdc42-specfic targets84-86. While the interaction of
Rac1 and Cdc42 is specific with WAVE and WASP, respectively, both
effectors interact directly with Actin-related protein-2/3 (Arp2/3) complex
to promote actin polymerization. Other shared downstream pathways are
the c-Jun NH2-terminal kinase (JNK) and p38 MAP kinase cascade as well
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as NF-kB, by which Rho GTPases regulate gene transcription87-90.
Furthermore, many other effectors are directly shared, such as p21activated kinase (PAK)-family kinases for Rac and Cdc4291-93

Figure 3 Snapshot of the Ras/ Rho GTPase signaling networks. Extracellular stimuli act
through cell surface receptors, such as G-protein-coupled receptors (GPCRs), receptor tyrosine
kinases (RTKs) as well as integrins, to recruit guanine nucleotide exchange factors (GEF), which in
turn activate GTPases. Once activated, GTPase proteins can stimulate a wide range of different
downstream pathways. Note that the system is a highly integrated network, with several feedforward and feedback loops at several layers. For example, EGF receptor-mediated activation of
promiscuous Ras/Rho GEF Sos initiates Ras signaling94. Activated Ras initiates several signaling
cascades, among which two best characterized are the Raf-Mek-Erk pathway46-49, leading into
gene expression that mediates cell cycle progression, and PI3K-Akt pathway48,49, promoting cell
survival. Furthermore, Ras signaling branching to the Ral and Rho GTPase signaling network by
activating several GEFs. Rho GTPase activation results in cytoskeletal rearrangements, enabling
cell motility as well as cytokinesis. For example, Rac1 and Cdc42 stimulate actin polymerization
through Arp2/3 complex. The Arp2/3 complex also acts as a scaffold protein that binds Tiam1,
which in turn will activate the Rac1-WAVE pathway and increased activation of the Arp2/3
complex95. Arp2/3, actin-related protein 2/3; Cdc42, cell division cycle-42; Erk, extracellular
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(Figure 3 continue) signal-regulated kinase; JNK, Jun N-terminal kinase; Mek, mitogen-activated
protein kinase/Erk kinase; mTor, mammalian target of rapamycin; NF-κB, nuclear factor-κB; PAK,
p21-activated kinase; PI3K, phosphoinositide 3-kinase; PLD, phospholipase D; Rac, Ras-related C3
botulinum toxin substrate; Ral, Ras-like protein; RalBP1, Ral-binding protein-1; ROCK, Rho kinase;
Sos, son of sevenless; TIAM1, T-cell lymphoma invasion and metastasis-1; WAVE, WASP family
verprolin-homologous; WASP, Wiskott-Aldrich syndrome protein. (Figure is based on Berndt,
Hamilton and Sebti96, Repasky, Chenette and Der97, Schwartz98, Karnoub and Weinberg99 as well
as Biro, Munoz and Weninger100.)

There is notable cross-talk between the Ras and Rho GTPase subfamilies,
a good example being the direct regulation of PI3K by Rac and Cdc4261,62,
as well as the indirect regulation via RhoA-mediated ROCK activation and
subsequent stimulation of phosphatase and tensin homolog (PTEN)101,102,
a direct suppressor of PI3K activity103,104. In turn, PI3K can activate Rho
GTPase regulatory proteins105,106, mediating the activation of PAK family
kinases by Rho GTPases and subsequent phosphorylation of MAP kinase
Raf107,108.
The ADP ribosylation factor (Arf) and Ras-related proteins in brain (Rab)
families direct intracellular vesicular trafficking42,109-112. With over 30 and
approximately
respectively42,
proteins. The
eukaryotic cell

70 family members in the Arf and Rab subfamilies,
they comprise more than half of the small GTPase
minimal amount of Rab proteins essential for a viable
is eleven113. The substantial number of different proteins is

the result of expansion by gene duplication that led to segregation by
specialization of function in higher eukaryotes114. Localization and
function in different transport processes is dependent on the C-terminal
sequences (different cysteine-containing motifs, see Figure 2B) and
post-translational modifications. Substitution of different prenyl anchors
on Rab GTPases is followed by incorrect localization to their characteristic
organelle membrane115.
Like Rab proteins, Arf proteins have distinct cellular localization116. This
distinct localization is important for downstream signaling, as in vitro
binding assays have shown that many Arf effector proteins can interact
with more than one Arf protein117-119. For example, it has been suggested
that the role of Arf6 at plasma membrane is similar to the role of Arf1 at
the Golgi, however by spatial separation each protein fulfills unique
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functions. Where Arf6 regulates endocytic membrane trafficking and actin
remodeling, Arf1 controls the formation of coat protein I-coated vesicles,
recruitment of clathrin through adapter protein complexes as well as the
assembly of other organelle structures111,112. Arf proteins, as well as Arf
subfamily members Arf-like (Arl) and more distantly related secretionassociated and Ras-related (Sar) proteins, regulate vesicle budding from
donor compartments, while Rab subfamily member proteins regulate the
subsequent steps in the endo- or exocytotic vesicles trafficking pathway,
like the coupling of vesicles to motor proteins, regulating vesicle motility
as well as the formation of large protein complexes required for tethering
and subsequent docking and fusion of the vesicles with the acceptor
compartments (reviewed in [109,120]).
The single family-member Ras-like nuclear (Ran) protein42, presumably
the most abundant small GTPase in the cell121, has an essential role in the
nucleocytoplasmic transport of macromolecules, such as ribonucleic acid
(RNA) and proteins122,123. In interphase cells, GTP-bound Ran is highly
compartmentalized in the nucleus, whereas GDP-bound Ran resides in the
cytoplasm124,125. This spatial gradient of the GTP-bound Ran facilitates the
directionality of nuclear import and export126,127. To illustrate, in the
cytoplasm, GDP-bound Ran binds to importins and their cargo and
subsequently translocates to the nucleus. In the nucleus, Ran becomes
GTP-bound by nucleotide exchange and as a result the complex
dissociates. Exportins, on the other hand, need GTP-bound Ran to
transport their cargo and will release this upon GTP hydrolysis in the
cytoplasm. Furthermore, in addition to its function in interphase cells, Ran
GDP/GTP cycling was demonstrated to be involved in mitotic spindle
formation128-131, as well as the induction of the nuclear envelope
assembly132,133.
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Most small GTPases have an intrinsic ability to exchange the bound
nucleotide and to hydrolyze bound GTP, yet, in vivo, this intrinsic ability is
accelerated by guanine nucleotide exchange factors (GEFs) and GTPase
activating proteins (GAPs), respectively45,134. Being able to modulate
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GTPase activity, GEFs and GAPs are controlling GTPase-mediated
signaling. So-called adaptor and scaffold proteins assist by attracting the
proteins needed in the signaling pathway, localizing GTPase, GEF and GAP
proteins to specific places at the cellular membrane and thereby
determine which downstream pathways are activated. To illustrate, the
activation of the RasGEF son of sevenless (Sos)135,136 through the
epidermal growth factor (EGF) receptor tyrosine kinase mediates Ras
signaling94 (Figure 3). Growth factor receptor-bound protein 2 (Grb2), an
adaptor protein that is recruited to tyrosine-phosphorylated receptors,
facilitates Ras activation by binding to the EGF receptor with its Src
homology (SH) 2 domain, and Sos protein with its SH3 domain137. In
turn, Ras-GTP can bind RhoGEF T-lymphoma invasion and metastasisinducing protein 1 (Tiam1)138, which results in the activation of Rac
signaling59,139. However, in addition to a RasGEF domain, Sos contains
another GEF domain that is Rac1 specific and, in complex with the
scaffold proteins Abi1–Eps8 and PI3K, enables Rac signaling140,141. The
adaptor protein Grb2 and scaffold protein Abi1 interact with the same
region of Sos, thereby facilitating the differential regulation of Ras versus
Rac activity of Sos140. While Sos is unique, having two GEF domains,
similar complex dependent pathways have been described for other GEFs.
For example, the interaction of the RhoGEF Tiam1 / Rac1 complex with
insulin receptor substrate p53/p58 leads to actin polymerization142,
whereas the interaction of this complex with spinophilin activates p70 S6
kinase143.
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Since GEFs are required for the rapid exchange of GDP for GTP, the
modulation of their catalytic activity is considered the most common
mechanism to alter GTPase-mediated signaling, thereby linking activated
plasma membrane receptors to downstream GTPases as well as mediating
the signaling from one GTPase pathway to the other (Figure 3). The predominantly membrane-associated GEF proteins catalyze the exchange of
GDP by causing a conformational change of the small GTPase that lowers
the affinity for the nucleotide as well as stabilize the nucleotide-free
reaction intermediate144. The mechanism by which GEF proteins catalyze
the nucleotide exchange is depending on the 20-30 kDa family-specific
catalytic domain. Although the GEFs are structurally unrelated, the
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A

B

Figure 4 Mechanism of GEF-mediated nucleotide exchange and GAP-induced GTP
hydrolysis. A) Schematic representation of

the common mechanistic principle of GEF-

mediated nucleotide exchange. GEF domain binding causes a conformational change of the
GTPase where switch I is moved away from to the nucleotide-binding site, whereas switch II is
moved to the nucleotide-binding site. The hydrophobic repulsion by the conserved alanine (Ala)
in the GEF pushes the Mg2+ ion out of position, reorienting the lysine (Lys) in the p-loop toward
the carboxylates in switch II region. The β-phosphate of GDP is no longer stabilized and
accordingly released first followed by the base. B) During the GAP-catalyzed GTP hydrolysis the
conserved arginine (Arg) in the GAP neutralizes the negative charge on the γ-phosphates
during the transition state. The arginine-stabilized invariant glutamine in the switch II domain
of the GTPase serves as catalytic site for the in-line nucleophilic attack of a water molecule on
the γ-phosphate of the GTP. Asp, aspartic acid; Gln, glutamine; Glu, glutamic acid; GTPase,
Ras/Rho GTPase; P, phosphate; SI, switch I region; SII, switch II region; GEF, Ras/Rho GEF
domain; GAP, Ras/Rho GAP domain. (Image adapted from Vetter and Wittinghofer2 and Bos,
Rehmann and Wittinghofer5.)

multistep GEF-dependent nucleotide exchange follows a common principle
(Figure 4A), which was first shown with Ras/Sos145 and Arf/Sec7146.
GEF-GTPase binding causes a conformational change of the small GTPase
protein structure, where switch I region moves away from the nucleotidebinding site145,146. Extensive interaction of the GEF with switch II region
ensures that the nucleotide-free GTPase is stable145,146, but also
contributes to the family-specificity of the GEF-GTPase interaction that is
observed for RhoGEFs147. These conformational changes disturb the
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interaction of the conserved lysine from the phosphate binding-loop with
the β-phosphate of GDP. In the case of Ras/Sos, but not for Arf/Sec7, the
resulting hydrophobic repulsion created towards the Mg2+ ion, enhanced
by the alternative positioning of the conserved alanine, further lowers the
affinity towards the GDP148. In the new configuration the phosphate
groups of the nucleotide will no longer be stabilized and accordingly be
released first, followed by the base145,148. Small GTPases generally do not
discriminate between GDP and GTP in terms of binding affinity, but,
because of the excess of cellular GTP over GDP149, the release of bound
GDP is followed by subsequent binding of the more abundant GTP. The
new nucleotide will bind base first to the nucleotide-free GTPase and, as a
result weaken the affinity for the GEF, subsequently displacing it
altogether.
For most GTPase families the number of GEF proteins is approximately
the same as the number of GTPase proteins. However, the Rho subfamily
forms an exception to this rule, as the GEFs outnumber the GTPase
proteins 4:1150. The most studied Ras- and RhoGEF proteins are
characterized by the CDC25 homology domain, often in combination with
a Ras exchange motif (REM), and the Dbl homology (DH) and pleckstrin
homology (PH) domains, respectively, which together provide the minimal
structural unit that is necessary for GEF activity and target GTPases
recognition as well as cellular localization136,151-154. In addition to the
tandem DH-PH domain containing RhoGEFs, a second, structurally and
mechanistically different, subfamily of RhoGEF exists that contains a Dock
homology region (DHR) domain155. This subfamily of RhoGEFs catalyzes
the nucleotide exchange reaction of Rac and/or Cdc42, but not RhoA
(reviewed in [156,157]).
In addition to the domains forming the minimal structural unit, GEF
proteins typically contain protein-specific domains that define the unique
cellular functions of the different family members by regulating their
localization, formation of signaling complexes and /or activation5,157. This
essential diversity in domain structures is best illustrated by the
promiscuity of the RhoGEFs; there is a large set of RhoGEFs that can
activate RhoA, Rac1 and Cdc42 in vitro, yet in vivo each GEF activates
their target GTPases in a pathway specific manners157,158. For example,
specific phosphorylation of Tiam1 by mitotic kinase cyclin-dependent
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kinase 1 (Cdk1) primarily results in the Rac1-mediated activation of
PAK1/2159, whereas Rac1 activation by Vav primarily results in the
activation of the JNK cascade160,161.
These additional domains, as well as the PH domain in RhoGEFs, control
activation by providing a mechanism for intramolecular inhibition as they
fold around the catalytic domain and prevent interaction with the GTPase.
To illustrate, the active site of nonphosphorylated Vav proteins162 is
obstructed by its N-terminal CH-Ac region that is folded over catalytic
core163. Upon phosphorylation of tyrosine residue 174, by Src and Syk
kinases164-166, the inhibited structure is relieved163. In fact, using NIH3T3
fibroblast transformation assays167, most GEF proteins, e.g Dbl168, Vav169,
Tiam138 and epithelial cell transforming sequence 2 (Ect2)170, were
originally discovered from human tumor-derived DNA as amino-terminal
truncated, activated versions of the normal gene product that were able
to demonstrate transforming properties, such as the loss of densitydependent growth inhibition as well as form colonies in soft agar, and,
therefore, dubbed oncogenes.
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The intrinsic GTPase activity of small GTPases is generally slow and GAPs
are required to stimulate the GTP-hydrolysis activity, which in turn
inactivates small GTPase signaling5,134,171,172. For Rho and Ras GTPase
proteins, in vitro GTP hydrolysis occurs at higher rates than nucleotide
exchange. While the nucleotide exchange rate is increased by GEFs in
vivo, in resting cells, only low levels of GTP-bound small GTPases are
found, which implies that GAPs actively maintain GTPase-mediated
signaling173.
GAPs can be seen as effectors, regulating signaling by specifically turning
off pathways. Rac1-mediated activation of GIT1, an Arf GAP, results in
the decrease of active Arf6 and subsequent recycling of clathrinindependent endosomes174. By turning off pathways, competitive
pathways can become active. Rac1 activity is suppressed by MgcRacGAP,
which is shown to result in increased activity of RhoA driving invasive
migration event175. Furthermore, oncogenic Ras mutants not only have an
impaired intrinsic GTP hydrolysis, the oncogenic transformation by
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constitutive activation is mainly driven by the loss of GAP-mediated
inactivation176, illustrating that turning off pathways is as important as
turning them on.
Like GEF proteins, GAP proteins are not conserved between different
GTPase families. Accordingly, the reaction mechanism by which GAP
proteins stimulate the GTP-hydrolysis reaction is different between
families of small GTPases (reviewed in [134]). However, the tertiary
structure as well as the mechanism of the GAP-assisted hydrolysis was
found to be similar for Ras and Rho GTPases177.
During the GAP-stimulated hydrolysis, the 20-50 kDa GAP domain
provides an arginine residue, the so-called arginine finger178,179. The
arginine finger neutralizes the negative charge on the γ-phosphate during
the transition state, as well as stabilizes the position of a conserved
glutamine in the switch II domain of the GTPase (residue 61 in Ras and
63 in Rho) (Figure 4). The conserved glutamine serves as catalytic site
for the in-line nucleophilic attack of a water molecule on the γ-phosphate
of the GTP.
Whereas it has been shown that GEF-mediated nucleotide exchange is a
multistep process, it is unclear whether GAP-GTPase association and
arginine finger positioning are two separate steps. In case of p50RhoGAP
and Cdc42, two different orientations of the arginine finger have been
shown179,180, which would indicate it may be a multistep process. While
recent work addressing this issue could not answer this as yet, the
derived data supports a general concept for GAP-mediated GTP hydrolysis
in which any residue that can be moved into the binding pocket and drive
out the water molecules would be able to stimulate the GTPase
reaction172.
The GAP domain alone is sufficient for both the binding to, as well as
stimulating the GTPase activity of GTP-bound GTPase proteins181, which
implies that the multidomain GAPs are, like GEF proteins, regulated
through the flanking domains. The majority of flanking domains is
restricted to one or two subfamilies of GAP proteins, with the exception of
the most common motifs, the SH3 domain and PH domain (reviewed in
[171]). For each GTPase family, there are less or as many GAPs as
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GTPase proteins, except for the Rho family, where the GAPs outnumber
the GTPase proteins 3:1150. Accordingly, the most diverse set of flanking
domains is found in the RhoGAP family, suggesting a diverse variety in
regulating mechanisms.
Flanking domains are involved in e.g. protein-protein interactions,
protein-lipid binding and intramolecular inhibition, as well as provide
protein kinase phosphorylation sites. For example, during metaphase the
GAP activity of MgcRacGAP is sequestered while in complex with protein
regulator of cytokinesis 1 (PRC1)182. Phosphorylation of the N-terminal
region of MgcRacGAP by Aurora B kinase results in the loss of the proteinprotein mediated inhibition182. A more complex mechanism of regulation
has been found for β2-chimaerin183, a RhoGAP consisting of an N-terminal
SH2-domain that sterically blocks the adjacent C1-domain as well as the
C-terminal GAP-domain. Membrane interaction leads to a large
conformational change of the protein, which subsequently enables
diacylglycerol (DAG), a second messenger signaling lipid, to compete with
the N-terminal segment that is otherwise tightly bound by the C1-domain.
Upon binding of DAG, the N-terminal segment is displaced and no longer
inhibits Rac binding. Furthermore, it is believed that other GAPs, like
GEFs, reside in a folded conformation that provides an intramolecular
inhibition or reduces the GAP activity, though the mechanism of
autoinhibition are much less well understood than for GEFs.
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Most small GTPases require association with cellular membranes in order
to perform their biological functions. The addition of a lipid moiety is not
only crucial for the membrane anchoring, but also provides the third
mechanism of regulation (Figure 1). Guanine nucleotide dissociation
inhibitors (GDIs) were initially thought to block spontaneous activation of
small GTPases, thereby stabilizing the inactive form184. However, GDIs
have only been found in the Rho and Rab families of small GTPases134,150.
In addition to the Rho and Rab GDI proteins, another regulatory protein
with a similar function was more recently found for Ras GTPases; the
delta subunit of retinal rod phosphodiesterase (PDEδ), which can extract
farnesylated Ras proteins from the membrane185,186. Current knowledge
suggests that these regulatory proteins actively extract prenylated
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GTPases, either GTP- or GDP-bound, from the membrane by forming
high-affinity complexes, thereby sequestering their target GTPases in the
cytosol, which as such are unable to interact with their membrane bound
effectors109,134,187,188. More specifically, Rab GDIs function as regulating
chaperones, extracting Rab proteins from the acceptor membrane, recycle
them to the cytosol and delivering them back to the donor membrane189.
The Rho and Rab GDI proteins are unrelated, but both function through a
two-site interface with the target GTPase134,187, which is illustrated with
the following RhoGTPase example. The N-terminal domain of the RhoGDI
recognizes the switch region of the GTPase, which affects the GDP–GTP
cycling. The C-terminal domain interacts with the prenylated C-terminus
of the GTPase, binding the lipid tail in its hydrophobic pocket and thereby
regulating the membrane / cytosol distribution. Unlike the Rho and Rab
GDI proteins, PDEδ lacks a GTPase binding domain134,185. Accordingly,
binding of Ras GTPases by PDEδ occurs through a single domain that is
structurally related to the RhoGDI lipid-binding domain134,185. As a result,
PDEδ is less specific than Rho and Rab GDI proteins, and has been
reported to be able to interact with non-prenylated proteins such as Arf
GTPase Arl3185.
While the lipid moiety is docked in the hydrophobic pocket, it is believed
that the more diverse C-terminus of the GTPase is not completely
masked190. With the exposed part, the GTPase is able to interact with
adaptor proteins in the cytosol or at the plasma membrane190. As a result,
Rho and Rab GDI proteins can be specifically regulated by kinasemediated phosphorylation of the GDI and GDI displacement factors
(GDFs)188,190. To illustrate the first, phosphorylation of RhoGDI by PAK1
results in the release of Rac1, but not RhoA or Cdc42191. In the second
case, GDFs possess, like GDIs, a hydrophobic pocket that can bind a lipid
moiety. When the Rab-GDI complex is back at the donor membrane,
where the GDFs are located, the Rab prenyl tail will transfer from the GDI
to the GDF, leaving Rab at the membrane in complex with GDF189. In both
cases, the GTPase will dissociate from the GDI, generally resulting in GEFmediated activation of the GTPase and initiation of downstream signaling.
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GEF and GAP proteins are regulated through phosphorylation and
subsequent dephosphorylation by kinases and phosphatases, respectively.
However, it has been shown that also GTPases are regulated by
phosphorylation/ dephosphorylation, with examples found in almost all
GTPase families, such as RhoA192,193 and Cdc42194, Rab24195, Ran196 as
well as R-Ras197 and Ras198-200. Paradoxically, Ras-mediated Raf signaling
is terminated by the GAP-stimulated hydrolysis, while Raf binds to Ras
with a nanomolar affinity15, many fold greater than that of RasGAPs
p120RasGAP and neurofibromin (NF-1) (0.1-10 µM)201. Phosphorylation of
Ras Y36 enables the GAP to compete off the Raf and shutting down Ras
signaling198. Vice versa, dephosphorylation of Ras by tyrosine-protein
phosphatase non-receptor type 11 (also known as SHP-2) enhances Ras
association with Raf and enables downstream signaling199. While similar
regulatory mechanisms have been found for most other small GTPase
families194-197, it is still too early to conclude whether this is a small
GTPase wide mechanism that should be incorporated in the traditional
GTPases cycle (Figure 1) as regulatory node. For example, the
phosphorylation of RhoA S188 seems to represent an extra switch that
dedicates what specific downstream signaling pathways to activate193,
rather than controlling the on/off switch.
GTPases, together with GEFs, GAPs and GDIs, function as the signaling
nodes for many pivotal regulatory pathways. These pathways are not
parallel sequential cascades, but rather highly integrated signaling
networks, where, under tight temporal control and distinct spatial
distribution, different pathways can function separately, but also interact
with one and other. Thus, a defect in the GTPase regulatory system can
be compensated by redundancy, but for key nodes, alterations can have
devastating results.
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Due to the role of small GTPases in a variety of essential cellular
processes, aberrant function and/ or regulation has long been associated
with multiple human diseases, like various forms of cancer,
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neurodegenerative diseases, cardiovascular diseases, endocrine diseases
and inflammatory disorders1,4,8,150,202-206. In the majority of cases,
uncontrolled activation of the GTPase causes aberrant downstream
signaling. There are four mechanisms that cause an accumulation of
activated GTP-bound GTPase; i. increased GEF activity, ii. decreased GAP
activity, iii. mutations in the small GTPase causing an impaired intrinsic
GTP hydrolysis ability (Figure 1), and iv. overexpression of the GTPase.
Advances in genome sequencing have made it possible to identify and
map all occurring sequence abnormalities and mutations in cancer. The
most commonly found driver mutations, found in approximately 30% of
all human cancers, result in the mutationally activated variants of the Ras
GTPases207,208. In the three RAS genes, two hot spots have been
identified at codon positions 12-13 and 61, coding for the tandem glycine
glycine in the P-loop and the conserved glutamine in switch region II of
the Ras proteins, respectively (Figure 5A). During the GAP-mediated
hydrolysis reaction, the arginine finger is inserted into the GTPase along
side of glycine residue 12178. Since glycine is the smallest amino acid, any
mutation will introduce a more bulky amino acid, generating a mutant
that is insensitive to hydrolysis because the arginine finger can no longer
be inserted. The glutamine at residue 61 is also involved in GTP
hydrolysis, where it serves as the catalytic site for the in-line nucleophilic
attack178,179. Accordingly, oncogenic mutations of codon 61 reduce the
intrinsic GTP hydrolysis rate and, like the oncogenic mutations at position
12-13, result in a constitutively active Ras protein (Figure 5B).
Interestingly, the incidence of RAS mutations is not only spread
differentially over the isoforms, each isoform has a distinctive codon
mutation signature as well as tissue-specific associations207,208. For
example, in Ras-driven cancers the KRAS isoform is most frequently
mutated (>85%), followed by NRAS (~10%) and HRAS (<5%)209 (Figure
5C). Mutations in the KRAS gene occur predominately at codon 12 and
only a few mutations are observed at codon 61, whereas mutations in
NRAS are found twice as often at codon 61 compared to codon 129,208,209
(Figure 5C). Last, generally only a single mutant isoform is observed in
different types of cancer tissue, e.g. pancreatic ductal adenocarcinoma
seems exclusively driven by the KRAS mutations, while malignant
melanoma is predominately driven by NRAS mutations207,208.
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Figure 5 Oncogenic mutations of Ras and isoform specific mutation bias. A) The three key
oncogenic mutations, at codon 12, 13 and 61, occur in the region where the Ras isoforms are
identical. Visualized in the schematic representation of the Ras protein are; the nucleotide binding
domains (G1-5, gradient black), the effector binding domain (residues 32-40, pink), the switch
regions (S1 and SII) and the hypervariable region (HV, blue). Below is given the isoform sequence
similarity percentage between the Ras isoforms with in subscript the corresponding regions by
amino acid numbering. B) The oncogenic mutation at codon G12, G13 and Q61 impair GAPstimulated GTP hydrolysis resulting in a constitutively active Ras protein. C) The approximate
frequencies of Ras mutations by isoform (bigger circle more mutations found) and by codon
(colors of the pie chart). (Image adapted from Cox and Der209 and Prior, Lewis and Mattos208.)

In contrast to the high oncogenic mutation rates in RAS encoding genes,
RHO genes are rarely mutated in cancer210. Only two mutational hotspots
have been found and, remarkably, they are at different locations of the
GTPase protein than the Ras oncoproteins; one causing a so-called fastcycling mutant of Rac1 (P29S) in melanoma211,212 and the other inducing
a dominant negative loss-of-function for RhoA (G17V) in gastric
cancer213,214, as well as in angioimmunoblastic T cell lymphomas215,216.
Instead, recent reviews have shown that Rho GTPase activation is
generally a result of deregulated gene expression1,210, and/ or
(mutationally) altered RhoGEF and/or RhoGAP activity4,158. Of note, in
addition to mutational activation, upstream deregulation also happens for
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Ras GTPases, where loss-of-function mutations in the p120RasGAP and
NF-1 RasGAPs, as well as gain-of-function mutations in RasGEF Sos1
cause Ras hyperactivation in different Ras-related diseases8,9,134.
Mouse models have shown that the deregulation of Rho GTPases in
embryonic development leads to severe developmental defects, with Rac1
and Cdc42 as well as regulators Sos1, Trio and Ect2 deficient mice being
embryonic lethal158,217. It is clear that in development these proteins are
essential for normal physiology, but aberrant expression later in life
results in reactivation of small GTPase-regulated developmental
pathways, like Wnt218, Notch219, and Hegdehog220,221.
A recent study identified chromosome 3q26 to be frequently amplified,
estimating that copy number gains occur in about 20% of human
tumors222. Located on chromosome 3q26 are, amongst others, genes that
encode for Ect2, p110α subunit of PI3K, protein kinase C iota (PKCi) and
transcription factor SOX-2. Interestingly, most of these proteins have a
role in different Rac GTPase signal transduction pathways. GTP-bound Ras
binds to and signals through p110α subunit of PI3K53,54, whereas PI3K
activates Rho GTPase regulatory proteins105,106, and as such mediates
activation of Rac1. Work from different labs has shown that Rac1 is
required for Ras induced tumorigenesis in different type of cells223-225.
Moreover, it was shown that the complex of PKCi and partitioning
defective homolog (PAR) 6α regulates the cytoplasmic localization of Ect2,
also leading to Rac1 activation and subsequently inducing cellular
transformation of non-small cell lung cancer226. These findings are largely
in line with earlier observations describing that Ect2 cytoplasmic
mislocalization results in the activation of Rho GTPase signaling, though
RhoA was predominately activated, and leads to malignant transformation
of NIH 3T3 cells227. Consistent with the latter results is the report that
cytoplasmic Ect2 preferentially activates RhoA228. On the other hand, this
same study showed that not cytoplasmic Ect2, but the localization of
phosphorylated Ect2 to the nucleus and the subsequent activation of Rac1
drives ovarian cancer cell transformation. Of note, in interphase the Rac1
specific GAP MgcRacGAP is also localized in the nucleus229. Furthermore, it
was demonstrated that inappropriate activation of PKCi resulted in the
activation of pro-survival transcription factor proteins, such as STAT3 and
transcription factor p65 (also known as NF-κB). Interestingly, interactions
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between MgcRacGAP, GTP-bound Rac1 and STAT3 have been described,
but I will return to this in section 2.4.
Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger (PRex) 1 and 2 are RhoGEFs that primarily activate Rac1, thereby mediating
Rac signaling downstream of G protein-coupled receptors and PI3K230-232.
P-Rex1 overexpression has been reported in melanoma cell lines as well
as human tissue, driving invasion in a Rac-dependent manner233. Another
study identified P-Rex2 to be frequently mutated in human melanoma
and, to demonstrate the functional relevance, missense and truncation
mutants were expressed in TERT-immortalized NRAS mutant human
melanocytes, transplanted into immunodeficient mice and shown to
increase the rate of tumor formation234. Given that Rac1 mutants are
found exclusively in melanoma211,212, it underscores the important driver
function of Rho GTPase mediated signaling in cancer.
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With the profound role of GTPase in biology and uncontrolled GTPase
activation driving aberrant downstream signaling, it is interesting to be
able to control GTPase signaling. In the following section I present an
overview of small molecule inhibitors that have been developed to target
different nodes of small GTPases regulation (Figure 6). Furthermore, I
aim to address the wide range of screening methods used and different
mechanisms of inhibitory activity that have been discovered (see Table
1). The overview is primarily focused on compounds modulating Ras and
Rho GTPase signaling.
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In general, there are two major strategies for drug discovery. Most of the
compounds that will be discussed have been discovered through so-called
“bottom-up” approaches, starting at the protein level. Through drug
discovery history these bottom-up approaches have been immensely
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Table 1 Overview GTPase activity modulating compounds discussed in this thesis. N.a.,
not applicable;

Name
Rhodblocks

Target
Rho pathway

Assay type
Phenotypic screening

Ref.

ML141

Cdc42

Flow cytometry bead-based assay

236-240

EHT-1864

Rac

Phenotypical screening assay

241,242

NSC23766

Rac1-Trio/Tiam1

Structure-based virtual screening

243

ZINC69391

Rac1-Tiam1

Docking-based virtual screening

244

1A-116

Rac1-Tiam1

Rational design based on ZINC69391

244

ITX3

Rac1/ RhoG-Trio

Yeast exchange assay

245,246

EHop-016

Rac1-Vav2

Rational design based on NSC23766

247,248

AZA1

Cdc42/Rac1-GEF

Rational design based on NSC23766

249,250

AZA197

Cdc42-GEF

Rational design based on NSC23766

249,250

ZCL278

Cdc42-GEF

Docking-based virtual screening

251

Rhosin

Rho

Docking-based virtual screening

252

Brefeldin A

Arf1-Sec7

Cell-based protein synthesis assay

253,254

Ras-Sos

N.a.

a

N.a.

a
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Ras-Sos

Homogeneous time-resolved
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Ras-Sos

Fragment-based using NMR
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N.a.a

Ras-Raf
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MCP
compounds
Kobe
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4M22

Ras-Raf

Yeast two-hybrid screen

Ras-Raf

In silico screening

Ras/ Ras-Sos

Tethering

ARS-853

Ras/ Ras-Sos

SML
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fasudil
(HA1077)
ripasudil

Ras/ Ras-Sos

ROCK

Mutant specific LC/MS-MS–based
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Rational design based on GDP
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Compound screening in canine
model
Compound screening in rabbit model

PF-3758309

PAK

Phox-I1

ROCK

Rac1/2-p67

phox

lonafarnib

Farnesyl transferase



tipifarnib

deltarasin

Rational design based on preceding
data
Structure-based virtual screening

255
256

259

260
261

262

263,264

265,266
267

268
269

In vitro enzyme assays

270,271

Farnesyl transferase

N.a.

n.a.

PDEδ

AlphaScreen

272,273

a. Multiple compounds were identified in this screen, but not given names.
b. Tipifarnib was developed by Johnson & Johnson, no reports are available in scientific
literature describing the initial discovery and the methods used.
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Figure 6 Nodes in the small GTPase cycle targeted for drug discovery. There are several
regulatory nodes in the GTPase cycle that have been exploited for small molecule-mediated
modulation; 1) lock GTPase in GDP-bound state, 2) block GEF-mediated nucleotide exchange, 3)
compete with GTP for nucleotide binding pocket, 4) disrupt GTPase-effector binding, 5) inhibit
downstream effector signaling, 6) target posttranslational modification, e.g. the addition of a
farnesyl group by farnesyl transferase (FTase) and 7) interfere with the regulatory function of
GDIs. GAP, GTPase activating protein; GDI, guanine–nucleotide-dissociation inhibitor; GDP,
guanosine diphosphate; GEF, guanine exchange factor; GTP, guanosine triphosphate Pi, inorganic
phosphate.

useful in identifying potent and selective compounds, however they have
always suffered from three distinct problems; i. they are limited to
measurable functions of a protein, for example enzymatic activity, ii. in
vitro successes do not guarantee in vivo activity as a compound can
exhibit poor cell permeability and iii. unexpected off-target cellular effects
might not be easily diagnosed274.
The opposite strategy, the “top-down” approach, starts at the phenotypic
level and circumvents these challenges. However, phenotypic screening
generally experiences challenges in distinguishing observable phenotypes.
In case of the Rhodblock compounds235, a screening strategy was used
that was analogous to a genetic modifier screen; cells were sensitized
using RNA interference (RNAi) to impair signaling through the Rho
pathway and subsequently treated with small molecules. As a result of
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the partial depletion of Rho, cytokinesis was successful only in half of the
cases. Compounds that suppressed or enhanced the phenotype, meaning
either increased success or failure of cytokinesis, respectively, were
selected for follow-up secondary assays and target identification. By this
screening approach nine so-called Rhodblock inhibitors were discovered
that have different targets within the Rho pathway in cytokinesis. One
compound, Rhodblock 6, directly interfered with the Rho pathway activity
by inhibiting Rho kinase. The other compounds indirectly interfered. For
example, Rhodblocks 1a and 3 disrupted the important scaffolding
functions of Rho-regulated proteins, such as Anillin and the septins,
resulting in the mislocalization of several important Rho pathway proteins
and decreased Rho pathway activity. While these compounds can be used
to gain insight in the Rho pathway, the exact targets for most are
unknown, making it more challenging to improve them to clinically
relevant compounds.

2)4)2 $##!"
The crucial role of GTP-bound GTPases in oncogenic transformation
marked them as potential therapeutic target in cancer. Accordingly, early
studies aimed to inhibit GTP binding by nucleotide-competitive small
molecules, in a similar way that protein kinase inhibitors were designed to
compete for binding with adenosine triphosphate (ATP). In contrast to
protein kinases, which typically show micromolar binding affinities toward
ATP, most small GTPases have picomolar affinity toward guanine
nucleotides, making them challenging targets for nucleotide-competitive
small molecule inhibitors12.
Nevertheless, two Rho family inhibitors that interfere with the nucleotide
binding have been identified. Through an NIH Molecular Libraries Program
screening campaign (PubChem AID 1772), using a multiplex flow
cytometry bead-based assay, several lead compounds were identified that
interfered with GTPase nucleotide binding236-240. In particular, one class of
these modulators was identified as selective Rho family GTPase Cdc42
inhibitors, with compound ML141 triggering nucleotide release and locked
Cdc42 GTPase in an inactive confirmation, thus interfering with Cdc42dependent

cellular

processes

such

as

formation

of

filopodia238,240.

Furthermore, originally found as an inhibitor of β-amyloid processing,
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EHT-1864 was shown to block the Rac1 signaling pathways241,242. A
subsequent study of the mechanism of action revealed that, as a
nucleotide binding inhibitor of all Rac GTPases isoforms, EHT-1864
blocked GEF-mediated nucleotide exchange, preventing downstream
effector binding and thereby inhibited Rac-dependent processes in
cells275. To-date, due to the high affinity of small GTPases towards their
nucleotides, no clinically relevant nucleotide-competitive small molecules
have been developed.

2)4)3 #!""*#!#
As a result of the high affinity of small GTPases towards their nucleotide,
GEF proteins are required to accelerate the slow intrinsic exchange
reaction in vivo5,134. Accordingly, a common strategy to inhibit GTPase
activation is to interfere with the small GTPase-GEF interaction. However,
Ras GTPases are frequently mutationally activated (reviewed in
[207,208]) and, as a result, impaired in their ability to hydrolyze GTP
allowing these mutants to remain in active GTP-bound state even in the
presence of a GAP178. Inhibiting GEF-mediated activation is only
interesting, if the target GTPase has the ability to hydrolyze GTP. Rho
GTPases are rarely mutated, and their activation is often a result of
deregulated expression and/ or upstream activity of (mutated)
regulators1,158,210,276. Therefore, I will largely focus on inhibitors of
GTPase-GEF interaction concerning the Rho GTPase family and to a lesser
extend on the Ras GTPase family.
Rho GTPase proteins contain a ridge between two shallow pockets within
the GEF binding area that determines the unique GEF specificity (F56 of
Cdc42, W56 in Rac1)277,278 The importance of the surface groove was
exploited for a series of virtual screening campaigns, which identified
Rac1-GEF interaction inhibitors NSC23766243 and ZINC69391244 as well as
Cdc42-GEF specific inhibitor ZCL278251. NSC23766 dose-dependently
inhibited Rac1 activation by the Rac1 W56-interacting Rac-selective GEFs
Trio and Tiam1243, yet had no effect on nucleotide exchange activity
stimulated by the promiscuous GEF Vav1, which does not interact with
W56277. The interaction between other Rho proteins, such as RhoA and
Cdc42, and their GEFs or the interaction between Rac1 and the GAP
breakpoint cluster region protein (BCR) was also not affected by
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NSC23766. ZINC69391 was identified and served as lead inhibitor for the
subsequent rational design of analog 1A-116244. 1A-166 was shown to
inhibit Rac-mediated cell proliferation in normal full growth media
condition as well as to reduce of lung colonization in mice. ZCL278 is a
low micromolar inhibitor of the interaction between Cdc42 and its GEF
intersectin251. In vitro, ZCL278 inhibits Cdc42-mediated microspike
formation, reduces the amount of active Cdc42 in fibroblast cell cultures
as well as suppresses actin-based motility and wound healing in a
metastatic prostate cell line. A similar recognition motif is present around
residue W58 of RhoA and is only shared with close relative isoforms RhoB
and RhoC252. A virtual screen that was designed to identify compounds
binding around residue W58 identified Rho-specific inhibitor Rhosin. In
cellular assays Rhosin inhibited Rho-specific downstream signaling, but
did not affect Rac1 or Cdc42 downstream signaling.
Instead of screening, using previously published molecules as lead
compound and subsequently improve biochemical properties has proven
to be feasible. The optimization of NSC23766 by rational design led to the
identification of EHop-016, an inhibitor that binds the effector domain of
Rac1 and inhibits Rac1 activity at physiologically relevant concentrations
of 1 µM247,248. Unlike NSC23766, EHop-016 reduces the interaction of
RhoGEF Vav2 with Rac1, with only modest activity towards Cdc42 and
none towards RhoA247. Furthermore, EHop-016 was shown to significantly
reduce mammary fat pad tumor growth, metastasis, and angiogenesis in
a nude mouse model of experimental metastasis248.
While rational design using NSC23766 as lead compound has generated a
Rac-specific inhibitor EHop-016, similarly derived close related analogs
AZA1 and AZA197 showed altered selectivity249,250. AZA1 was shown to
inhibit the GEF-mediated activation of both Cdc42 and Rac1, but not
RhoA, in dose-dependent matter250. Notably, AZA1 restrained proliferation
and cellular migration of prostate cancer cells as well as reduced growth
of human xenografts in mice. On the other hand, AZA197 was shown to
be selective towards Cdc42249. Using colon cancer cells, it was
demonstrated that AZA197 specifically inhibited nucleotide exchange of
Cdc42, without inhibition of Rac1 or RhoA GTPases. Like AZA1, AZA197
treatment inhibited cancer cell proliferation and migration as well as
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reduced downstream signaling though PAK1 in vitro and significantly
increased mouse survival in tumor xenografts models.
ITX3, a specific inhibitor of Rac1 activation by Trio, was identified through
a screening procedure using a yeast exchange assay to select inhibitors
that specifically block the activation of RhoG by TrioN, the N-terminal GEF
domain of the multidomain protein Trio245,246. In vitro, ITX3 inhibited
nucleotide exchange on RhoG and Rac1, as well as nerve growth factorinduced neurite outgrowth in PC12 cells, a process that is mediated by
the N-terminal RhoG and Rac1-targeting domain of Trio. However, the
compound is only effective at high >50 µM concentrations.
Two independent studies using different NMR-based fragment library
screening approaches, identified the same novel hydrophobic pocket
between switch regions I and II of Ras256,257. One of the hit compounds,
DCAI, was shown to bind to Ras and inhibit Sos-mediated nucleotide
exchange by blocking the interaction between Sos and Ras257. The binding
to Ras did not affect the intrinsic nucleotide exchange by Ras. Notably,
half maximal effective concentration (EC50) values derived from cell-based
experiments, e.g. EGF-stimulated Ras activation as well as subsequent
recruitment of Raf to the cytoplasmic membrane, were a full log-fold
more potent than the biochemical assays, raising concerns about possible
off-target driven effects.

2)4)4 # '!$"(#!#)
The concept of interfacial inhibition utilizes the dynamic behavior of
protein complexes and the ability of small molecule compounds to bind at
such interfaces with high selectivity locking the complex in one state. The
natural compound Brefeldin A inhibits the activity of the Arf GEF Sec7 by
stabilizing the complex between Sec7 and Arf1, thereby blocking
nucleotide

exchange253,254.

Brefeldin A is a prototypical interfacial
inhibitor, locking the complex of macromolecules in a nonproductive
transition state that is unable to fulfill its biological function279,280. This
mode of inhibition is distinct from the previous compounds, which inhibit
the interaction between small GTPase and GEF.
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Though efforts have been made, only a handful of these compounds have
been described to date. In case of Ras GTPase, a fragment screening
campaign using X-ray crystallography was performed and three district
small molecule binding sites were identified at the interface between HRas and Sos255. However, the ligands identified to bind reversibly to the
Ras-Sos complex were not sufficiently potent to show measurable
stabilization of the complex. While the interfacial inhibitory compounds
identified were not sufficiently potent, the reactive compounds that
covalently bound to residue C118, were shown to completely inhibit KRas-Sos functional activity255.

2)4)5 #(%##
Inhibition by covalent modification is successfully used by nature to inhibit
GTPase signaling, exemplified by the bacterial toxin C3 transferase that
inactivates RhoA by ADP-ribosylation281. C3 transferase is commonly used
to study the role of RhoA in cellular systems. Covalent inhibitors SML-873-1 and SML-10-70-1 were discovered by using a design based on the
GDP scaffold, targeting the nucleotide binding site of K-Ras G12C and
block binding to GTP263,264. Docking of the compound in the nucleotide
binding pocket brings the reactive moiety of the compound close to the
neighboring mutant-specific cysteine residue and subsequently forms a
covalent bond with the cysteine residue. In the resulting conformation,
which resembles the inactive GDP-bound state, Ras is unable to interact
with effector proteins263.
A novel approach in both attempting to block mutant Ras signaling as well
as screening for small GTPase inhibitors was applied in the discovery of
the covalent inhibitor 4M22261. First, the screening was based on a
method called tethering282, utilizing the cysteine residue of non-small-cell
lung cancer specific KRAS mutant (K-Ras G12C) to irreversibly bind small
molecule compounds to the target protein. Using a K-Ras construct
lacking other cysteine residues (K-Ras G12C/C51S/C80L/C118S), a
chemical starting point was identified from a small library of 480
‘tethering compounds’ and subsequently exploited to generate analogs
through X-ray structures of co-complexes. Second, 4M22 and analogs are
compounds that alter the nucleotide preference of Ras GTPase to favor
GDP over GTP, thereby impairing binding to Raf. The ability of 4M22 to
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lock K-Ras in GDP-bound state is achieved by targeting a recently
discovered allosteric pocket under the Switch II loop region that is
exposed exclusively in GDP-bound state.
4M22 is very specific, as it was demonstrated to reduce cell proliferation
and induce apoptosis in cell lines containing G12C mutations compared to
cell lines lacking this mutation281. However, further characterization of
4M22’s mechanism of action revealed low covalent engagement in
heterozygous K-Ras G12C NCI-H358 cells262. Subsequent iterative
structure-based design of covalent ligands targeting the Switch II pocket
of K-Ras G12C led to the development of ARS-853, which showed a near
complete inhibition of Ras-Raf interaction and downstream signaling
through both the MAPK and PI3K signaling pathways at 1 µM262.
Moreover, ARS-853 was demonstrated to inhibit oncogenic transformation
in cellular assays at similar concentration. Of note, data provided by this
study showed that K-Ras G12C activity levels are responsive to growth
factor stimulation as well as inhibitory signals, strengthen the model that
aberrant signaling of K-Ras G12C happens by “hyperexcitation”, rapidly
cycling nucleotides in response to upstream signaling inputs. This
warrants that aberrant signaling of Rho GTPases could be caused by a
deregulated expression of both GEFs and GAPs.

2)4)6 #!""+#!#!#"
While the inhibition of GTPase-GEF activity might not be beneficial in the
treatment of many Ras driven cancers, where different mutations prevent
GTP hydrolysis, and interfacial inhibitors yet to be found, interfering with
GTPase-effector binding presents an excellent opportunity to abrogate the
downstream signaling events.
The non-steroidal anti-inflammatory prodrug sulindac was used in cancer
prevention and therapy283, before Müller and coworkers discovered that
its metabolite, sulindac sulfide, binds to Ras and impairs downstream
signaling284. Using a sulindac-derived compound library in a phenotypical
screening assay based on the ability of H-Ras oncogene to transform
Madine–Darby canine kidney cells, more potent analogs were
identified258,285, and utilized to show that these compounds bind to Ras in
a non-covalent manner near the switch I region, thereby inhibiting the
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formation of the Ras-Raf complex286. Rigosertib (ON01910) was initially
discovered following the synthesis of family of non-ATP competitive small
molecule kinase inhibitors, which were screened for anti-proliferative
properties on tumor cells and subsequently selected for potent inhibitory
effect of polo-like kinase 1 (Plk1) activity287. Additional research has
demonstrated that rigosertib is in fact a Ras-mimetic288, binding to the
Ras binding domain (RBD) commonly found in many Ras effector
proteins. Binding of rigosertib to the RBD of the effector proteins resulted
in an inability to bind to activated Ras, and thereby inhibited multiple
Ras-driven signaling pathways, including both PI3K289, as well as Raf290.
In vivo studies, using xenograft models of human colorectal and lung
cancers as well as genetically modified mouse model of pancreatic cancer
containing the K-Ras G12D mutation, showed that rigosertib is a potent
inhibitor of tumor growth. Furthermore, subgroups of myelodysplastic
syndrome patients having cytogenetic abnormalities that are associated
with Ras activation (monosomy 7 and trisomy 8)291,292 have responded
best to treatment with rigosertib in a phase 3 randomized trial293.
Other Ras-effector binding inhibitors were discovered through targeted
screening approaches. Through a yeast two-hybrid screen another set of
Ras-Raf inhibitor compounds were discovered259. This study, as well as
the follow-up studies from different groups, showed that MCP compounds,
notably MCP1, MCP53 and MCP110, inhibited Ras-induced Raf-1
activation, reduced invasiveness and anchorage-independent growth in
cells harboring K-Ras mutation, but not constitutively active Raf-1, and
inhibited growth in human xenograft models for MCP110 in
particular259,294,295.
After solving the first complete tertiary structure of H-Ras, it became
apparent that in GTP-bound state, Ras does possess well-defined surface
pockets suitable for drug binding296. Subsequent in silico screening and
biochemical characterization has identified Kobe0065 and its analog
Kobe2602 to efficiently inhibit, both in vitro and in vivo, the binding of
activated GTP-bound Ras with Ras-effector proteins260.
With the possibilities to target GTPase-GEF activity, the need for Rho
GTPase-effector inhibitors to perturb signaling might appear to be not as
a necessity as for Ras GTPase proteins. Nevertheless, substantial effort
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has been put in the discovery of Rho effector inhibitors, most notably Rho
kinase and PAK inhibitors (reviewed in [297,298]). Interestingly, two
ROCK inhibitors, fasudil and ripasudil, have been approved for clinical use
in Japan and/ or China, whereas one PAK inhibitor, PF-3758309, made it
to phase I clinical trials. Fasudil, HA1077, was discovered for having a
potent vasodilator effect in a canine model, completely reversing the
induced cerebral vasospasm266. While it was hypothesized the target
would be a kinase265, it was not until a decade later that it was shown
that fasudil was in fact a Rho kinase inhibitor299. Where fasudil
demonstrated about equal potency towards both ROCK isoforms, the
more recently discovered ripasudil displayed a slightly higher inhibitory
effect towards ROCK2267. Results of preceding screening campaigns were
used to rational design ATP-competitive, group II PAK inhibitor PF3758309268. PF-3758309 inhibits group II PAKs as well as group I
member PAK1 at low nM concentration, whereas inhibition for other group
I PAKs was observed in submicromolar range. Although significant tumor
growth inhibition was observed in a panel of human xenograft models,
clinical development of PF-3758309 has been put on hold as no tumor
responses were observed in a phase I clinical trial300.
Following the success of Rac inhibitor NCS23766, in silico screening has
successfully been applied for Rho GTPase effectors as well269. Phox-I1 was
discovered in an effort to identify inhibitors targeting the binding of the
Rac1/2-p67phox, a pivotal event in the activation of NADPH oxidase, which
is responsible for ROS production in neutrophils. In particular, Phox-I1
and analogs displayed similar cellular ROS inhibitory activity in cultured as
well as primary cells, without affecting the Rac-mediated actin
cytoskeleton structure.

2)4)7' ##! "#*#!"##
The only GTPase-modulating compounds that have made it to clinical
trails to date are the farnesyltransferase inhibitors lonafarnib270,271 and
tipifarnib301,302. After synthesis, cytosolic Ras proteins are processed at
the endoplasmic reticulum by prenyltransferases, which is needed for the
trafficking to and association with the plasma membrane. Because of
alternative prenylation by related geranylgeranyltransferases, the loss of
membrane anchoring activity can be restored for N- and K-Ras, and
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initially farnesyltransferase inhibitor treatment failed in clinical trails96.
The increased understanding of the Ras isoform specific posttranslational
modification process and the lack of prenylation redundancy for H-Ras
has reignited the exploration of tipifarnib as H-Ras specific inhibitor in
clinical trials (e.g. NCT02535650 and NCT02383927)303,304.
When prenylated, Ras and Rap GTPase membrane association is regulated
by Ras GTPase GDI-like solubilizing factor PDEδ185. Specifically, PDEδ
activity enables Ras signaling by enriching Ras GTPase at the plasma
membrane, whereas down-regulation of PDEδ results in a random
distribution to all cellular membranes and thereby suppresses both wildtype as constitutive oncogenic Ras signaling186. Deltarasin, a small
molecule that bind to the farnesyl-binding pocket of PDEδ, disrupts the
formation of the Ras-PDEδ complex271,272. The lead inhibitor was
discovered through a high-throughput AlphaScreen using a farnesylated
K-Ras4B peptide and PDEδ. Subsequent structure-guided design based on
the crystal structure of the initial hit led to development of
deltasarin272,273. Deltarasin is able to impair the accumulation of K-Ras at
the plasma membrane at low micromolar concentration, thus inhibiting
RAS signaling. Accordingly, it was shown to suppress proliferation of
oncogenic K-Ras dependent human pancreatic ductal adenocarcinoma
cells in vitro and in vivo.
Despite the efforts put in the discovery and development of small GTPasemodulating tool compounds, a relatively short list of compounds has been
described, of which only a few have made it to clinical applications to
date. Therefore, GTPase signaling inhibition efforts have resorted to
indirect modulators, targeting Rho downstream pathways with prior
discussed PAK and ROCK inhibitors. In similar fashion, Ras downstream
pathways are targeted with kinase inhibitors, which are discussed in
depth in review [207]. However, in case of mutationally activated Ras,
the compensatory signaling cascades, such as the crosstalk between and
the feedback loops within the MAPK and PI3K pathways, have reduced the
overall durability and potency of such approaches, and the clinical
outcome has often been disappointing305. Due to the better understanding
that GTPase signaling is mediated through protein-protein interactions,
with an essential role for regulator proteins GEFs and GAPs, opens the
possibility to inhibit GTPase signaling by interfacial inhibitors, exemplified
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by the natural compound Brefeldin A. However, to facilitate and enable
larger scale screening for interfacial inhibitors, current assay methods
needs to be adapted to be able to detect interfacial inhibition.

2)4 
MgcRacGAP is a 632 amino acid long Rho GTPase GAP protein with three
well-defined domains; a N-terminal coiled-coil, a mid-protein C1-domain
and a C-terminal Rho-GAP domain (Figure 7). MgcRacGAP was first
isolated through a two-hybrid cloning procedure306 using Rac2 (Q61L) as
bait almost two decades ago307, but the target for its GAP activity is still
controversial. After the isolation, the C-terminal GAP domain was cloned
and it was shown that in vitro MgcRacGAP strongly stimulated GTPase
activity of the Rho GTPases Rac1 and Cdc42, but was almost inactive
towards RhoA307. In a parallel study it was shown that MgcRacGAP was
expressed at high levels in replicating cells, yet not expressed in
terminally differentiated cells, which suggested that MgcRacGAP played
role in cell division through the regulation of Rac-related process308. Of
note, the authors also implicated that MgcRacGAP could play a role in
other processes regulated by Rac, such as tumor cell invasion and
metastasis. A third study confirmed that the MgcRacGAP GAP domain was
more active towards Rac and Cdc42 than towards RhoA in vitro309,
however, at the same time also demonstrated using RNAi that only RhoA
was required for cytokinesis, and, therefore, concluded that RhoA may be
the critical target of MgcRacGAP in vivo309.
MgcRacGAP mRNA expression levels were found to be cell cycle
dependent, peaking at the G2/M phase229. Detailed immunohistochemical
studies showed that MgcRacGAP colocalized with the mitotic spindle in
metaphase, binding directly to microtubules via its N-terminal coiled-coillike domain, transferred to the midzone in anaphase and telophase, and
thereafter moved to the midbody in cytokinesis229. During metaphase, the
activity of MgcRacGAP is down-regulated by PRC1, which binds to the GAP
domain of MgcRacGAP and thereby prevents phosphorylation-mediated
GAP activity182. At the end of anaphase, MgcRacGAP, together with Mitotic
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Figure

7

Schematic

representation

of

MgcRacGAP.

Visualized

in

the

schematic

representation of MgcRacGAP are from N-terminus to C-terminus; the coiled coil domain, the
protein kinase C conserved region 1 (C1, also known as cysteine-rich zinc-finger domain), and
Rho-GAP domain, with in subscript the corresponding regions by amino acid numbering.
MgcRacGAP interacts through its N-terminal domain with Mitotic Kinesin-Like Protein 1 (MKLP1)
and Ect2, and through it’s C-terminal domain with Rho GTPases as well as protein regulator of
cytokinesis 1 (PRC1). The red lines correspond with the two Polo-like kinase 1 (Plk1)
phosphorylation sites (Ser157 and Ser164).

Kinesin-Like Protein 1 (MKLP1) form the centralspindlin, an evolutionarily
conserved hetero-tetrameric complex, and accumulates at the cell
equator on the overlapping antiparallel microtubules310. In telophase,
Aurora B kinase phosphorylates MKLP1311, whereas MgcRacGAP is
phosphorylated by Plk1, creating a docking site for the RhoGEF Ect2312314

. As a result, Ect2 localizes to the central spindle to form the
MgcRacGAP/MKLP1/Ect2 complex that stimulates and controls the
activation of RhoA315-317. Premature binding of Ect2 with the
centralspindlin is prevented by CDK-1 phosphorylation of Ect2, which
inactivates a membrane-binding motif within Ect2 and thereby inhibits the
Ect2–MgcRacGAP interaction during metaphase315,317. At the terminal
phase of cytokinesis, the centralspindlin complex of MgcRacGAP, which is
membrane bound through its C1 domain, and MKLP1, which is connected
to the microtubules, connects the plasma membrane to the intercellular
bridge, providing the connection between the cleavage furrow and the
mitotic spindle needed to complete the abscission318. Interestingly, while
the interaction between MgcRacGAP and MKLP1 is evolutionarily
conserved, the primary structure of the N-terminal region of MgcRacGAP,
through which the binding to MKLP1 occurs, is not well conserved310.
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Cytokinesis is a well-studied process and the role of Ect2’s GEF activity in
activating RhoA at the equatorial cortex is well established319,320. The
detailed functional role of MgcRacGAP, however, is not yet fully
resolved321-323. The relevant target GTPase in cytokinesis, as well as its
GAP activity as such, is being debated.
First, the controversy between the in vivo and in vitro data; early RNAi
results obtained with C. elegans demonstrated that RhoA, in contradiction
to Rac1 or Cdc42, was required for cytokinesis, and thus RhoA had to be
the in vivo target of MgcRacGAP’s GAP activity309. In agreement with this
hypothesis were the results obtained with Xenopus embryos showing that
the GAP activity of MgcRacGAP was needed to inactivate RhoA creating a
“GTPase flux,” the rapid cycling of RhoA between the GTP- and GDPbound forms322. Other studies suggest that MgcRacGAP’s GAP activity
contributes to GEF activation, and thereby indirectly contribute to
activation of RhoA324,325. However, numerous studies have demonstrated
that in vitro MgcRacGAP has little to no GAP activity towards
RhoA307,309,326,327, and these results are consistent with observations in C.
elegans and HeLa cells, suggesting that MgcRacGAP’s GAP activity is
directed to Rac1 or Cdc42321,326,328. The observation that MgcRacGAP
colocalized with Aurora B and RhoA, but not Rac1 or Cdc42, seemed to
shed light to the matter, as it was reported that Aurora B phosphorylation
of MgcRacGAP serine residue 387 converted latent GAP activity toward
RhoA to active in vitro329. However, recent studies have shown that GAP
activity was not converted by phosphorylation at serine 387326,330.
Instead, phosphorylation at serine 387 was demonstrated to cause a GAP
dead protein330. Strengthening the hypothesis that Rac1 is the relevant
target GTPase and not RhoA is the recent identification of Trio as a mitotic
GEF of Rac1, counteracting MgcRacGAP’s function in cytokinesis331.
Second, in contradiction to the many studies showing that MgcRacGAP is
essential for cytokinesis, two studies have reported that, in Drosophila
neuroblasts and chicken B cells, MgcRacGAP’s GAP activity is not required
at all for cell division323,332. However, these two models systems are used
to study asymmetric cell division and the development of non-adherent B
cells, respectively, whereas previous results have been obtained with
adherent mammalian cell lines undergoing symmetrical cell division.
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Soon after the discovery of MgcRacGAP it was suggested that, besides
having function in cytokinesis, MgcRacGAP could play a role in other
processes regulated by GTPases and the link was made to Rac-mediated
tumor cell invasion and metastasis308. A recent study focusing on the Rho
GTPase signaling transcriptome revealed high RNA expression of several
RhoGAP genes in basal-like breast cancer tumors333. Further examination
on the role of several RhoGAP, including MgcRacGAP, in promoting
oncogenesis led the authors to propose that RhoGAPs can act as
oncogenes in cancer. Indeed, many other papers have shown that high
MgcRacGAP mRNA expression is not only associated with poor diseasefree survival, it also has a prognostic significance in numerous types of
cancers, including breast cancer334-336, as well as colorectal cancer337,338,
hepatocellular carcinoma339, gastric cancer340, non-small cell lung
cancer341, melanoma342, squamous cell carcinomas343, and uterine
carcinosarcoma344. Likewise, the expression of the other complex
members MKLP1 and Ect2 has been demonstrated to be upregulated in
cancer, and the occurrence of relapses correlates with upregulation in
several human malignancies including colorectal, ovarian, pancreatic, and
non-small cell lung cancer as well as hepatocellular carcinoma and
glioblastomas222,226,228,345-351. However, it is poorly understood how and if
the complex, or its individual components, contribute to the malignancy.
Several mechanisms have been brought forward to how McgRacGAP,
MKLP1 and Ect2 could contribute to malignancy. In both cancer and
development, when the MgcRacGAP/MKLP1/Ect2 complex proteins are
expressed at high levels, their functions have been linked to controlling
polarity352, and driving epithelial-to-mesenchymal transition353. According
to some recent reports, MgcRacGAP is localized at cell junctions of
cultured epithelial cells and locally regulates the activity of Rac1175,354,355.
However, there are controversies on the precise subcellular location and
role of MgcRacGAP; it was shown that MgcRacGAP, together with MKLP1,
regulates Rho signaling at the adherens junctions of interphase epithelial
cells354, whereas another study demonstrated that MgcRacGAP specifically
colocalizes at the tight junctions while Ect2 is distributed heterogeneously
at the adherens junctions355. A third study showed that the
phosphorylation of MgcRacGAP by Akt on threonine residue 249 results in
the recruitment of MgcRacGAP to invasive pseudopods, where it locally
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suppresses the activity of Rac1 resulting in increased activity of RhoA,
promoting invasive migration in a RhoA dependent manner175.
MgcRacGAP, together with Ect2, Rac1 and Cdc42, is required for
centromere maintenance by stabilizing newly incorporated CENP-A during
G1 phase356. CENP-A is an essential histone H3 variant located in the
centromeres, where it directs kinetochore assembly during mitosis. Thus,
improper functioning of MgcRacGAP could lead to inappropriate CENP-A
incorporation needed for successful chromosome segregation and,
therefore, result in genomic instability. Moreover, the MgcRacGAP/MKLP1/
Ect2 complex is required for initiation and progression of cytokinesis, but
needs to be inactivated to complete it. Sustained Aurora B activity was
demonstrated to lead to persistent MKLP1 phosphorylation, delaying
abscission357. Accordingly, overexpression of the centralspindlin could lead
to an increased frequency of cell division failure, resulting in aneuploidy
that is presumed to be an early step in cancer formation229.
After cytokinesis, the complex becomes part of the midbody, which
remains with the daughter cell carrying the older centrosome358. Midbody
loss is associated with stem-cell differentiation, whereas the gain of it
leads to reprogramming to induced pluripotent stem cells and increased
tumor characteristics of cancer cells in vitro358. Overexpression, as such,
is expected to lead to midbody enrichment and increasing tumorigenicity
of cancer cells. Additionally, MgcRacGAP was reported to be essential for
the nuclear translocation of STAT factors, including the oncoprotein
STAT3, which is well known to regulate cancer drug resistance and
stemness359-361. In these studies is described the seemingly contradictory
interaction between MgcRacGAP, GTP-bound Rac1 and STAT family
members 3 and 5A, implicating that the MgcRacGAP/Rac-GTP complex
functions both as a mediator of STAT tyrosine phosphorylation and as a
chaperone for nuclear translocation of STAT transcription factors361.
Taken together, it is clear that MgcRacGAP is involved in a multitude of
different processes that, when deregulated, all could contribute to human
oncogenesis, such as sustained proliferation, promoting genetic
instability, activating invasion and metastasis362. Like in cytokinesis, the
role of MgcRacGAP in the processes related to malignancy is under
debate. The conflicting results on the role of MgcRacGAP, and its GAP
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activity, could very well arise from the cellular context326,363. However, it
was shown that experiments which manipulate a single protein, e.g. by
overexpression of an exogenous Rho GTPase, did not only affect the
endogenous target protein, but affected the levels and activity of other
Rho GTPases due to competition for binding364. Therefore, it should also
be considered that the varying results are likely an outcome of studying a
highly temporally controlled process by using molecular biology tools that
are not temporally controlled nor can easily be dosed.
In summary, research of the previous decades has shown that GTPases
and their regulators function as essential signaling nodes for many pivotal
regulatory pathways. These pathways form a highly integrated signaling
network of regulatory events controlling normal cell physiology as well as
aberrant function. Small molecule modulators of GTPase activity would be
highly valuable to further delineate these pathways, but very few effective
probes of this kind currently exist. To address this gap, we have focused
on discovering different small GTPase-modulating probes through
different screening approaches.


50

3. Aims of the study
The overall aim of this doctoral study was to identify and utilize new small
molecule modulators of GTPase activity, focusing on the previously
undrugged GAP proteins, and thereby improve the understanding of the
Ras superfamily of small GTPases and their regulators.
The specific aims were
1. Develop small molecule inhibitors of MgcRacGAP that can be used
to study MgcRacGAP and evaluate it as a potential therapeutic
target.
2. Study the role of MgcRacGAP as mediator of phosphorylation and
chaperone for nuclear translocation of STAT proteins.
3. Develop a high throughput screening (HTS) compatible method
to allow identification and characterization of novel small molecule
inhibitors of the Ras GTPase cycle.
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4. Material and methods
The materials and methods used in the presented thesis have been
described in great detail in the original publications, but a brief general
description of the techniques used are also described here. The following
tables summarize the fundamental experimental procedures, reagents
and cell culture details.

Table 2 List of methods used during this thesis

Method
Protein expression and purification
Biochemical GTPase assays
Synthesis of MINC1
HTS data analysis
Protein-protein interaction dynamics
Cell culture and transfection methods
Cytotoxicity and cell proliferation assays
Active GTPase pull-down assay
Immunofluorescence analysis
Gel electrophoresis and western blot analysis
Luciferase reporter assays
Small molecule library screening

Study
I
I, III
I
I, III
I
I, II, III
I, III
I, III
I, II
I, II, III
II
I, III

Table 3 List of reagents and compounds used during this thesis

Reagents and compounds
Small molecule compound libraries
Small interference RNA
MINC1 (CID 744230)
Stattic (CID 2779853; Tocris Bioscience, 2798)
Ruxolitinib (CID 25126798; ChemiTek, CT-INCB)
Interleukin-6 (AH Diagnostics 14-8069-62 )
Interferon-α (Immuno diagnostic Oy, 11350-1)
pGL4.47[luc2P/SIE/Hygro] (Promega)
pGL4[Luc2P/STAT5/Hygro] (Promega)
pBABEpuro MgcRacGAP
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Study
I, III,
I, II
I, II
II
II
II
II
II
II
I
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Protein expression vectors (Table 4) were constructed by amplifying the
desired part of the DNA by polymerase chain reaction (PCR) procedure,
adding EcoRI and XhoI restriction enzyme recognition sites to both ends
of the amplified DNA. Subsequently, the DNA was ligated between the
EcoRI and XhoI restriction sites of pGEX-4T-1 (GE Healthcare). The BCR
and p50RhoGAP GAP domain expression vectors were analogous to
constructs that have been described previously365. The human Rho
GTPase fast-cycling variants were produced by PCR-based Phusion SiteDirected Mutagenesis (Thermo Scientific) and subcloned into the bacterial
expression vector pGEX-4T-1. All DNA constructs were confirmed by DNA
sequencing.
Recombinant proteins were expressed and purified as described366. In
short, DH5α or BL-21 bacterial cultures were grown up to 1 liter and
subsequently induced with a final concentration of 100 µM isopropyl β-D1-thiogalactopyranoside (IPTG) to express the fusion proteins. After an
overnight induction at room temperature, the bacterial pellet was
resuspended in ice-cold lysis buffer (150 mM NaCl, 20 mM HEPES pH 7.5,
1 mM MgCl2, 1% Triton X-100, 1 mM DTT, 1 mM PMSF, 10 µM GDP),
sonicated, cleared by centrifugation and soluble fusion proteins were
captured with glutathione-sepharose or Ni-NTA-sepharose. Protein-bound
beads were washed two times with lysis buffer, followed by two times
with wash buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 1 mM MgCl2,
1 mM DTT, 10 µM GDP). Wash and elution buffers for the GAP domain
constructs lacked MgCl2 and GDP. The GST fusion proteins were eluted
from the beads with elution buffer (10 mM Glutathione, 50 mM Tris
pH 8.0, 1 mM MgCl2), whereas 6xHis fusion proteins were further washed
with 1 mM and 5 mM imidazole supplemented wash buffer and
subsequently eluted with 150 mM NaCl, 20 mM HEPES pH 7.5 and 80 mM
imidazole. Protein concentrations were determined using Bradford protein
assays367, pooled when necessary and immediately snap frozen and
stored at -80°C. SDS-PAGE and Coomassie Blue staining were used to
analyze protein purities.
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In short, all GAP assays, except for the GTP hydrolysis by wild type Rac1,
were performed in a buffer containing 15 mM HEPES (pH 7.5), 20 mM
NaCl, 1 mM EGTA, 0.02% Tween 20, 0.1 mg/mL bovine serum albumin,
2% dimethyl sulfoxide (DMSO) and 150 μM GTP at room temperature for
2 h. After optimization, the assays were carried out using 600 nM Rac1
(F28L) and 2 nM MgcRacGAP in the primary and orthogonal screen, which
was substituted for either 200 nM BCR or 10-50 nM p50RhoGAP
(depending on the batch) in the counter screen assays. To mimic GAP
activity inhibition, GAPs were omitted from the assay mix. The amount of
hydrolysis could effectively be determined by measuring both GDP and
inorganic phosphate, using the ADP Hunter Plus assay kit (primary
screen) and malachite green assay (orthogonal screen), respectively. A
prototype kit of the now-published GTPase/GAP/GEF-Glo Bioluminescent
Assay System was used to measure GTP hydrolysis by wild type Rac1368.

Table 4 Recombinant proteins. Proteins of which the NCBI accession is marked with asterisk
have a mutation inserted in the original NCBI reference sequence. The mutation is given in the
preceding column with the protein name. All proteins except for those referenced have been
constructed for the work described in this thesis. DH5α or BL-21 bacterial strains were used to
express the recombinant proteins. PBD, p21 binding domain; RBD, Ras binding domain.

Protein
BCR 1010-1271
Cdc42 F28L
Ect2 415-771
MgcRacGAP 345-618
p50RhoGAP 205-439
PAK1 PBD 72-132369
Rac1369
Rac1 F28L
Rac1 Q61L369
Rac3 F28L
Raf-1 RBD 1-149370
RhoA369
RhoA F30L
RhoG F28L
K-Ras 2-189371
H-Ras 2-189372
Sos 564-1049373
p120GAP 714-1047374
NF1 1198-1530375

NCBI accession
NP_004318
*NP_001034891
NP_001245245
NP_001119575
NP_001139374
NP_001122092
NP_008839
*NP_008839
*NP_008839
*NP_005043
NP_002871
NP_001655
*NP_001655
*NP_001656
NP_203524
NP_005334
NP_005624
NP_002881
NP_001035957
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Vector
pGEX-4T-1
pGEX-4T-1
pGEX-4T-1
pGEX-4T-1
pGEX-4T-1
pGEX-4T-1
pProEx HTa
pGEX-4T-1
pProEx HTa
pGEX-4T-1
pGEX-2T
pGEX-4T-1
pGEX-4T-1
pGEX-4T-1
pQE-A1
pQE-A1
pET28
pGEX-4T-1
pGEX-4T-1

Study
I
Unpubl.
III
I
I
I
I
I
I
Unpubl.
III
III
Unpubl.
Unpubl.
III
III
III
III
III

The GTPase nucleotide exchange assays were performed in a buffer
containing 50 mM Tris (pH 8.0), 10 mM MgCl2, 3 mg/mL Triton-X 100 and
0.1 mg/mL γ-globulins376. Equal molarities of GTPase/ GEF (200 nM for
Ras and Sos, 500 nM for RhoA and Ect2) were incubated with 10 nM
Eu3+-GTP and 22 µM Quench II371. The competitive GTP detection assays
were conducted in a buffer composed of 20 mM HEPES (pH 7.5), 1 mM
NaCl, 1 mM MgCl2, 0.01% (w/v) Triton-X 100 and 0.005% (w/v) γglobulins. GTP hydrolysis was facilitated by 500 nM GTPase, 300 nM GEF,
900 nM GAP, 700 nM GTP, 350 nM GDP, 7.5 nM Eu3+-GTP, 12 nM 2A4GTP
and 2.5 µM Quench III. The primary screening was conducted with H-Ras,
RasGAP p120RasGAP and RasGEF Sos, but was substituted in the followup screens by K-Ras and RhoA (with Ect2 as GEF). After 20 min
incubation, the time-resolved luminescence (TRL) signals were monitored.
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For the small molecule library screening, compounds were transferred by
Echo acoustic dispensers from stock solutions plates into the appropriate
destination assay plates for single dose testing. The 20 480 screened
small molecule compounds for the MgcRacGAP inhibitor study were from a
chemical diversity collection from ChemDiv, whereas 1 280 compounds
from a ChemBridge chemical diversity collection were used for the Ras
inhibitor screening assay. Dose response testing at the concentration
range of 0.1-100 µM was done for compounds identified in single dose
screening using the primary assay conditions as well as homologue
proteins. Analogous to the MgcRacGAP inhibitor study at FIMM, an
additional 342 046 compounds from the NIH Molecular Libraries Small
Molecule Repository were screened at Southern Research Institute
(Birmingham, AL, USA; See PubChem AID 624330 for complete protocol).
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MINC1 has been re-synthesized by Annika Fagerholm in the group of Ari
Koskinen at the Aalto University. See Figure 8 for the synthesis of MINC1.
A short list of analog compounds have been synthesized to obtain
structure-activity relationship (SAR) data for further development of
potent inhibitors analogs as well as to be used to study the function of
MgcRacGAP in cells.
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Positive and negative control samples were used to determine the Z’factor values for each HTS assay plate, whereafter plates with Z’-factor
values lower than 0.5 were excluded from further analysis377. Next, the
controls were normalized as 100% and 0% inhibition and used to
calculate the normalized inhibition for each compound. The cutoff values
for each assay are given in Table 5. GraphPad Prism was used to fit the
four-parameter dose-response curves constrained between 0% inhibition
at the bottom and 100% inhibition at the top of the curve.

Table 5 Overview of cutoff values used for the HTS assays. SD, standard deviation.

Assay
Primary GAP assay
Orthogonal assay
Counter screen assay
GTP hydrolysis assay
GTP association assay

Threshold
≥3 SD above mean
≥30%
≥50% MgcRacGAP
≤15% BCR GAP
≥25% inhibition
≥25% inhibition
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Study
I
I
I
III
III
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General conditions: naphthalene-2,6-dicarbonitrile 1.4 mmol, 100 mol %, chlorobenzene (0.55 mL), Cu(OAc)2 10 mol
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Figure 8 Synthesis of MINC1 analogs, general conditions and results. A) Summary of MINC1
and analog synthesis. X represents an oxygen, sulfur or nitrogen atom and n represents 1 or 2
carbon atoms, specified in lower table. Nd, not determined. B) In the previous conditions, entries 3
and 5 did not yield any product. Therefore, a different method to synthesize those was needed.
The salt formulations made the molecules more soluble. (Image kindly provided by Annika
Fagerholm.)
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Protein-protein interaction between MgcRacGAP and Rac1 Q61L was
confirmed with a pull-down assay using immobilized GST-MgcRacGAP and
soluble 6xHis-Rac1 (Q61L). In brief, 25 µM of Rac1 (Q61L) was incubated
with equal molar glutathione sepharose bead-bound MgcRacGAP for 2 h at
4°C, using a buffer containing 15 mM HEPES (pH 7.5), 20 mM NaCl, 1 mM
EGTA, 0.02% Tween 20, 0.1 mg/mL bovine serum albumin. The same
buffer with 0.1% Tween 20 was used to wash the beads three times and
subsequently was washed an additional three times with reaction buffer
(containing 0.02% Tween 20). Equal volume of 2x Laemmli buffer was
added and the sample was processed as a western blot sample (described
in section 4.11 of this thesis) and immunoblotted for Rac1.
Dissociation of 6xHis-Rac1 (Q61L) from immobilized GST-MgcRacGAP was
analyzed by bio-layer interferometry using an Octet Red 384 (ForteBio).
MgcRacGAP was immobilized by dipping anti-GST probes in 2 µM GSTMgcRacGAP, 1x phosphate-buffered saline (PBS) solution with 2% DMSO.
Rac1 (Q61L) was bound to MgcRacGAP by transferring the probes to
3.5 µM 6xHis-Rac1 (Q61L), 1x PBS solution with 12.5-50 μM MINC1 or
2% DMSO. In the last step, the probes were transferred to a 1x PBS
solution with 12.5-50 μM MINC1 or 2% DMSO to determine the
dissociation of Rac1 (Q61L) from MgcRacGAP.
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The cell lines used in the studies throughout this thesis were cultured in
specified growth medium (Table 6) supplemented with 100 units/mL
penicillin and 100 µg/mL streptomycin. When indicated by provider,
selection antibiotics were used in expansion stage as well. Subsequently,
the cells were frozen down in small aliquots. This allowed us to perform
and repeat all experiments with cells in the same passage number.
We used different transfection methods to specifically enhance or inhibit
gene expression. In brief, to overexpress protein or to introduce a
reporter plasmid, cells were transiently transfected with plasmid DNA
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using either Lipofectamine 2000 or FuGENE HD. Gene silencing was
achieved with small interference RNA, which were introduced into the
cells with Lipofectamine 2000 for bulk transfections or RNAiMAX in case of
multi-well screening. Details on specific cellular assays, e.g. cell cycle
synchronization, cellular movement and wound healing assays as well as
the cell cycle reporter assay, are described in study I.
Table 6 Overview of the cell lines and culture conditions used in the studies for the
presented thesis. DMEM; Dulbecco's Modified Eagle Medium, EMEM; Eagle's Minimum Essential
Medium, v/v; volume/volume, FBS; fetal bovine serum, and RPMI; Roswell Park Memorial
Institute.

Cell line
HeLa (ATCC, CCL-2)
Cervical epitheloid carcinoma
EMEM, 10% (v/v) FBS
MDA-MB-231 (ATCC, HTB-26)
Mammary gland epithelial adenocarcinoma
DMEM, 10% (v/v) FBS, 10 µg/mL insulin
A549 (ATCC, CCL-185)
Alveolar basal epithelial adenocarcinoma
DMEM, 10% (v/v) FBS
RWPE-1 (ATCC, CRL-11609)
HPV-18 immortalized prostate
RPMI 1640, 10% (v/v) FBS
HEK293 GloResponse SIE Luc2P Hygro cells (Promega)
Embryonic kidney
DMEM, 10% (v/v) FBS, 200 µg/mL Hygromycin B
HEK293 (ATCC, CRL-1573)
Embryonic kidney
DMEM, 10% (v/v) FBS
NCI-H460 (ATCC, HTB-177)
Large cell lung carcinoma
RPMI 1640, 10% (v/v) FBS
NCI-H292 (ATCC, CRL-1848)
Bronchial epithelial carcinoma
RPMI 1640, 10% (v/v) FBS

Study
I, II

I

I, III

I

II

II

III

III
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Cells were exposed to hit compounds to identify those compounds that
were directly toxic to cells. While small details varied from assay to assay,
in essence all compounds were tested in dose response (0.1 - 100 µM),
using vehicle (DMSO or water) and 20 μM benzethonium chloride as
negative and positive controls for cell death, respectively. To determine
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toxicity, the cell culture growth medium was supplemented with CellToxGreen reagent according to manufacturer’s recommendations. CellToxGreen is stable at 37°C for a prolonged period of time, which allows not
only to obtain end-point data, but also kinetic data when followed by live
cell imaging using an IncuCyte FLR microscope (Essen Bioscience). Cell
proliferation was determined by either phase contrast confluency or
CellTiter-Glo Luminescent Cell Viability Assay (used according to
manufacturer’s recommendations).
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To assess whether a hit compound had an effect on the GTPase activation
status, GTP-GTPase levels were determined by pull-down assay using
immobilized PAK1 PBD and Raf1 RBD for Rac1 and Ras, respectively. In
brief, cells were treated with either compound or vehicle and after an
incubation period lysed in lysis buffer (20 mM HEPES (pH 7.5), 150 mM
NaCl, 1% Triton, 1 mM MgCl2) supplemented with protease inhibitor
cocktail (Millipore #539134). The concentration-equalized lysates were
incubated with appropriate immobilized protein binding domain before
being processed analogous to a western blot sample (described in section
4.11 this thesis).
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For immunofluorescence (IF) analysis, cells were fixed with ice-cold
methanol or 4% formaldehyde in 1x PBS and subsequently blocked with
5% (weight/volume; w/v) bovine serum albumin (BSA) in 1x PBS to
prevent unspecific binding of the antibodies. In case of formaldehyde
fixation, the blocking buffer was supplemented with 0.2% (w/v) Triton X100 and 0.05% (w/v) Tween 20 to permeabilize the cells. Primary and
secondary antibodies (see Table 7) were diluted in same solutions, unless
stated otherwise by the manufactures. After each antibody
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Table 7 Antibodies used in this thesis. IF, immunofluorescence; n.a., not applicable; WB,
western blot.

Primary antibodies
Method
Dilution
WB
1:500
IF
1:500
IF
1:300

Antibody
α-tubulin

Organism
mouse

MgcRacGAP

goat

MgcRacGAP

mouse

WB

1:500

Rac1

mouse

WB

1:500

STAT3

mouse

phospho-STAT3
Y705
Pan-Ras

rabbit
mouse

WB
IF
WB
IF
WB

1:1 000
1:1 000
1:500
1:1 000
1:500

phospho-Erk1/2
Thr202/Tyr204
Erk1/2

mouse

WB

1:500

rabbit

WB

1:1 000

phospho-Akt
Ser473
Akt

rabbit

WB

1:500

mouse

WB

1:1 000

rabbit

WB

1:500

mouse

WB

1:1 000

phospho-Mek1/2
Ser217/221
Mek1/2

Antibody
anti-mouse
IRDye 680
anti-rabbit
IRDye 800
anti-mouse
Alexa Fluor 488

Organism
goat

Secondary antibodies
Method
Dilution
WB
1:15 000

goat

WB

1:15 000

goat

IF

1:400

anti-rabbit Alexa
Fluor 555

donkey

IF

1:400

anti-goat Alexa
Fluor 647

donkey

IF

1:400

Antibody
Hoechst 33342

Organism
n.a.

Dyes
Method
Dilution
IF
1:1 000

Alexa-555
Phalloidin

n.a.

IF

1:40
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Source
Sigma-Aldrich
(T9026)
Abcam
(ab2270)
Santa Cruz
(166477)
BD Transduction
Labs (610650)
Cell Signaling
(9139)
Cell Signaling
(9131)
Merck Millipore
(OP40)
Cell Signaling
(9106)
Santa Cruz
(sc-94)
Cell Signaling
(4060)
Cell Signaling
(2920)
Cell Signaling
(9154)
Cell Signaling
(4694)

Study
I, II

Source
Li-cor Odyssey
(926-32220)
Li-cor Odyssey
(926-32211)
Thermo Fisher
Scientific
(A11017)
Thermo Fisher
Scientific
(A-31572)
Thermo Fisher
Scientific
(A-21447)

Study
I, III,
II
I, III,
II
I, II

Source
Thermo Fisher
Scientific (H1399)
Thermo Fisher
Scientific
(A34055)

I
II
I
II
II
III
III
III
III
III
III
III

II

I

Study
I, II
I

incubation step, excess of antibody was removed by extensive washing
with PBS. Coverslips were mounted with medium containing DAPI when
appropriate. Slides were imaged using a Nikon 9i fluorescence microscope
with 10x or 60x objective and NIS elements AR software, whereas plates
were imaged using ScanR with 20x objective and associated software.
Afterwards, the color balance was normalized for all images using ImageJ.
For the quantification of MINC1’s effects on cell division arrest, eight
randomly chosen fields per condition were manually scored for the
number of normal (mononuclear), mitotic (rounded up), multinuclear and
dead cells by eye. To evaluate the effect of MINC1 on STAT3
phosphorylation, ImageJ was used to quantify the relative signal
intensities of phospho- and total STAT3 in randomly selected images of
different conditions.
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Protein concentrations of purified recombinant protein solutions were
determined using the Bradford protein assay367, whereas protein
concentrations of cell lysates were determined with DC protein assay.
After recombinant protein solutions and concentration-equalized lysates
were denaturized by heating for 5 min at 95°C with Laemmli buffer
containing 0.05 mM DTT, the samples were loaded and separated on 1015% SDS-PAGE gel. Coomassie Blue staining was applied for the
recombinant protein samples to analysis protein purities, whereas cell
lysate samples were transferred to PVDF (polyvinylidene fluoride)
membrane and stained with appropriate antibodies to semi-quantify
protein expression using a Li-Cor Odyssey infrared imaging system.
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The exact details of each luciferase reporter assay can be found in study
II as well as in the literature378,379, but generally cells were plated such
that at the day of measurement cells had reached a near-confluent state.
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HEK293 GloResponse SIE Luc2P Hygro (HEK293 SIE-Luc) cells, which
stably express a STAT3 firefly luciferase reporter, were used for the
majority of experiments. In other cases, reporter plasmids were
transiently transfected into HEK293 or HeLa cells using either
Lipofectamine 2000 or FuGENE HD. If required, cells were starved using
growth medium containing 0.5% (v/v) FBS 6 h before measurement
and/or stimulated with appropriate cytokine or vehicle 3 h before
measurement. Luciferase activity was measured using One-Glo luciferase
detection

reagent

(Promega)

according

recommendations.
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5. Results and discussion
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To address the lack of chemical tools to probe MgcRacGAP’s function, we
set out to identify an MgcRacGAP inhibitor that could help to provide
insight into the biological role of MgcRacGAP. The first challenge was to
overcome the very high affinity of small GTP-binding proteins for the
nucleotide12. Without a GEF in the assay solution, the nucleotide
exchange step will be the rate-limiting step restricting a biochemical
assay using wild type small GTPases to a near-single turnover assay
(Figure 9A). Previously, it was shown that the GDP dissociation rate of
Gαi1 GTPase subunit of heterotrimeric G-proteins increased if a mutation
was introduced in the conserved TCAT loop380. Using this mutant protein
and the GAP RGS4 (Regulators of G-protein Signaling 4), multiple rounds
of turnover of GTP to GDP were measured. In similar fashion, for the socalled fast-cycling mutant small GTPase proteins, which were shown to
display a lowered nucleotide affinity, the GDP dissociates from the GTPase
in the absence of a GEF381. In a GTP-rich environment, this results in a
continuous GTPase cycle with the GTP hydrolysis step as the rate-limiting
factor, making it possible to measure GAP activity alterations (Figure 9B).
Using fast-cycling mutants of several Rho GTPases, we determined for
each the GAP-stimulated GTPase activity with different GAPs and
established what GAP concentrations to use to remain in linear response
range (Figure 10, unpublished). Consistent with previous studies
suggesting that MgcRacGAP is a GTPase activating protein for Rac1 and
not RhoA326, MgcRacGAP did not exhibit GAP activity toward RhoA. In
case of our primary GTPase and GAP pair, Rac1 and MgcRacGAP, using
the fast-cycling protein allowed for a three- to fourfold signal window
between intrinsic and GAP-stimulated GTPase activities, while remaining
in a linear response range of GAP concentrations (I; Figure 1C).
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Figure 9 Design of an HTS-compatible assay using fast cycling GTPase mutants to
measure the biochemical activity of GAPs. A) Wild type GTPase cycles between GDP- and
GTP-bound forms. Due to a very high affinity towards the guanine nucleotides, the nucleotide
exchange step is highly rate limiting (red arrow). B) Fast-cycling mutant GTPase (GTPase*) exhibit
reduced affinity for nucleotide, which results in a higher rate of nucleotide exchange compared to
wild type GTPase. With an excess of GTP, this system will continuously cycle with the GTP
hydrolysis step as rate limiting factor (red arrow). In this thesis fast-cycling mutant GTPases Rac1
(F28L), as well as Rac3 (F28L), Cdc42 (F28L), RhoA (F30L) and RhoG (F28L) were used in
combination with the GAP domains of MgcRacGAP (345-618), p50RhoGAP (205-439) and BCR
(1010-1271).

The GAP-stimulated GTPase reaction can be monitored by the increase of
inorganic phosphate as well as GDP or the decrease of GTP (Figure 9). We
decided to monitor the production of inorganic phosphate and GDP, which
could be measured effectively using malachite green and the ADP Hunter
Plus assay kit from DiscoveRx, respectively. In addition to detecting
different analytes, these methods are based on different detection
readouts (absorbance vs. fluorescence). This makes the combination of
these assays ideal for the use of a primary and secondary orthogonal
validation screening strategy. Since the ADP Hunter Plus assay gave
higher and more consistent Z'-factors than the malachite green assay, we
decided to use the ADP Hunter Plus assay as the primary detection
method and the malachite green assay as an orthogonal validation
method.
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Figure 10 GAP activity is GTPase dependent. Each GAP has a different GAP activity for different
small GTPase proteins. The response range for each GAP-GTPase pair was determined by titration.
The GAP concentrations used in the screen were adjusted to obtain similar GAP-stimulated GTPase
activity in all assays, yet remain in linear response range. Error bars represent SD (n=3).
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Next, to make the MgcRacGAP-Rac1 assay HTS compatible, we optimized
protein and GTP concentrations as well as incubation times in a 96-well
format and subsequently miniaturized to 384- and 1536-well formats
using automated liquid handling (I; Table 1). MgcRacGAP was omitted
from the assay mix to mimic 100% inhibition of the GAP activity. In
addition to omitting the GAP, including a GAP insensitive mutant like Rac1
(Q61L) appears to an ideal negative control for the in vitro specificity
assays. However, the GAP insensitive mutant Rac1 (Q61L) also has an
impaired intrinsic GTPase activity. Therefore, it will be unlikely to detect
any signal of GDP-release.
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For this study we performed two high throughput screens. In-house, we
performed a 20 480 compound screen using a chemical diversity set from
ChemDiv. In addition, we screened 342 046 compounds from the NIH
Molecular Libraries Small Molecule Repository chemical collection
(PubChem AID 624330). As expected, we observed that the majority of
the analyzed compounds showed little or no GAP inhibition. Predefined
thresholds (Table 5) were applied to identify active compounds eligible
for verification by follow-up screening. In case of the screening campaign
with NIH, a computational filter was used after the primary screen to
reduce the number of false positive compounds by cross-referencing our
data with data from previous NIH screens using the ADP Hunter assay.
The implementation of the filter increased the confirmation ratio in the
orthogonal assay from 13% in the in-house screen to 23% in the NIH
screen.
Table 8 Results identification of an MgcRacGAP inhibitor through a novel type of
screening assay. N.a., not applicable; SRI, Southern Research Institute.
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After systematically executing the primary screens and complementary
assays (Table 8), we were able to identify and confirm two compounds
that showed selective biochemical inhibition of MgcRacGAP in vitro. The
first compound, which we named MINC1 (MgcRacGAP Inhibitor Compound
1; Figure 11A), showed an MgcRacGAP-selective dose response curves
with an half maximal inhibitory concentration (IC50) of 15±5 μM and no
detectable activity towards BCR and p50RhoGAP (Figure 11B). When we
analyzed the selectivity of MINC1 towards MgcRacGAP using different
GTPases, we found that MINC1 showed selectivity towards MgcRacGAP
and Rac1 (Figure 11C, unpublished). New structural insight into Rac1
recognition of MgcRacGAP may explain why MINC1 is Rac1-MgcRacGAP
specific. First, compared to other RhoGAPs, the arginine finger of
MgcRacGAP is aligned differently382. Second, like other Rho GTPase and
RhoGAP pairs, the surface charges are complementary; a generally
positive charged surface area of MgcRacGAP interacts with the opposing
largely negative charged surface of Rac1. However, because of the
exceptional conformation of MgcRacGAP’s arginine finger, the space
between MgcRacGAP and Rac1 at the interactive area is twice as large as
compared to other Rho GTPase and RhoGAP pairs382. In our in silico
modeling experiments we could not dock MINC1, or any of the other
inhibitors, to either the surface of MgcRacGAP or Rac1. However, with this
new knowledge of a different binding mode, it would be interesting to
perform a docking study using both MgcRacGAP and Rac1 and test
whether MINC1 would be able to dock to the MgcRacGAP-Rac1 specific
groove.
Using the publicly available data from PubChem, a public repository for
biological activities of small molecules, we found that MINC1 (CID
744230) had been included in 23 reported bioassays to date and was only
reported active in one of these assays against an unrelated target,
showing marginal activity. To gain more insight in the functional groups of
MINC1, we set out to explore the structure-activity relationship of MINC1
with MgcRacGAP-Rac1. However, no close structural analogs of MINC1
were present in our compound collection or commercially available.
Without knowledge about possible docking sites, rational structure-based
compound design was not possible. Thus, we synthesized a short list of
analogs with mostly single moiety or functional group substitutions, but
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none of these compounds appeared to be more active in the biochemical
screen than the lead compound (Figure 12).



 
 


  


















 


 
 











 












 
Figure 11 MINC1 shows selectivity for MgcRacGAP and Rac1 in vitro. A) Molecular structure
of MINC1, CID 744230. B) Dose response analyses (0.1-100 μM) of MINC1 against MgcRacGAP
(red), p50RhoGAP (dotted black line) and BCR GAP (solid black line) with Rac1 F28L. MINC1
selectively inhibits MgcRacGAP IC50 15±5 μM. Error bars represent SD (n=8). C) Dose response
analyses (0.1-100 μM) of MINC1 against Rac1 F28L (red), Rac3 F28L (dotted black line) and Cdc42
F28L (solid black line) with MgcRacGAP. MINC1 exhibits selective inhibition for Rac1 IC50 11±5 μM.
Error bars represent SD (n=6).
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Figure 12 Three MINC1 analogs showed modest activity in vitro. A short list of MINC1
structural analogs, designed to have mostly single moiety (2-5) or functional group substitutions
(6-9), were synthesized. The compounds were tested in dose response analyses (0.1-100 μM)
against MgcRacGAP with the primary assay using MINC1 as control (red). Analogs 2 (blue),
6 (black) and 7 (green) showed modest activity, whereas most of the newly synthesized
compounds displayed no activity. In addition, compound 7 (green) showed similar activity versus
p50RhoGAP and BCR GAP. Error bars represent SD (n≥3).

The second hit compound, named MINC2, exhibited selectivity for
MgcRacGAP over BCR and p50RhoGAP, with an IC50 of 18±7 μM (I; Fig.
3B/D). While there was no significant difference between the IC50’s in the
initial biochemical data, subsequent cell-based assays indicated that
MINC2 had no efficacy in cells and, therefore, we continued with MINC1
for follow-up studies.
In order to reduce the error caused by different incubation times, we
preplated the compounds and re-dissolved these in assay buffer before
adding the rest of the assay components. Lastly, the reaction was
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initiated by adding GTP. We found that when GTP addition was delayed,
and thus the proteins were given the time to pre-incubate with MINC1,
the dose response curves shifted and the IC50 decreased almost one order
of magnitude to 2±1 μM (Figure 13A). When we analyzed this
phenomenon more closely, we found that the shift only occurred when
Rac1 was included in the pre-incubation mix, while presence of
MgcRacGAP in the mixture had no additive effect on the inhibition (Figure
13B) nor did we observe any effects on GTP hydrolysis when MgcRacGAP
was substituted with p50RhoGAP or left out.
Next, we set out to determine whether MINC1 was able to inhibit the GAP
function of MgcRacGAP on wild type Rac1. Up till this point all the
biochemical assay had been performed using fast cycling mutant Rac1
(F28L). To be able to measure GAP-stimulated GTPase activity of wild
type Rac1, we used GTP-loaded Rac1. We found that there was no effect
on the GAP activity by addition of MINC1 to a single turnover assay (I;
Fig. S1B). When we replaced the fast-cycling mutant for wild type Rac1
protein, making the nucleotide exchange the rate-limiting factor (Figure
9A), we did not detect any notable inhibition of MgcRacGAP-stimulated
activity by MINC1. These data suggest that, while MINC1 acts selectively
on the Rac1-MgcRacGAP complex, the binding to Rac1 is slow and at the
same time the interaction with MgcRacGAP is fast.
Based on these data, we hypothesized that MINC1 stabilized the Rac1MgcRacGAP complex and as such inhibits GAP-catalyzed GTPase activity.
To test this hypothesis we measured the real-time protein-protein
interaction dynamics between MgcRacGAP and Rac1 in the presence or
absence of MINC1 by bio-layer interferometry. In case the complex was
treated with MINC1, we observed a dose dependent decrease of
dissociation (Figure 14). Taken together, these data suggest that MINC1
stabilizes the Rac1-MgcRacGAP complex rather than inhibits binding.
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Previous data have shown that MgcRacGAP is required to complete
cytokinesis, but also to play an important role in centromere
maintenance321,326,356. We predicted that if MINC1 would work as an
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Figure 13 MINC1 acts on the Rac1-MgcRacGAP complex through Rac1. A) Using the primary
assay conditions, a 2 h pre-incubation of MINC1 with the proteins before GTP addition results in a
shift of the dose response curve by almost an order of magnitude; IC50, no incubation 15±5 μM, IC50,
incubation

2±1 μM. Error bars represent SD (n=8). B) A 2 h pre-incubation of Rac1 with MINC1 (solid

red line) results in the same dose response curves shift as pre-incubation of the complex with
MINC1 (solid black line). The presence of MgcRacGAP in the mixture (dotted black line) had no
effect on the inhibition. Inc/w, incubation with. Error bars represent SD (n=3).
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Figure 14 MINC1 stabilizes the Rac1-MgcRacGAP complex. Real-time protein-protein
interaction dynamics between GST-MgcRacGAP and 6xHis-Rac1 (Q61L) in the presence or absence
of MINC1 were analyzed by bio-layer interferometry. MgcRacGAP was immobilized on an anti-GST
probe, whereafter Rac1 (Q61L) was bound to MgcRacGAP in the presence of 12.5-50 μM MINC1 or
2% DMSO. The dissociation of Rac1 (Q61L) from MgcRacGAP was determined in the presence of
12.5-50 μM MINC1 or 2% DMSO. Pre-incubation of MINC1 with the complex slowed down the
dissociation process in dose dependent matter. Error bars not presented (n=2).

MgcRacGAP inhibitor in cells, it would have a significant effect on cell
growth. Next, we proceeded to investigate whether MINC1 had an effect
on cells by monitoring cell proliferation and cell death using live-cell
imaging. We found that treatment with MINC1 significantly, and dose
dependently, slowed down cell proliferation (Figure 15). The predicted
IC50 in the cell-based assay (~20 µM) was surprisingly low, being in the
same order of magnitude as the IC50 of the initial biochemical data
(~15 µM). Unusual kinetic behaviors such as slow binding behavior and/or
slow off rates have been correlated with disproportionately potent cellbased activity383. Taken together with the observed near one-order of
magnitude shift of the IC50 in the biochemical assay after pre-incubation,
the potent cell-based activity strengthens the hypothesis that MINC1
stabilizes the Rac1-MgcRacGAP complex.
Cell death did not occur directly upon treatment with MINC1, but only
with prolonged high dose-treatment of MINC1 (Figure 15). We noticed
that MINC1-treated cells rounded up, as expected during division of
adherent cells384, but seemingly failed to complete cell division. Prolonged
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Figure 15 MINC1 treatment dose-dependently reduced proliferation rate of human tumorderived cell without causing direct toxicity. MDA-MB- 231 cells were treated with 10-80 μM
MINC1, DMSO (black) or 20 μM benzethonium chloride (BzCl, red) and followed by live cell
imaging for 70h for proliferation (upper panel, determined by confluency) or cell toxicity (lower
panel, determined by fluorescence intensity). Significance was assessed at three different time
points (12 - 36 - 60h) using two-way ANOVA followed by Dunnett's multiple comparisons test
(confluence control DMSO and death control BzCl). *, P<0.05; **, P<0.01; ***, P<0.001, ****,
P<0.0001; n.a. not applicable; ns; not significant. Error bars represent SD (n=4).
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mitotic arrest cell death is associated with apoptosis385,386. We
investigated whether MINC1 treatment prevented the cell from entering
mitosis (M-phase). Using both non-synchronized as well as synchronized
cell cultures, we found that MINC1 treated cells fail to pass from G2 to Mphase (I; Fig 5). Interestingly, cells in a non-synchronized cells culture
did not phenotypically respond until after >3 h of MINC1 exposure,
providing support to the slow kinetic behavior of MINC1.
Despite the fact that we failed to detect changes in overall Rac1 GTP
levels upon MINC1 treatment, which is not unexpected as Rac1 will be
mostly GDP-bound and only locally activated, these data are in line with
what can be expected from an MgcRacGAP inhibitor. Further research
could utilize Förster resonance energy transfer (FRET)-based biosensor for
GTPases, e.g. the Raichu biosensors387-389, to measure the effect of
MINC1 on the activation of Rac1 or other GTPases with high spatial and
temporal resolution.
To obtain more insight in the cell division arrest, several different cell
lines were treated with MINC1 for up to 48 h and fixed at different time
points for immunofluorescence staining and image analysis. MINC1treated cells showed a lower endpoint confluence as their counterparts
when plated at similar densities, consistent with the earlier observation of
reduced proliferation, as well as considerable amount of multinucleated
cells and round-up cells with abnormal positioning of the nuclear DNA (I;
Fig. 6C/F). To characterize the effect of MINC1 on cell cycle progression
and failed cytokinesis, we quantified the number of normal, mitotic,
multinucleated and dead cells (Figure 16). We observed a peak of the
mitotic phenotype in the first 9 h after initiation of the treatment,
whereas the number of multinucleated cells increased continuously,
quadrupling in 24 h.
A subpopulation of the MINC1-treated cells displayed abnormal mitotic
positioning of the nuclear DNA (I; Fig. 6D). A similar monopolar spindle
phenotype is reported for cells depleted of Plk1390-392. Plk1 is an essential
serine/threonine kinase in multiple early mitotic processes and directly
regulates MgcRacGAP312-314. Moreover, inhibition of Plk1 has been
demonstrated to induce a loss of interaction between Ect2 and
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Figure 16 MINC1 treatment impeded the cells from progressing mitosis. A549 cells were
treated with DMSO (0 h control) or 25 μM MINC1 and fixed at different time points. The cells were
subsequently stained to distinguish the membrane/cytoskeleton and nucleus. Immunofluorescence
images were quantified for the amount of normal, mitotic, multinucleated and death cells per time
point and results were plotted as a bar graph. Error bars represent SD (n>230 cells ’24 h MINC1
treated’ condition and n>320 all other conditions).

MgcRacGAP in anaphase, preventing initiation of cytokinesis393. Based on
the similarities we decided to follow-up with high-magnification imaging
and found extensive membrane protrusions (Figure 17). Cell morphology
is determined by the balance of Rac and Rho activity394, and these
extensive membrane protrusions found in the MINC1-treated cells may
suggest a loss of cortical actin rigidity that has been linked to deregulated
Rac/Rho activity395. Additionally, using a constitutively active MgcRacGAP
mutant it was demonstrated that inhibition of MgcRacGAP is important for
the correct formation of the mitotic spindle during the metaphase182.
Altogether, these data suggest that the GAP activity of MgcRacGAP plays
an important role not only in cytokinesis, but already in mitosis and may
be regulated by Plk1.
Alternatively, the abnormal mitotic positioning of the nuclear DNA may
result from other MINC1-induced effects on the cell division machinery
through different targets. Like the Plk1-inhibited phenotype, the Eg5inhibited phenotype resembles a monopolar arrest, yet with a subtle
morphological difference; in case of Plk1 inhibition, the chromosomes are
unevenly spaced from the spindle pole, whereas the Eg5-inhibited
phenotype is characterized by evenly spaced chromosomes396. In study I
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Figure 17 Abnormal spindle morphology in the metaphase in MINC1 treated cells.
Representative 60x immunofluorescence images of mitotic and cytokinetic HeLa cells. Cells were
treated for 48 h with DMSO (A/C/E/G) or 25 μM MINC1 (B/D/F/H).

DNA (A/B, blue G/H) was

visualized with Hoechst stain and α-tubulin (C/D, green G/H) and MgcRacGAP (E/F, red G/H)
stained with antibodies. The characteristic metaphase spindles originating from opposite poles are
lacking in MINC1 treated cells, instead they have a collapse spindle morphology (C-D, indicated by
arrow). Rounded-up MINC1 treatment cells displayed extensive membrane protrusion (D, indicated
by round ended arrow). Scale bar, 10 µm.
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we reported that the chromosomes were unevenly spaced from the pole,
similar to the Plk1-inhibited phenotype, but retrospectively it is arguable
the chromosomes have been evenly spaced from the pole (Figure 17).
Interestingly, a study using Tiam1-depleted cells as well as Rac1-deficient
epithelial cells showed that these cells could escape an Eg5-induced
mitotic arrest397. Specifically, it was shown that Tiam1-Rac signaling is
required to antagonize the Eg5-induced forces during bipolar spindle
assembly. With Rac1 suppression shown to be essential for cytokinesis in
both HeLa and RatA1 cells387, and observed membrane protrusions
suggesting a high Rac1/low RhoA activity in MINC1-treated cells, we
hypothesize that MgcRacGAP-mediated suppression of the Rac1-PAK
pathway may play a pivotal role in the cytokinesis. Accordingly, a recent
study showed that depletion of Rac1 substrates PAK1/2 resulted in
resistance to Eg5-induced mitotic arrest159. Since Tiam1 is a RhoGEF, it
acts as an antagonist of the RhoGAP. Thus, in both the Tiam1-induced as
well as the MgcRacGAP-inhibited situation, Rac1 will be locally activated.
To determine whether the GEF-induced and GAP-inhibited indeed result in
a similar phenotype, it would be interesting to test if depletion of PAK1/2
can also rescue of MINC1-induced phenotype.

5)1)4 #$""3#!"! ##%#(, -
STAT proteins are well established for their ability to transmit specific
signals from the plasma membrane to target genes in the nucleus, albeit
all are activated by phosphorylation of a single tyrosine, predominantly by
JAK family kinases398. The co-regulatory events, such as nuclear import
as well as alternative activation pathways appear to play important roles
in the specificity of the signal399-401.
Previous studies have described results linking Rac1 to STAT3 activity. For
example, Rac1 activation was shown to induce autocrine interleukin-6 (IL6) secretion stimulating STAT3 activity402. Another study showed that
activated Rac1 could form a complex with STAT3403. Accordingly, the
authors hypothesized that Rac1-mediated recruitment presents an
alternative method to direct STAT3 to the kinase signaling complexes at
the membrane. Finally, a series of studies described an interaction
between MgcRacGAP, activated Rac1 and STAT family members 3 and
5A359-361. Specifically, the authors proposed that MgcRacGAP/Rac-GTP
78

form a stable complex, which functions both as a mediator of STAT
tyrosine phosphorylation as well as a chaperone for nuclear translocation
of STAT proteins361. Despite largely complementing previously proposed
model, the results are seemingly contradictory, as the MgcRacGAP-Rac1
interaction will initiate MgcRacGAP-mediated GTP hydrolysis and,
therefore, it is unlikely to have a long-lived MgcRacGAP/Rac-GTP
complex.
Since previous reports proposed that the MgcRacGAP-Rac1 complex plays
a key role in STAT activation and nuclear translocation359-361, we decided
to examine whether targeting the MgcRacGAP-Rac1 complex with MINC1
could interfere with STAT3 signaling. Surprisingly, we found that
treatment with MINC1 resulted in a dose dependent increased STAT3
signaling for both starved and IL-6 stimulated cells (Figure 18). Previous
results had been obtained with gene silencing by siRNA and, therefore, we
also performed a siRNA-mediated knock down experiment. However,
using a similar setup, we could not reproduce the previous results (Figure
19). Instead, under these conditions we observed that MgcRacGAP
knockdown caused an increase in STAT3 transcription activity that
resembled those obtained with MINC1. To verify whether the results were
applicable to other cell lines as well as different assay models, we used
transient transfections of STAT3 and STAT5 reporter plasmids in both
HEK293 and HeLa cells. Also in these assay systems STAT transcriptional
activation was dose dependently stimulated by MgcRacGAP-Rac1
inhibition (II; Fig. 1D-E).
Considering the role of MgcRacGAP in the highly regulated Rac1 GDP-GTP
cycle, inhibition of the GAP function of MgcRacGAP is expected to lead to
increased downstream signaling activity of Rac1. This downstream
signaling activity of Rac1 can be mimicked using constitutively active
Rac1 and work of others has shown that active Rac1 (G12V) induces
STAT3 phosphorylation402-404. Vice versa, we and others have shown by
using siRNA mediated knockdown of Rac1 (II; Fig. S1) and a dominant
negative Rac1 (T17N)403,405, respectively, that the inability of activating
Rac1 results in the loss of STAT3 transcriptional signal. Based on these
results we concluded that the GAP activity of MgcRacGAP controls Rac1
stimulated STAT3 transcriptional activity.
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Figure 18 MINC1-mediated inhibition of MgcRacGAP induces a dose dependent increase
of STAT3 transcriptional activity. Serum starved HEK293 SIE-Luc cells were, in the presence of
vehicle (DMSO), 10 µM Stattic406 or increasing concentrations of the MgcRacGAP inhibitor MINC1,
induced with or without IL-6. MINC-1 treatment significantly increased the STAT3 transcriptional
activity of IL-6 induced HEK293 SIE-Luc cells (p≤0.0001, Sidak's multiple comparisons test). Error
bars represent SD (n=3).
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Figure 19 Increased STAT3 transcriptional activity by siRNA-mediated knockdown of
MgcRacGAP. Gene silencing by siRNA targeting MgcRacGAP in HEK293 SIE-Luc cells showed
activation of STAT3 for serum starved and IL-6 induced conditions. Sidak's multiple comparisons
test was used to assess significance of the siRNA-mediated knockdown of MgcRacGAP (p≤0.01).
Error bars represent SD (n=3).
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5)1)5 #$"" " !(#3, To clarify the mechanism leading to STAT3 transcriptional activation, we
decided to assess STAT3 phosphorylation status as well as cellular
localization. We used lysates of HEK293 SIE-Luc cells and demonstrated
that both siRNA-mediated and MINC1-mediated inactivation of
MgcRacGAP resulted in an increase of STAT3 phosphorylation signal (II;
Fig. 1C). Immunofluorescence image analysis of fixed HEK SIE-Luc cells
revealed an upregulation of phospho-STAT3 signal in MINC1-treated cells
compared to untreated counterparts, whereas no differences in total
STAT3 were observed (Figure 20). Of note, despite the increased STAT3
transcriptional activity measured in the preceding experiments, the
phospho-STAT3 signal appeared to be relatively uniformly upregulated
through the MINC1-treated cells and not localized in the nucleus as might
be anticipated (Figure 21A-B). Subsequent analysis with IL-6 stimulated
cells showed that inhibition of MgcRacGAP did not affect the nuclear
translocation of phospho-STAT3 (Figure 21C-D). Similar results have
been published, showing that dominant negative Rac1 (T17N) does not
affect nuclear transport of STAT3405. Together with the data showing that
activated Rac1 induced STAT3 phosphorylation402-404, we hypothesize that
the GAP function of MgcRacGAP is required for the termination of the
GTPase signaling, but not for nuclear translocation.
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Figure 20 MINC1-mediated MgcRacGAP inhibition induces tyrosine phosphorylation of
STAT3. HEK293 SIE-Luc cells were treated for 6 h with either DMSO vehicle or 25 µM MINC1,
fixed and immunostained with anti-STAT3 and anti-phospho-STAT3. The relative intensities of the
STAT3 and phospho-STAT3 signals were determined from randomly selected immunofluorescence
images and normalized for each antibody separately. Significance was assessed using Wilcoxon
matched-pairs signed rank test. Error bars represent SD (n=8; *, P ≤ 0.05,).
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Figure 21 Treatment with MgcRacGAP inhibitor MINC1 induces tyrosine phosphorylation
of STAT3, but does not block nuclear translocation of tyrosine phosphorylated STAT3.
Representative immunofluorescence images of HEK293 SIE-Luc cells that were induced with IL-6
for 3 h (C-D) in the presence of either DMSO vehicle (A/C) or 25 µM MINC1 (B/D), were fixed and
immunostained with Hoechst dye (1), anti-phospho-STAT3 (2) and anti-STAT3 (3). In non-IL-6
induced cell, MINC1 treated cells showed more intense phospho-STAT3 staining than control cells,
whereas inhibition of MgcRacGAP by MINC1 did not lead to an inhibition of nuclear translocation of
phospho-STAT3 in IL-6 induced cells. Scale bar, 25 µm.
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Figure 22 MINC1-induced STAT3 activation is suppressed by inhibition of JAK/STAT.
HEK293 SIE-Luc cells were treated with different concentrations of MINC1 and subsequently
induced with IL-6 in the presence of vehicle (DMSO), 300 nM ruxolitinib (JAK1/2 inhibitor) or
10 µM Stattic (STAT3 inhibitor). Bonferroni post-hoc results indicated that significantly less STAT3
activation was detected when cells were treated with ruxolitinib or Stattic (p≤0.01). Error bars
represent SD (n=6).

While STAT proteins can be activated by several different regulators, they
are predominantly phosphorylated by JAK family kinases398. It is wellestablished that STAT3 is activated by JAK family kinases upon IL-6
stimulation407 and it has also been demonstrated that Rac1-driven STAT3
activity is dependent on JAK2403. To further examine the role of
MgcRacGAP in the activation of STAT3, we turned to the JAK/STAT
signaling pathway and investigated if inhibition of JAK, with JAK1/2
inhibitor ruxolitinib408, or STAT3, with STAT3 inhibitor Stattic406, would
prevent MgcRacGAP inhibition-meditated STAT3 activation. We found that
both ruxolitinib and Stattic treatment effectively blocked MINC1-mediated
STAT3 activation, which indicates that the role of MgcRacGAP in the
activation of STAT3 is upstream of JAKs (Figure 22).
In our immortalized, non-cancerous cell model STAT3 phosphorylation
levels were inversely correlated with cell confluency (II Fig. S2), whereas
the opposite has been reported for cancer cell lines409-411. Moreover,
persistent activation of STAT3 in colon cancer has been shown to be
required for tumor growth, with inhibition ceasing cell proliferation as well
as inducing apoptosis412,413. Based on these observations, we
hypothesized that STAT activity is upregulated in cancer cells to evade
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cell cycle arrest as well as gain the ability to migrate from the confluent
site. A recent publication described a mechanism for the induction of IL-6
production through the activation of PAR3 signaling414. PAR3 is a scaffold
protein that binds the highly selective Rac GEF Tiam1, thereby directly
regulating Rac1 activity415-417. Another study demonstrated that PAR3
activates STAT3 through Rac1 and that reduced tumor-invasive and
metastatic properties were observed if impaired PAR3 activity was
reconstituted418. Accordingly, we examined whether MINC1-mediated
STAT3 activation was the result of PAR3-induced IL6 production and
subsequent activation of the IL-6 receptor (IL6R)-JAK-STAT signaling
axis. We found that MINC1-induced STAT3 activation was impaired by the
knockdown of PAR3, JAK2 and IL6R (Figure 23). These results place
Rac1, and its regulation by MgcRacGAP, upstream of Par3 as been shown
before419, and suggest that the STAT3 activation is dependent on a
paracrine or autocrine IL-6 signaling feedback mechanism. In line with
this hypothesis, STAT3 activation in cancer cells might be the result of a
loss of cell-to-cell integrity, causing elevated levels of phospho-STAT3,
which allow the cells to continuously replicate. It will be interesting to test
whether IL-6 neutralizing antibodies can attenuate this effect uncontrolled
proliferation.
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Figure 23 MINC1-induced STAT3 activation is dependent on a PAR3-IL6-IL6R-JAK2
feedback loop. HEK293 SIE-Luc cells were transiently transfected with siRNA targeting PAR3, IL6 receptor (IL6R), JAK2, STAT3 or scramble siRNA. Subsequently the HEK293 SIE-Luc cells were
left untreated or treated with MINC1. In the PAR3, IL6R and JAK2 KD cells MINC1 treatment
resulted in a significant loss of STAT3 transcriptional activity in comparison to the control cells
(p≤0.05, Dunnett’s multiple comparisons test). Bars represent the average fold change for the
non-treated and treated siRNAs pairs. Error bars represent SD (n=3).
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Altogether, using both small molecule inhibitors and siRNAs, we
established that inhibition of MgcRacGAP results in the activation of
STAT3 and subsequent transcriptional activity. We found no evidence that
MgcRacGAP has a function in nuclear translocation of STAT proteins,
which is in contrast with earlier proposed models, established with a
similar model system. Our results argue for a non-direct relationship
between Rac1 and STAT3, mediated through the PAR3-IL6-IL6R-JAK2
signaling axis. However, direct interaction between Rac1 and STAT3
cannot be ruled out, as work of others has demonstrated that both
models exist and, depending on cell type, even co-exist420. With the
growing awareness of the complexity of the highly integrated signaling
network within cell, where small GTPases and their regulators direct and
connect different pathways, it is not unlikely that the relationship between
MgcRacGAP and STAT transcription factors is context-dependent and
needs to be determined case-by-case.
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Drug discovery efforts targeting GTPases and their regulators have been
hampered by a lack of suitable screening methodologies. Due to the high
enzymatic activity, kinase assay have relative low protein consumption,
whereas GTPase assays tend to use relative high concentrations of
protein. This is particularly the case when using insensitive fluorescencebased methods, such as Mant421 and BODIPY422,423. Measurements have
been limited to GTPase or GEF activity, which can be achieved with
incorporation or displacement of a fluorescently labeled analog. On the
other hand, filtration binding assays using radioactive H-3 or P-32 γphosphate-labeled GTP are sensitive, and can be used to measure GAP
activity as well424,425. Activity is determined by measuring either residual
radioactive GTP or inorganic phosphate, which is hazardous and,
therefore, relatively expensive as well as not easily adapted to high
throughput assays. Recently developed NMR methods use safe isotopes
like C-13 and N-15 and can be applied real-time, however, they require
substantial amount of isotope labeled protein426.
A GTP-specific Fab fragment, 2A4GTP Fab, has been described and used to
develop a heterogeneous assay to monitor GTP hydrolysis in vitro427. The
Fab fragment has been developed to improve the quenching resonance
energy transfer (QRET) method376, which could only be used to monitor
GTPase nucleotide exchange. The QRET method is based on the energy
transfer between an Eu3+-conjugated GTP and soluble quencher (Figure
24A). When the Eu3+-GTP molecule is sterically protected, for example by
binding to the GTPase or 2A4GTP Fab, the quencher no longer inhibits the
lanthanide-based resonance energy transfer, resulting in an increase of
signal. Like most other methods that monitor GTPase nucleotide
exchange240,428,429, the QRET method could not be used to detect GTPaseGEF complex conformation-trapping or non-competitive interfacial
inhibitors279. However, with the introduction of the Fab fragment, the full
GTPase reaction can be monitored; the decrease of GTP, which as a result
of conversion to GDP is effectively replaced by the nonhydrolyzable Eu3+GTP from the 2A4GTP Fab, results in an increase of signal because the
bound 2A4GTP Fab is protected from the soluble quencher (Figure 24).
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Figure 24 Inhibitor screening strategy using competitive 2A4GTP Fab GTP hydrolysis
detection. A) In the presence of a relative high concentration of GTP (T1), GTP will out compete
Eu3+-GTP for binding to the GTP-specific Fab fragment, 2A4GTP Fab. While in solution, quencher
(Q) will prevent energy transfer to the lanthanide and inhibit the luminescence signal. When less
GTP is present (T2), Eu3+-GTP will bind to 2A4GTP Fab and be sterically protected from the
quencher, resulting in energy transfer and luminescence signal. B) Assay setup, where in the
presence of GEF and GAP proteins, as well as an excess amount of GTP, GTPases will continuously
hydrolyze GTP to GDP. C) Initially, high concentrations of GTP efficiently block Eu3+-GTP binding to
the GTP-specific binding fragment (2A4GTP Fab). As a result, most of the Eu3+-GTP is in solution
with the soluble quencher (Q). As long as the GTPases continuously hydrolyzes GTP to GDP, GTP is
converted to GDP and thus the nonhydrolyzable Eu3+-GTP will replace the GTP bound to the 2A4GTP
Fab fragment. The 2A4GTP Fab fragment bound Eu3+-GTP is protected from the soluble quencher,
resulting in an increase in time-resolved luminescence (TRL) signal over time. The reaction can be
monitored real-time or by a two-step protocol (for which Eu3+-GTP and quencher are added after
incubation period).
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Because of the heterogeneous nature of the method, the GTP hydrolysis
assay was not suitable for HTS. To create a homogenous assay suitable
for HTS, we first optimized the salt concentrations. Previous results
obtained with high salt concentration suggested that salt bridge formation
potentially interfered with GTP and 2A4GTP binding, resulting in a
suboptimal signal427. Indeed, we determined that with low salt
concentrations the selectivity for GTP over GDP increased by an additional
four-fold, establishing 220-fold selectivity for GTP over GDP (III; Fig.
1B-C and Table S-1). Next, different protein and nucleotide
concentrations were tested to determine reproducibility as well as best
controls (III; Fig. 1E). We mimicked 100% inhibition in the same
manner as with the MgcRacGAP assay. However, excluding GAP from the
reaction mixture resulted in a slightly elevated background signal
compared to omitting either GEF or GTPase. We hypothesized that the
GEF-facilitated dissociation of GDP enabled Ras to bind GTP and, by
intrinsic GTP hydrolysis, subsequently converted to GDP. While this
reaction will be significantly slower than the GAP-catalyzed reaction, we
decided that omitting the GEF from the reaction mixture would serve as
better positive control.

5)2)2 ##%#"(!(""#!", -
In order to compare the performance of the GTP hydrolysis assay to a
standard association assay, we miniaturized the QRET nucleotide
exchange method376, and subsequently assayed two identical sets of
1 280 chemically diverse compounds. The average Z’-factors ranged from
0.64 to 0.88. To identify active compounds eligible for verification by
follow-up screening, we applied to both methods the same, predefined,
thresholds (Table 5). After the first round of single dose testing, we
identified 22 hits; eight compounds were found with both methods, nine
exclusively with the GTPase cycling assay and five only with the
nucleotide exchange assay (Figure 25 and III; Fig. 1F/H-I). From these
22 compounds, ten compounds were confirmed when tested as triplicates
(III; Table 1 and Supplementary Table S-2 and Fig. S-2). Six
compounds were identified with both the nucleotide exchange assay and
the GTPase cycling assay. In addition, we identified a set of four
compounds exclusively with the GTP hydrolysis assay. In subsequent dose
response testing, all appeared to inhibit GTPase cycling or nucleotide
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association in a concentration dependent manner. Of note, for most of the
hit compounds there was only limited amount of bioactivity data available
on PubChem. While most compounds with additional public bioactivity
data were inactive in those cases, three compounds (QT-13, QT-113 and
QT-317) had tested active in some bioassays, but none of these
compounds were previously presented in a context of GTPases. Based on
a pan-assay interference compounds filter430, three compounds (QT-13,
QT-26 and QT-113) were identified as containing substructural features
that frequently cause false positive activity in a broad range of assays.
The primary screening identified a set of five compounds that were only
active in the nucleotide exchange assay. Since the GTPase cycling assay
should detect both GTP hydrolysis inhibitors and nucleotide exchange
inhibitors, we did not expect to identify such a group, unless they were
false positive hits. Confirmatory testing showed, like expected, that none
of these five compounds had activity in the nucleotide exchange assay.

GTPase QXFOHRWLGH
cycling exchange
assay o assay o
Primary screen
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Figure 25 The GTPase cycling assay identifies compounds that would go undetected by
nucleotide exchange assay screening. A total of 22 compounds were identified in the primary
screening round; nine were exclusively detected with the GTPase cycling assay (blue circle), five
with the nucleotide exchange assay (yellow circle) and eight were found with both methods
(overlap; in green). When the hit compounds were retested in triplicate, 10 of the 22 compounds
confirmed; six exhibited inhibitory activity in both assays, suggesting that they affected nucleotide
binding or exchange, whereas four inhibited only the GTPase cycling assay, suggesting that they
were inhibitors of GTP hydrolysis or GAP activity.
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Figure 26 Three compounds show efficacy in cell-based assays. Three lung cancer cell lines
dependent on the K-Ras signaling pathway were subjected to dose response treatments of QT-43
(upper panels), QT-47 (middle panels) and QT-113 (lower panels). NCI-H292 (KRASwt) (left), A549
(KRASG12S) (middle) and H460 (KRASQ61H) (right) were treated for 72 h, whereafter cell death
(red) and cell survival (black) were determined by the multiplexed CellTox-Green cytotoxicity and
CellTiter-Glo cell viability assay. Error bars represent SD (n=3).

To address the specificity of the identified compounds, we changed
RasGAP p120RasGAP for NF-1 in the GTP hydrolysis assay (III; Table 1).
It has been shown that NF-1 and p120RasGAP have different kinetic and
thermodynamic characteristics when interacting with Ras, as well as form
strikingly different complexes with Ras201,431. Changing the GAP did not
result in a different inhibition pattern. Therefore, we hypothesized that
these inhibitors target either the Ras or the Ras-Sos interface. To test this
we used the related and unrelated GTPase proteins, K-Ras and RhoA (with
RhoGEF Ect2), respectively, in the nucleotide association assay (III;
Table 1). The interaction between GTPase and regulators is, in the
majority of cases, family specific. We found that with the same threshold,
five out of six compounds inhibited also the K-Ras/Sos interaction,
whereas Rho/Ect2 nucleotide exchange was not affected. These data
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strengthen the hypothesis that these inhibitors target Ras or the Ras-Sos
interface. However, since all assays have been performed with the same
detection technique, it could be possible that the compounds interfere
with the QRET method. Though unlikely for a lanthanide-based assay to
cause false positive detection due to autofluorescence432, altering kinetics
of nucleotide hydrolysis and/ or exchange could also be affected by the
detection method. The well-established Mant-GTP assay421, commonly
used to measure nucleotide exchange, has recently been shown to have
effects on GTPase reaction kinetics with the Mant-moiety433. Future
research should address the lack of orthogonal screening by testing these
hits using the Mant-GTP assay, which should be used with caution, and/
or

the

new

GTPase/GAP/GEF-Glo

Bioluminescent

Assay

System368.

Another option is to validate the GTPase system and detecting method
using the NMR-based assay that was used to interrogate the Mant-GTP
assay (reviewed in [426]).
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Recent data have shown that K-Ras-driven cancers are dependent on
wild-type H- and N-Ras434. Thus, to determine whether the hit compounds
had an efficacy in cells, we selected three cell lines that appear to be
dependent on K-Ras signaling, since inhibition of the MAPK pathway
effectively inhibits their cell proliferation. Two of the cell lines had
activating KRAS point mutations; A549 (KRASG12S) and H460 (KRASQ61H)
while the third, NCI-H292, did not carry KRAS mutations but was addicted
to EGFR signaling through the Ras-MAPK pathway. We observed that
three compounds displayed inhibitory effects on cell proliferation; QT-113
selectively reduced cell growth of the wild-type KRAS cells, whereas QT43 and QT-46 inhibited the growth of all three cell lines, with the most
prominent effect in cells possessing KRAS mutations Figure 26).
In order to determine whether the compounds that demonstrated dosedependent activity in the cell-based assays had a direct effect on cellular
Ras protein, we examined their effect on nucleotide loading of Ras using
serum starved EGF-stimulated HeLa cells. We found that a short
incubation of QT-43 resulted in a moderate inhibition of EGF-induced GTPloading, while a prolonged incubation with both QT-43 and QT-113
strongly reduced EGF-induced GTP-loading (Figure 27). Interestingly, we
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noted that QT-43 not only effectively reduced Ras activation, there also
seemed a baseline decrease total Ras. To rule out the possibility that the
loss of Ras-GTP signal of prolonged QT-43 treatment was due to
decreased input, presumably caused by decreased cell viability, we
assessed protein expression and phosphorylation status using western
blot analysis, investigating the effect of compound treatment on the Ras
effector signaling pathways, MAPK and Akt (Figure 27). As before, HeLa
cells were starved overnight and subsequently stimulated with EGF to
induce Ras signaling. In line with the hypothesis that a decreased input
caused the loss of signal, we did not observe any change in the two main
downstream signaling pathways, MAPK and Akt, for compound QT-43. If
any change was observed, it was an increase after 1 h of induction. A
similar initial increase of signaling was observed for QT-113, with a
substantial increase of pMEK both in baseline and EGF-stimulated sample.
On the other hand, overnight treatment with QT-113 resulted in a





 
 
 














 





















 




Figure 27 Long-term compound treatment induces loss of Ras effector signaling through
MAPK pathways. To investigate the effect of compound treatment on the Ras effector signaling
pathways, HeLa cells were serum deprived for 18 h in the presence of 100 µM compound and
subsequently stimulated with 200 ng/mL epidermal growth factor (EGF) to induce Ras signaling.
No change was observed for compound QT-43 in the two main downstream signaling pathways of
Ras, whereas compound QT-113 induced a reduction of pAkt and a near complete loss of MAPK
signaling.
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reduction of pAkt and a near complete loss of phosphorylation of the
MAPK signal pathway proteins.
Next we assessed the time point the effects of QT-113 treatment became
apparent. Since biochemical inhibition of Ras cycling is expected to
happen almost instantly, but the morphological changes that are
depended on downstream signaling changes on might take some time, we
focused on the first 8 h, including an overnight treatment as long-tem
control. We analyzed the cell morphology by live-cell imaging as well as
collected cell lysates for phospho-protein analysis. Within the first 30 min,
we observed a strong phenotypic response such that the cells subjected
to QT-113 showed enhanced membrane ruffling, suggesting a rapid
response of some kind (Figure 28). This effect was restricted only to the
serum starved, QT-113 treated cells, as the QT-113 treated cells in
complete medium did not display any immediate effect. Subsequent
western blot analysis of the two main Ras effector signaling pathways
revealed no immediate inhibitory response. On the contrary, long-term
treatment of QT-113 led to a reduction of pAkt as well as potent decrease
of MAPK pathway phosphorylation, whereas the short-term treatment
initially moderately increased phosphorylation levels. Analysis of the livecell imaging data revealed that the long-term treated samples had over
the course of the experiment gradually built up a distinct phenotype. The
majority of cells displayed extensive amount of vacuole formation close to
the nucleus (Figure 28). Strikingly, this phenotypic effect was again only
observed in the serum starved QT-113 treated cells, as cells treated with
QT-133 in complete media or vehicle in starvation medium did not
accumulate these vacuoles.
Taken together, QT-113 does induce a potent biological effect in NCIH292 and HeLa cells, cells that carry RAS wild type genes. We did not
observe growth inhibition using RAS mutant cell lines. Considering that
the biochemical assay is designed with the intent to identify small
molecule modulators of Ras GTPase cycling, GAP-insensitive mutant and
cycling independent mutant cells will not be affected as much as RAS wild
type cells. However, there are reasons to expect that the responses in
NCI-H292 and HeLa cells are not linked to the effects seen in the
biochemical Ras cycling assays. First, except for the fast, distinct
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Figure 28 QT-113 treatment induces strong phenotypic response. Representative 20x phasecontrast images of HeLa cells at different time points of the treatment. Cells were conditioned for
6 h in complete medium (left column) or starvation medium (middle and right columns).
Subsequently, cells were treated with 80 µM QT-113 (left and middle columns) or DMSO (right
column). Within 15 min after compound addition (middle row), serum starved QT-113-treated cells
exhibited ruffling of the membrane (middle panel), which was not observed in the complete
medium counterpart or in either of the DMSO controls (left and right panel). Long-term exposure
to QT-113 (>8 h) in starvation medium resulted in extensive amount of vacuole formation (last
row, middle panel), while this phenotype was absent in both the complete medium counterpart
and either of the DMSO controls (last row, left and right panel). Scale bar, 50 µm.
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membrane ruffling (Figure 28), the overall response in cells occurred only
after an extended incubation time with the compound, which is not
consistent with biochemical inhibition of Ras cycling. Instead, the need for
a long-term incubation argues that the reduction in Ras activation and
downstream signaling comes as a result of the cells being severely
affected by the long-term presence of the compound and, therefore, less
responsive to external stimuli. In agreement with this conclusion we find,
prior to the loss of response to EGF, that the compound-treated cells have
accumulated

large

amounts

of

intracellular

vacuoles.

This

distinct

phenotype of extreme vacuolization has been associated with
dysfunctional endocytosis and an unique form of non-apoptotic cell death
in cell cultures called methuosis (reviewed in [435]), but is unclear
whether this can occur under normal physiological conditions. Second,
QT-113 is a compound flagged as a pan-assay interference compounds
(PAINS)430. Its chemical structure is based on a fused tetra hydroquinoline backbone, which is a prime suspect for exhibiting false positive
results in biochemical assays as well as complex effects in cell-based
assays. Accordingly, QT-113 analogs deposited in PubChem that have
been through thorough bioassay testing, appear as frequent positive
results in diverse biochemical assays. One of these, Golgicide A436, is a
compound affecting the Golgi apparatus. The limited biochemical and cellbased data precludes us from knowing whether QT-113 would be a true
false positive or whether it will have effects on the Golgi in cells, but it is
likely to have complex and polypharmacological effects in cells. Therefore,
if QT-113 should be followed up on, it should be explored using analogs
that do not contain the PAINS-flagging elements.
Despite the small number of compounds used in the proof-of-concept
screen, we successfully used both the GTP hydrolysis assay as well as the
nucleotide exchange assay to identify Ras cycle inhibitory molecules.
Moreover, three of these compounds inhibited cell proliferation of Ras
signaling dependent cell lines, of which one compound arguably showed
to affect Ras GTP-loading. While none of the inhibitors exclusively
identified with the GTP hydrolysis assay had any efficacy in the cell-based
assays, the discovery of this unique set demonstrates the potential of this
type of biochemical screening assays over the traditional assays that are
designed to screen for inhibitors blocking a specific interaction of the Ras
cycle. Given that this study was done with only a very small number of
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compounds, it is likely that larger screens with greater chemical diversity
will increase the probability of identifying cell active compounds.
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6. Conclusions and future perspectives
The advances in the field of molecular biology over the past fifty years
have contributed to an increased understanding of the encoding role of
genes and executive task of proteins, and that aberrant function is the
molecular basis of human disease. Small GTPases and their regulators
form highly integrated signaling networks that, under tight temporal and
spatial control, regulate a myriad of different cellular pathways. It is not
surprising that various members of the GTPase protein families are
associated with multiple human diseases, like cancer, neurodegenerative
diseases, and inflammatory disorders. However, to date, despite the
rational, biology-driven drug development only very few small molecule
modulators of GTPase activity exist. In this thesis, the aim was to identify
new modulators by the development of new biochemical assays,
specifically targeting the previously undrugged GTPase-regulatory
proteins as their modulation is expected to result in specific inhibition of
selected GTPase signaling pathways.
Prior to these studies, RhoGAPs had not been successfully targeted in
chemical biology or drug discovery. With the identification of MINC1 as a
specific Rac1 - MgcRacGAP inhibitor, we showed in study I that RhoGAPs
are both screenable and druggable small molecule targets. However, as
MINC1 was discovered from a small molecule screen of over 360 000
compounds and with optimization studies still unsuccessful, it shows that
RhoGAPs are challenging small molecule targets. The reason why MINC1
specifically inhibits Rac1-MgcRacGAP in vitro remains unknown. The
recent observation that MgcRacGAP and Rac1 interact differently than
other Rho GTPase and GAP pairs382, leaving a twice as large space
between them, could explain the specificity and, more importantly, could
assist in future in silico modeling to identify compounds with higher
affinity and faster binding kinetics. We expect that analogs with increased
potency will help to improve the understanding of the function of
MgcRacGAP in both normal and malignant cellular processes. Further, to
address the high potency in cellular systems in the immediate future,
without the help of more potent analogs, it would be interesting to study
MINC1 in GTPase FRET-based biosensor reporter systems. If functional
changes will be observed, this could lead to next questions such as
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whether local MgcRacGAP-mediated suppression of the Rac1-PAK pathway
leads to the upregulation of RhoA within the division plane during
cytokinesis. While both Rac and RhoA biosensor are available, the current
binding kinetics of MINC1 are expected to be the limiting factor here.
Until more potent analogs have been identified, MINC1 is a valuable tool
to study the function of MgcRacGAP in cells, as we showed in study II. In
this study we tested the hypothesis that had been put forward regarding
the nuclear translocation of STAT3, which was supposedly facilitated by
MgcRacGAP as both a mediator of STAT tyrosine phosphorylation and as a
vital chaperone for nuclear translocation of STAT transcription factors. To
explore the mechanism of MgcRacGAP controlling the activity of
oncoprotein STAT3, we used MINC1 and siRNA-mediated gene silencing.
Contradictory to published observations, we observed that inhibition of
MgcRacGAP led to the transcriptional activation of STAT3. We found that
the links between MgcRacGAP, Rac1 and STAT3 were highly complex; in
the model system we used, MINC1-induced STAT3 transcriptional activity
appeared to be due to increased STAT3 phosphorylation caused by a
Rac1-PAR3-IL6-IL6R-JAK2 mediated autocrine/paracrine mechanism
rather than a direct interaction between Rac1 and STAT3. However, direct
interaction between Rac1 and STAT3 have shown to exist and, depending
on cell type and status, even to co-exist with indirect interaction
mechanisms420. Considering the role of STAT3 in cancer, it would be
interesting to determine what factors regulate this apparent model and
context dependency. Subsequently, disease specific models could be used
for drug screening and eventually lead to improved drug therapies.
Finally, in study III we presented a novel type of HTS-compatible
biochemical assay that can be used to screen for both competitive as well
as interfacial inhibitors for the Ras GTPase cycle. We utilized the dynamic
behavior of GTPase signaling, designing an assay that can screen for
small molecule compounds that bind to the Ras-GEF or Ras-GAP protein
complex interface with high selectivity and locking the complex in one
state. With a small proof-of-concept screen, we successfully identified
compounds that affected H-Ras GTPase cycling in vitro. It remains to be
studied whether the effects caused by QT-113 treatment in cells are
direct or secondary, off-target effects. For instance, while QT-113
treatment induced effects are restricted to RAS wild type cells, the effects
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appear only after long-term incubation, which caused extensive amount
of vacuole formation. Given that QT-113 is flagged as a possible panassay interference compound, there is a likelihood that QT-113 interferes
not only with the Ras cycle proteins, but with other proteins as well.
Nevertheless, since this extreme vacuolization has been associated with
dysfunctional endocytosis caused by aberrant signaling from H-Ras435, it
would be interesting to study the effect of analog compounds that do not
contain the substructural features that marked QT-113 as possible panassay interference compound. Furthermore, it remains to be seen
whether a screen using an increased number of compounds will allow for
discoveries of interfacial inhibitors.
When describing the literature about Ras family proteins and their
regulators, it became apparent that drug-targeting efforts have mostly
been disappointing. With recently discovered covalent inhibitors it has
been shown that a small GTPase is directly drugable261,264, however their
use is limited to the Ras proteins harboring the G12C mutation.
Furthermore, while Ras-mimetic small molecule kinase inhibitor rigosertib
has shown to be a potent inhibitor of tumor growth in several disease
models287,288, in clinical setting only subgroups of patients have
responded to treatment with rigosertib in a randomized trial293. It is not
unlikely that this limited response is due to compensatory signaling
cascades reducing the overall durability and potency of the treatment.
With the emerging evidence that GAPs are oncogenic333, I anticipate that
in the future more research will be focused on GAPs as it has been on
GTPases and GEFs as well as downstream targets. The discovery of
MINC1 demonstrates that RhoGAPs are druggable, and the assays and
methodologies described in these studies could be used to design future
studies in the largely unexplored field of targeting other small GTPase
GAPs.



99

7. Acknowledgements
A great accomplishment is achieved not by any single individual, but is
the result of a combined effort of many. Over the last six years I spent in
Helsinki, Finland, I had the privilege to meet many new faces, get to
know lots of new people and learn so many new things. In this one
chapter that is read by all I would like to thank those who accompanied
me on this fantastic journey called “a PhD thesis project”.
I sincerely thank my supervisor, Dr. Krister Wennerberg, who was my
main guide on this tour. I never hated Monday mornings, as I was always
eager to show my new results and pick your brain to learn what you
thought about it. In all fairness, I would not limit this to Mondays only.
From all the things I learned over these years, my biggest professional
gain is not coming from the experience in the lab or the theory I learned
during the courses, but the leadership skills I have learnt from you.
Thanks for being my colleague, my mentor and a friend.
I like to thank all those who provided additional guidance throughout the
years. Dr. Outi Monni, your feedback and critical questions made sure I
focused on just a handful of projects, instead of what otherwise might
have been a thousand and one. Dr. Brendan Battersby, the excellent
comments and constructive criticism you provided helped to improve not
only this thesis, but also my critical thinking as a researcher during the
years I followed the Research Discussion courses. I would like to thank
Prof. Pekka Lappalainen for both reviewing my thesis and being part of
the thesis advisory committee along side of Drs. Tero Aittokallio and Heli
Nevanlinna. Your support and advice during the yearly meetings have
been of great value. I thank Prof. Xosé Bustelo for accepting the invitation
to serve as opponent during my public defense. It has been a pleasure to
work with Prof. Satu Mustjoki, and I’m very grateful that after a great
collaboration on the STAT proteins, she could be the Custos.
The work presented in this thesis has been conducted at the Institute for
Molecular Medicine Finland FIMM. I wish to thank the former director Prof.
Olli Kallioniemi for building the research community that exists today, but
foremost I want thank him for suggesting Krister as my supervisor when I

100

arrived at FIMM as a Master student. I also want to thank the present
director of FIMM, Prof. Jaakko Kaprio, who, since he took over the wheel,
has taken excellent care of the research community, especially
encouraging the student and post doc communities. FIMM wouldn’t be
where it is now without its excellent support staff. I would like to thank
them for always having their doors open for all non-science related
matter. Especially I want to thank Susana Rosas, for taking me into her
Finnish family and make me maybe even more Finnish than my wife!
I thank the organizations that financially supported my work; the Doctoral
School in Health Sciences (DSHealth) and the Doctoral Programme in
Biomedicine (DPBM) as well as Jane and Aatos Erkko Foundation. I want
to acknowledge for their technical expertise, support and use of their
instrumentation; HTS center at Southern Research Institute, Drs. Vesa
Hytönen and Sanna Auer from BioMediTech, University of Tampere, part
of Biocenter Finland Proteomics and Metabolomics platform as well as
Marja Hagström from Centre for Drug Research and Division of
pharmaceutical biosciences and FIMM Technology Center High Throughput
Biomedicine unit, both part of the Biocenter Finland Drug Discovery and
Chemical Biology infrastructure platform. In particular I want to thank the
current as well as former members of the FIMM High Throughput
Biomedicine unit for all the things you taught me as well as the great
times we had in and around the lab; Anna, Elina, Evgeny, Heidi, Ida, Jani,
Karkki, Katja, Laura, Maria, Meri, Päivi, Ruusu, Sanna, Swapnil, Tintti and
Vilja.
Special thanks goes to Dr. Gretchen Repasky, who has in many different
ways been at the heart of my PhD training at FIMM. As part of the
Wennerberg group you have taught me many different laboratory
techniques and as research coordinator your door was always open for
student issues. I am proud of the FIMM student community where we,
together with Jaakko Leinonen and Tiia Lukkonen have established the
peer support Soft Skill group. I thank Jaakko and Tiia for the interesting
discussions that contributed to the many things I have learned about peer
support and soft skills.
Although I was the first to appear in the Wennnerberg lab, I could not
bare to be the one leaving first. As a result, I have seen many come and

101

some leave already. I thank all present and former members of the
Wennerberg lab; Daria, Elina, Ella, Hanna, Leena, Mahesh, Markus, Prson,
Sarang, Tea, Tonge as well as Amy, Anni, Brian, Kristian, Nili and Sawan
plus all FIMM/EMBL rotation students. It was a pleasure to work in the
lab, I found much pleasure in the silence that could be found there in the
early days as well as the laugher that can be heard now. I enjoyed the
lively office; the open-door policy, the engaged discussions, the heated
phone calls and the ever-present coffee machine (which not always had
coffee to go with it, work on that). You guys were ace, keep up that
awesome spirit!
I like to thank for their help and advise throughout the years, as well as
the good times they helped to create inside and outside FIMM, the
(former) members of many different groups; Andrew, Annabrita, Heikki,
Jenni, Luca, Masha, Mamun, Meri, Riikka, Sami, Suzanne and Yuexi. A
special thanks goes to Manu for being a great colleague and dear friend;
you were always there to help, whether it was work or just random stuff
(like a coffee fix if we were out again). Furthermore, I have really enjoyed
exchanging (alternative) ideas over good (and sometimes not so good)
whisky during the monthly whisky sessions with the FIMM whisky club.
The life during the PhD project wasn’t completely centered around
science. There were moments science came second. First, I would like to
thank my awesome roommates, Mia Zischinsky and Priit Jaanson, who
filled in the grey zone between the world of science and “the normal life”.
Life was never boring with either one of you around! I had the privileged
to row with 14 other lunatics in the 60 km Sulkava boat race. For three
years in a row! I played beach volleyball with a gathering of people, who
made up for their lack of skills with an uncanny amount of enthusiasm.
Thanks for the great times and I hoped you enjoyed our sessions as much
as I did. Lots of time was spent hanging around rocks with many different
people. Most time was spent commenting on other climbers and
occasionally we climbed a bit ourselves as well. Many of those occasions
resulted in failure, but, like in science, we pushed through until our
attempts got rejected no more. I especially want to thank Priit and
Serkan for the many adventure and great friendship!

102

Outside Finland, I would like to thank René van Meurs and Bart van Wijk,
as well as the Movers and the board member of the EWE07 with whom I
shared many memorable moments before as well as during my time in
Finland. I have to say I am sorry for not being around as much as I would
like to have been, but we will see what the future has in store for us!
Finally I want to thank those dearest to me. Pa and Ma, I treasure the
way you raised Rick and me. Even though at the moment neither of us is
much around, spending most time in other countries, I know you have
been and always will be there for us. I hope one day to match that
unconditional love and support for my own children. “Little brother” Rick,
with us being in different countries most of the time I haven’t been
around much to see you either. Nevertheless, being in Schipluiden when
you are around feels like coming home!
Last, I want to thank Emmi, my wife and fellow traveller on this amazing
journey. While it has been a bit of a rollercoaster ride and there were
times that all seemed to be an uphill battle, we always have made things
happen, and enjoying the heights with you made it all worth it. I am
looking forward to our future “project”. I love you!

Helsinki, June 2016

Arjan




103

8. Bibliography
1

Vega, F. M. & Ridley, A. J. Rho GTPases in cancer cell biology. FEBS Lett 582, 2093-2101,
doi:10.1016/j.febslet.2008.04.039 (2008).

2

Vetter, I. R. & Wittinghofer, A. The guanine nucleotide-binding switch in three dimensions.

3

Wennerberg, K., Rossman, K. L. & Der, C. J. The Ras superfamily at a glance. J Cell Sci

4

Vigil, D., Cherfils, J., Rossman, K. L. & Der, C. J. Ras superfamily GEFs and GAPs:

Science 294, 1299-1304, doi:10.1126/science.1062023 (2001).

118, 843-846, doi:10.1242/jcs.01660 (2005).

validated and tractable targets for cancer therapy? Nat Rev Cancer 10, 842-857,
doi:10.1038/nrc2960 (2010).
5

Bos, J. L., Rehmann, H. & Wittinghofer, A. GEFs and GAPs: critical elements in the control
of small G proteins. Cell 129, 865-877, doi:10.1016/j.cell.2007.05.018 (2007).

6

Jaffe, A. B. & Hall, A. Rho GTPases: biochemistry and biology. Annu Rev Cell Dev Biol 21,
247-269, doi:10.1146/annurev.cellbio.21.020604.150721 (2005).

7

Johnson, D. S. & Chen, Y. H. Ras family of small GTPases in immunity and inflammation.
Curr Opin Pharmacol 12, 458-463, doi:10.1016/j.coph.2012.02.003 (2012).

8

Tidyman, W. E. & Rauen, K. A. The RASopathies: developmental syndromes of Ras/MAPK
pathway dysregulation. Curr Opin Genet Dev 19, 230-236, doi:10.1016/j.gde.2009.04.001
(2009).

9

Fernandez-Medarde, A. & Santos, E. Ras in cancer and developmental diseases. Genes
Cancer 2, 344-358, doi:10.1177/1947601911411084 (2011).

10

Colicelli, J. Human RAS superfamily proteins and related GTPases. Sci STKE 2004, RE13,
doi:10.1126/stke.2502004re13 (2004).

11

Bourne, H. R., Sanders, D. A. & McCormick, F. The GTPase superfamily: conserved
structure and molecular mechanism. Nature 349, 117-127, doi:10.1038/349117a0
(1991).

12

Sprang, S. R. G protein mechanisms: insights from structural analysis. Annu Rev Biochem
66, 639-678, doi:10.1146/annurev.biochem.66.1.639 (1997).

13

Milburn, M. V. et al. Molecular switch for signal transduction: structural differences
between active and inactive forms of protooncogenic ras proteins. Science 247, 939-945
(1990).

14

Pai, E. F. et al. Structure of the guanine-nucleotide-binding domain of the Ha-ras oncogene
product

p21

in

the

triphosphate

doi:10.1038/341209a0 (1989).

104

conformation.

Nature

341,

209-214,

15

Herrmann, C., Martin, G. A. & Wittinghofer, A. Quantitative analysis of the complex
between p21ras and the Ras-binding domain of the human Raf-1 protein kinase. J Biol
Chem 270, 2901-2905 (1995).

16

Vetter, I. R., Arndt, A., Kutay, U., Gorlich, D. & Wittinghofer, A. Structural view of the
Ran-Importin beta interaction at 2.3 A resolution. Cell 97, 635-646 (1999).

17

Vetter, I. R., Nowak, C., Nishimoto, T., Kuhlmann, J. & Wittinghofer, A. Structure of a Ranbinding domain complexed with Ran bound to a GTP analogue: implications for nuclear
transport. Nature 398, 39-46, doi:10.1038/17969 (1999).

18

Antonny, B., Beraud-Dufour, S., Chardin, P. & Chabre, M. N-terminal hydrophobic residues
of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP
to GTP exchange. Biochemistry 36, 4675-4684, doi:10.1021/bi962252b (1997).

19

Valencia, A., Chardin, P., Wittinghofer, A. & Sander, C. The ras protein family:
evolutionary tree and role of conserved amino acids. Biochemistry 30, 4637-4648 (1991).

20

Wright, L. P. & Philips, M. R. Thematic review series: lipid posttranslational modifications.
CAAX

modification

and

membrane

targeting

of

Ras.

J

Lipid

Res

47,

883-891,

doi:10.1194/jlr.R600004-JLR200 (2006).
21

Ahearn, I. M., Haigis, K., Bar-Sagi, D. & Philips, M. R. Regulating the regulator: posttranslational modification of RAS. Nat Rev Mol Cell Biol 13, 39-51, doi:10.1038/nrm3255
(2012).

22

Casey, P. J., Solski, P. A., Der, C. J. & Buss, J. E. p21ras is modified by a farnesyl

23

Seabra, M. C., Reiss, Y., Casey, P. J., Brown, M. S. & Goldstein, J. L. Protein

isoprenoid. Proc Natl Acad Sci U S A 86, 8323-8327 (1989).

farnesyltransferase and geranylgeranyltransferase share a common alpha subunit. Cell 65,
429-434 (1991).
24

Choy, E. et al. Endomembrane trafficking of ras: the CAAX motif targets proteins to the ER

25

Boyartchuk, V. L., Ashby, M. N. & Rine, J. Modulation of Ras and a-factor function by

and Golgi. Cell 98, 69-80, doi:10.1016/S0092-8674(00)80607-8 (1999).

carboxyl-terminal proteolysis. Science 275, 1796-1800 (1997).
26

Dai, Q. et al. Mammalian prenylcysteine carboxyl methyltransferase is in the endoplasmic
reticulum. J Biol Chem 273, 15030-15034 (1998).

27

Hancock, J. F., Paterson, H. & Marshall, C. J. A polybasic domain or palmitoylation is
required in addition to the CAAX motif to localize p21ras to the plasma membrane. Cell
63, 133-139 (1990).

28

Harvey, J. J. An Unidentified Virus Which Causes the Rapid Production of Tumours in Mice.
Nature 204, 1104-1105 (1964).

29

Kirsten, W. H. & Mayer, L. A. Morphologic responses to a murine erythroblastosis virus. J
Natl Cancer Inst 39, 311-335 (1967).

105

30

Shih, T. Y., Weeks, M. O., Young, H. A. & Scholnick, E. M. Identification of a sarcoma
virus-coded phosphoprotein in nonproducer cells transformed by Kirsten or Harvey murine
sarcoma virus. Virology 96, 64-79 (1979).

31

Chang, E. H., Gonda, M. A., Ellis, R. W., Scolnick, E. M. & Lowy, D. R. Human genome
contains four genes homologous to transforming genes of Harvey and Kirsten murine
sarcoma viruses. Proc Natl Acad Sci U S A 79, 4848-4852 (1982).

32

Ellis, R. W. et al. The p21 src genes of Harvey and Kirsten sarcoma viruses originate from
divergent members of a family of normal vertebrate genes. Nature 292, 506-511 (1981).

33

Langbeheim, H., Shih, T. Y. & Scolnick, E. M. Identification of a normal vertebrate cell
protein related to the p21 src of Harvey murine sarcoma virus. Virology 106, 292-300
(1980).

34

Papageorge, A., Lowy, D. & Scolnick, E. M. Comparative biochemical properties of p21 ras
molecules coded for by viral and cellular ras genes. J Virol 44, 509-519 (1982).

35

Willingham, M. C., Pastan, I., Shih, T. Y. & Scolnick, E. M. Localization of the src gene
product of the Harvey strain of MSV to plasma membrane of transformed cells by electron
microscopic immunocytochemistry. Cell 19, 1005-1014 (1980).

36

Scolnick, E. M., Papageorge, A. G. & Shih, T. Y. Guanine nucleotide-binding activity as an
assay for src protein of rat-derived murine sarcoma viruses. Proc Natl Acad Sci U S A 76,
5355-5359 (1979).

37

Chang, E. H., Furth, M. E., Scolnick, E. M. & Lowy, D. R. Tumorigenic transformation of
mammalian cells induced by a normal human gene homologous to the oncogene of Harvey
murine sarcoma virus. Nature 297, 479-483 (1982).

38

Gibbs, J. B., Sigal, I. S., Poe, M. & Scolnick, E. M. Intrinsic GTPase activity distinguishes
normal and oncogenic ras p21 molecules. Proc Natl Acad Sci U S A 81, 5704-5708 (1984).

39

Der, C. J., Krontiris, T. G. & Cooper, G. M. Transforming genes of human bladder and lung
carcinoma cell lines are homologous to the ras genes of Harvey and Kirsten sarcoma
viruses. Proc Natl Acad Sci U S A 79, 3637-3640 (1982).

40

Parada, L. F., Tabin, C. J., Shih, C. & Weinberg, R. A. Human EJ bladder carcinoma

41

Santos, E., Tronick, S. R., Aaronson, S. A., Pulciani, S. & Barbacid, M. T24 human bladder

oncogene is homologue of Harvey sarcoma virus ras gene. Nature 297, 474-478 (1982).

carcinoma oncogene is an activated form of the normal human homologue of BALB- and
Harvey-MSV transforming genes. Nature 298, 343-347 (1982).
42

Rojas, A. M., Fuentes, G., Rausell, A. & Valencia, A. The Ras protein superfamily:
evolutionary tree and role of conserved amino acids. J Cell Biol 196, 189-201,
doi:10.1083/jcb.201103008 (2012).

43

Gentry, L. R., Martin, T. D., Reiner, D. J. & Der, C. J. Ral small GTPase signaling and
oncogenesis: More than just 15minutes of fame. Biochim Biophys Acta 1843, 2976-2988,
doi:10.1016/j.bbamcr.2014.09.004 (2014).

106

44

Lin, K. B., Freeman, S. A. & Gold, M. R. Rap GTPase-mediated adhesion and migration: A
target for limiting the dissemination of B-cell lymphomas? Cell Adh Migr 4, 327-332
(2010).

45

Bos, J. L. All in the family? New insights and questions regarding interconnectivity of Ras,
Rap1 and Ral. EMBO J 17, 6776-6782, doi:10.1093/emboj/17.23.6776 (1998).

46

Dickson, B., Sprenger, F., Morrison, D. & Hafen, E. Raf functions downstream of Ras1 in
the Sevenless signal transduction pathway. Nature 360, 600-603, doi:10.1038/360600a0
(1992).

47

Warne, P. H., Viciana, P. R. & Downward, J. Direct interaction of Ras and the aminoterminal region of Raf-1 in vitro. Nature 364, 352-355, doi:10.1038/364352a0 (1993).

48

Zhang, X. F. et al. Normal and oncogenic p21ras proteins bind to the amino-terminal

49

Vojtek, A. B., Hollenberg, S. M. & Cooper, J. A. Mammalian Ras interacts directly with the

50

Kyriakis, J. M. et al. Raf-1 activates MAP kinase-kinase. Nature 358, 417-421,

51

Dent, P. et al. Activation of mitogen-activated protein kinase kinase by v-Raf in NIH 3T3

regulatory domain of c-Raf-1. Nature 364, 308-313, doi:10.1038/364308a0 (1993).

serine/threonine kinase Raf. Cell 74, 205-214 (1993).

doi:10.1038/358417a0 (1992).

cells and in vitro. Science 257, 1404-1407 (1992).
52

Rodriguez-Viciana, P., Warne, P. H., Vanhaesebroeck, B., Waterfield, M. D. & Downward, J.
Activation of phosphoinositide 3-kinase by interaction with Ras and by point mutation.
EMBO J 15, 2442-2451 (1996).

53

Kodaki, T. et al. The activation of phosphatidylinositol 3-kinase by Ras. Curr Biol 4, 798806 (1994).

54

Rodriguez-Viciana, P. et al. Phosphatidylinositol-3-OH kinase as a direct target of Ras.
Nature 370, 527-532, doi:10.1038/370527a0 (1994).

55

Stokoe, D. et al. Dual role of phosphatidylinositol-3,4,5-trisphosphate in the activation of
protein kinase B. Science 277, 567-570 (1997).

56

Alessi, D. R. et al. Characterization of a 3-phosphoinositide-dependent protein kinase
which phosphorylates and activates protein kinase Balpha. Curr Biol 7, 261-269 (1997).

57

Spaargaren, M. & Bischoff, J. R. Identification of the guanine nucleotide dissociation
stimulator for Ral as a putative effector molecule of R-ras, H-ras, K-ras, and Rap. Proc Natl
Acad Sci U S A 91, 12609-12613 (1994).

58

Kikuchi, A., Demo, S. D., Ye, Z. H., Chen, Y. W. & Williams, L. T. ralGDS family members

59

Lambert, J. M. et al. Tiam1 mediates Ras activation of Rac by a PI(3)K-independent

60

Malliri, A. et al. Mice deficient in the Rac activator Tiam1 are resistant to Ras-induced skin

interact with the effector loop of ras p21. Mol Cell Biol 14, 7483-7491 (1994).

mechanism. Nat Cell Biol 4, 621-625, doi:10.1038/ncb833 (2002).

tumours. Nature 417, 867-871, doi:10.1038/nature00848 (2002).

107

61

Tolias, K. F., Cantley, L. C. & Carpenter, C. L. Rho family GTPases bind to phosphoinositide

62

Zheng, Y., Bagrodia, S. & Cerione, R. A. Activation of phosphoinositide 3-kinase activity by

63

Ridley, A. J., Paterson, H. F., Johnston, C. L., Diekmann, D. & Hall, A. The small GTP-

kinases. J Biol Chem 270, 17656-17659 (1995).

Cdc42Hs binding to p85. J Biol Chem 269, 18727-18730 (1994).

binding protein rac regulates growth factor-induced membrane ruffling. Cell 70, 401-410
(1992).
64

Ridley, A. J. & Hall, A. The small GTP-binding protein rho regulates the assembly of focal
adhesions and actin stress fibers in response to growth factors. Cell 70, 389-399 (1992).

65

Nobes, C. D. & Hall, A. Rho, rac, and cdc42 GTPases regulate the assembly of
multimolecular focal complexes associated with actin stress fibers, lamellipodia, and
filopodia. Cell 81, 53-62 (1995).

66

Kozma, R., Ahmed, S., Best, A. & Lim, L. The Ras-related protein Cdc42Hs and bradykinin
promote formation of peripheral actin microspikes and filopodia in Swiss 3T3 fibroblasts.
Mol Cell Biol 15, 1942-1952 (1995).

67

Kozma, R., Sarner, S., Ahmed, S. & Lim, L. Rho family GTPases and neuronal growth cone
remodelling: relationship between increased complexity induced by Cdc42Hs, Rac1, and
acetylcholine and collapse induced by RhoA and lysophosphatidic acid. Mol Cell Biol 17,
1201-1211 (1997).

68

Hirata, K. et al. Involvement of rho p21 in the GTP-enhanced calcium ion sensitivity of
smooth muscle contraction. J Biol Chem 267, 8719-8722 (1992).

69

Abo, A. et al. Activation of the NADPH oxidase involves the small GTP-binding protein
p21rac1. Nature 353, 668-670, doi:10.1038/353668a0 (1991).

70

Knaus, U. G., Heyworth, P. G., Evans, T., Curnutte, J. T. & Bokoch, G. M. Regulation of
phagocyte oxygen radical production by the GTP-binding protein Rac 2. Science 254,
1512-1515 (1991).

71

Ando, S. et al. Post-translational processing of rac p21s is important both for their
interaction with the GDP/GTP exchange proteins and for their activation of NADPH oxidase.
J Biol Chem 267, 25709-25713 (1992).

72

Mizuno, T. et al. Regulation of the superoxide-generating NADPH oxidase by a small GTPbinding protein and its stimulatory and inhibitory GDP/GTP exchange proteins. J Biol Chem
267, 10215-10218 (1992).

73

Kroschewski, R., Hall, A. & Mellman, I. Cdc42 controls secretory and endocytic transport to
the basolateral plasma membrane of MDCK cells. Nat Cell Biol 1, 8-13, doi:10.1038/8977
(1999).

74

Wu, W. J., Erickson, J. W., Lin, R. & Cerione, R. A. The gamma-subunit of the coatomer
complex

binds

Cdc42

to

mediate

doi:10.1038/35015585 (2000).

108

transformation.

Nature

405,

800-804,

75

Adamo, J. E. et al. Yeast Cdc42 functions at a late step in exocytosis, specifically during
polarized

growth

of

the

emerging

bud.

J

Cell

Biol

155,

581-592,

doi:10.1083/jcb.200106065 (2001).
76

Musch, A., Cohen, D., Kreitzer, G. & Rodriguez-Boulan, E. cdc42 regulates the exit of
apical and basolateral proteins from the trans-Golgi network. EMBO J 20, 2171-2179,
doi:10.1093/emboj/20.9.2171 (2001).

77

Leung, T., Manser, E., Tan, L. & Lim, L. A novel serine/threonine kinase binding the Rasrelated RhoA GTPase which translocates the kinase to peripheral membranes. J Biol Chem
270, 29051-29054 (1995).

78

Kimura, K. et al. Regulation of myosin phosphatase by Rho and Rho-associated kinase
(Rho-kinase). Science 273, 245-248 (1996).

79

Matsui, T. et al. Rho-associated kinase, a novel serine/threonine kinase, as a putative
target for small GTP binding protein Rho. EMBO J 15, 2208-2216 (1996).

80

Ishizaki, T. et al. The small GTP-binding protein Rho binds to and activates a 160 kDa
Ser/Thr protein kinase homologous to myotonic dystrophy kinase. EMBO J 15, 1885-1893
(1996).

81

Watanabe, G. et al. Protein kinase N (PKN) and PKN-related protein rhophilin as targets of
small GTPase Rho. Science 271, 645-648 (1996).

82

Amano, M. et al. Identification of a putative target for Rho as the serine-threonine kinase
protein kinase N. Science 271, 648-650 (1996).

83

Miki, H., Suetsugu, S. & Takenawa, T. WAVE, a novel WASP-family protein involved in
actin

reorganization

induced

by

Rac.

EMBO

J

17,

6932-6941,

doi:10.1093/emboj/17.23.6932 (1998).
84

Aspenstrom, P., Lindberg, U. & Hall, A. Two GTPases, Cdc42 and Rac, bind directly to a
protein implicated in the immunodeficiency disorder Wiskott-Aldrich syndrome. Curr Biol 6,
70-75 (1996).

85

Symons, M. et al. Wiskott-Aldrich syndrome protein, a novel effector for the GTPase
CDC42Hs, is implicated in actin polymerization. Cell 84, 723-734 (1996).

86

Miki, H., Miura, K. & Takenawa, T. N-WASP, a novel actin-depolymerizing protein,
regulates

the

cortical

cytoskeletal

rearrangement

in

a

PIP2-dependent

manner

downstream of tyrosine kinases. EMBO J 15, 5326-5335 (1996).
87

Coso, O. A. et al. The small GTP-binding proteins Rac1 and Cdc42 regulate the activity of
the JNK/SAPK signaling pathway. Cell 81, 1137-1146 (1995).

88

Minden, A., Lin, A., Claret, F. X., Abo, A. & Karin, M. Selective activation of the JNK
signaling cascade and c-Jun transcriptional activity by the small GTPases Rac and
Cdc42Hs. Cell 81, 1147-1157 (1995).

109

89

Teramoto, H. et al. The small GTP-binding protein rho activates c-Jun N-terminal
kinases/stress-activated protein kinases in human kidney 293T cells. Evidence for a Pakindependent signaling pathway. J Biol Chem 271, 25731-25734 (1996).

90

Perona, R. et al. Activation of the nuclear factor-kappaB by Rho, CDC42, and Rac-1
proteins. Genes Dev 11, 463-475 (1997).

91

Manser, E., Leung, T., Salihuddin, H., Zhao, Z. S. & Lim, L. A brain serine/threonine
protein kinase activated by Cdc42 and Rac1. Nature 367, 40-46, doi:10.1038/367040a0
(1994).

92

Manser, E. et al. Molecular cloning of a new member of the p21-Cdc42/Rac-activated
kinase (PAK) family. J Biol Chem 270, 25070-25078 (1995).

93

Teo, M., Manser, E. & Lim, L. Identification and molecular cloning of a p21cdc42/rac1activated serine/threonine kinase that is rapidly activated by thrombin in platelets. J Biol
Chem 270, 26690-26697 (1995).

94

Buday, L. & Downward, J. Epidermal growth factor regulates p21ras through the formation
of a complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange factor. Cell
73, 611-620 (1993).

95

Ten Klooster, J. P. et al. Interaction between Tiam1 and the Arp2/3 complex links
activation of Rac to actin polymerization. Biochem J 397, 39-45, doi:10.1042/BJ20051957
(2006).

96

Berndt, N., Hamilton, A. D. & Sebti, S. M. Targeting protein prenylation for cancer therapy.
Nat Rev Cancer 11, 775-791, doi:10.1038/nrc3151 (2011).

97

Repasky, G. A., Chenette, E. J. & Der, C. J. Renewing the conspiracy theory debate: does
Raf function alone to mediate Ras oncogenesis? Trends Cell Biol 14, 639-647,
doi:10.1016/j.tcb.2004.09.014 (2004).

98

Schwartz, M. Rho signalling at a glance. J Cell Sci 117, 5457-5458, doi:10.1242/jcs.01582
(2004).

99

Karnoub, A. E. & Weinberg, R. A. Ras oncogenes: split personalities. Nat Rev Mol Cell Biol
9, 517-531, doi:10.1038/nrm2438 (2008).

100

Biro, M., Munoz, M. A. & Weninger, W. Targeting Rho-GTPases in immune cell migration
and inflammation. Br J Pharmacol 171, 5491-5506, doi:10.1111/bph.12658 (2014).

101

Li, Z. et al. Regulation of PTEN by Rho small GTPases. Nat Cell Biol 7, 399-404,
doi:10.1038/ncb1236 (2005).

102

Sanchez, T. et al. PTEN as an effector in the signaling of antimigratory G protein-coupled
receptor. Proc Natl Acad Sci U S A 102, 4312-4317, doi:10.1073/pnas.0409784102
(2005).

103

Stambolic, V. et al. Negative regulation of PKB/Akt-dependent cell survival by the tumor
suppressor PTEN. Cell 95, 29-39 (1998).

110

104

Maehama, T. & Dixon, J. E. The tumor suppressor, PTEN/MMAC1, dephosphorylates the
lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem 273,
13375-13378 (1998).

105

Han, J. et al. Role of substrates and products of PI 3-kinase in regulating activation of Racrelated guanosine triphosphatases by Vav. Science 279, 558-560 (1998).

106

Nimnual, A. S., Yatsula, B. A. & Bar-Sagi, D. Coupling of Ras and Rac guanosine

107

King, A. J. et al. The protein kinase Pak3 positively regulates Raf-1 activity through

108

Sun, H., King, A. J., Diaz, H. B. & Marshall, M. S. Regulation of the protein kinase Raf-1 by

triphosphatases through the Ras exchanger Sos. Science 279, 560-563 (1998).

phosphorylation of serine 338. Nature 396, 180-183, doi:10.1038/24184 (1998).

oncogenic Ras through phosphatidylinositol 3-kinase, Cdc42/Rac and Pak. Curr Biol 10,
281-284 (2000).
109

Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell Biol 10, 513-

110

Bhuin, T. & Roy, J. K. Rab proteins: the key regulators of intracellular vesicle transport.

111

D'Souza-Schorey, C. & Chavrier, P. ARF proteins: roles in membrane traffic and beyond.

525, doi:10.1038/nrm2728 (2009).

Exp Cell Res 328, 1-19, doi:10.1016/j.yexcr.2014.07.027 (2014).

Nat Rev Mol Cell Biol 7, 347-358, doi:10.1038/nrm1910 (2006).
112

Donaldson, J. G. & Jackson, C. L. ARF family G proteins and their regulators: roles in
membrane transport, development and disease. Nat Rev Mol Cell Biol 12, 362-375,
doi:10.1038/nrm3117 (2011).

113

Lazar, T., Gotte, M. & Gallwitz, D. Vesicular transport: how many Ypt/Rab-GTPases make a
eukaryotic cell? Trends Biochem Sci 22, 468-472 (1997).

114

Pereira-Leal, J. B. & Seabra, M. C. Evolution of the Rab family of small GTP-binding
proteins. J Mol Biol 313, 889-901, doi:10.1006/jmbi.2001.5072 (2001).

115

Calero, M. et al. Dual prenylation is required for Rab protein localization and function. Mol
Biol Cell 14, 1852-1867, doi:10.1091/mbc.E02-11-0707 (2003).

116

Peters, P. J. et al. Overexpression of wild-type and mutant ARF1 and ARF6: distinct
perturbations of nonoverlapping membrane compartments. J Cell Biol 128, 1003-1017
(1995).

117

Cockcroft, S. et al. Phospholipase D: a downstream effector of ARF in granulocytes.
Science 263, 523-526 (1994).

118

Shin, O. H., Couvillon, A. D. & Exton, J. H. Arfophilin is a common target of both class II
and class III ADP-ribosylation factors. Biochemistry 40, 10846-10852 (2001).

119

Shin, O. H. & Exton, J. H. Differential binding of arfaptin 2/POR1 to ADP-ribosylation
factors

and

Rac1.

Biochem

Biophys

doi:10.1006/bbrc.2001.5330 (2001).

111

Res

Commun

285,

1267-1273,

120

Mizuno-Yamasaki, E., Rivera-Molina, F. & Novick, P. GTPase networks in membrane traffic.
Annu Rev Biochem 81, 637-659, doi:10.1146/annurev-biochem-052810-093700 (2012).

121

Bischoff, F. R. & Ponstingl, H. Mitotic regulator protein RCC1 is complexed with a nuclear

122

Moore, M. S. & Blobel, G. The GTP-binding protein Ran/TC4 is required for protein import

ras-related polypeptide. Proc Natl Acad Sci U S A 88, 10830-10834 (1991).

into the nucleus. Nature 365, 661-663, doi:10.1038/365661a0 (1993).
123

Melchior, F., Paschal, B., Evans, J. & Gerace, L. Inhibition of nuclear protein import by
nonhydrolyzable analogues of GTP and identification of the small GTPase Ran/TC4 as an
essential transport factor. J Cell Biol 123, 1649-1659 (1993).

124

Kalab, P., Weis, K. & Heald, R. Visualization of a Ran-GTP gradient in interphase and
mitotic Xenopus egg extracts. Science 295, 2452-2456, doi:10.1126/science.1068798
(2002).

125

Smith, A. E., Slepchenko, B. M., Schaff, J. C., Loew, L. M. & Macara, I. G. Systems

126

Weis, K. Regulating access to the genome: nucleocytoplasmic transport throughout the cell

127

Matchett, K. B. et al. Ran GTPase in nuclear envelope formation and cancer metastasis.

analysis of Ran transport. Science 295, 488-491, doi:10.1126/science.1064732 (2002).

cycle. Cell 112, 441-451 (2003).

Adv Exp Med Biol 773, 323-351, doi:10.1007/978-1-4899-8032-8_15 (2014).
128

Carazo-Salas, R. E. et al. Generation of GTP-bound Ran by RCC1 is required for chromatininduced mitotic spindle formation. Nature 400, 178-181, doi:10.1038/22133 (1999).

129

Kalab, P., Pu, R. T. & Dasso, M. The ran GTPase regulates mitotic spindle assembly. Curr
Biol 9, 481-484 (1999).

130

Ohba, T., Nakamura, M., Nishitani, H. & Nishimoto, T. Self-organization of microtubule
asters induced in Xenopus egg extracts by GTP-bound Ran. Science 284, 1356-1358
(1999).

131

Wilde, A. & Zheng, Y. Stimulation of microtubule aster formation and spindle assembly by
the small GTPase Ran. Science 284, 1359-1362 (1999).

132

Zhang, C. & Clarke, P. R. Chromatin-independent nuclear envelope assembly induced by

133

Zhang, C. & Clarke, P. R. Roles of Ran-GTP and Ran-GDP in precursor vesicle recruitment

Ran GTPase in Xenopus egg extracts. Science 288, 1429-1432 (2000).

and fusion during nuclear envelope assembly in a human cell-free system. Curr Biol 11,
208-212 (2001).
134

Cherfils, J. & Zeghouf, M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol

135

Bowtell, D., Fu, P., Simon, M. & Senior, P. Identification of murine homologues of the

Rev 93, 269-309, doi:10.1152/physrev.00003.2012 (2013).

Drosophila son of sevenless gene: potential activators of ras. Proc Natl Acad Sci U S A 89,
6511-6515 (1992).

112

136

Chardin, P. et al. Human Sos1: a guanine nucleotide exchange factor for Ras that binds to

137

Aronheim, A. et al. Membrane targeting of the nucleotide exchange factor Sos is sufficient

138

Habets, G. G. et al. Identification of an invasion-inducing gene, Tiam-1, that encodes a

GRB2. Science 260, 1338-1343 (1993).

for activating the Ras signaling pathway. Cell 78, 949-961 (1994).

protein with homology to GDP-GTP exchangers for Rho-like proteins. Cell 77, 537-549
(1994).
139

Michiels, F., Habets, G. G., Stam, J. C., van der Kammen, R. A. & Collard, J. G. A role for
Rac

in

Tiam1-induced

membrane

ruffling

and

invasion.

Nature

375,

338-340,

doi:10.1038/375338a0 (1995).
140

Innocenti, M. et al. Mechanisms through which Sos-1 coordinates the activation of Ras and
Rac. J Cell Biol 156, 125-136, doi:10.1083/jcb.200108035 (2002).

141

Innocenti, M. et al. Phosphoinositide 3-kinase activates Rac by entering in a complex with

142

Connolly, B. A., Rice, J., Feig, L. A. & Buchsbaum, R. J. Tiam1-IRSp53 complex formation

Eps8, Abi1, and Sos-1. J Cell Biol 160, 17-23, doi:10.1083/jcb.200206079 (2003).

directs specificity of rac-mediated actin cytoskeleton regulation. Mol Cell Biol 25, 46024614, doi:10.1128/MCB.25.11.4602-4614.2005 (2005).
143

Buchsbaum, R. J., Connolly, B. A. & Feig, L. A. Regulation of p70 S6 kinase by complex
formation between the Rac guanine nucleotide exchange factor (Rac-GEF) Tiam1 and the
scaffold spinophilin. J Biol Chem 278, 18833-18841, doi:10.1074/jbc.M207876200 (2003).

144

Cherfils, J. & Chardin, P. GEFs: structural basis for their activation of small GTP-binding
proteins. Trends Biochem Sci 24, 306-311 (1999).

145

Boriack-Sjodin, P. A., Margarit, S. M., Bar-Sagi, D. & Kuriyan, J. The structural basis of the

146

Mossessova, E., Gulbis, J. M. & Goldberg, J. Structure of the guanine nucleotide exchange

activation of Ras by Sos. Nature 394, 337-343, doi:10.1038/28548 (1998).

factor Sec7 domain of human arno and analysis of the interaction with ARF GTPase. Cell
92, 415-423 (1998).
147

Snyder, J. T. et al. Structural basis for the selective activation of Rho GTPases by Dbl

148

Goldberg, J. Structural basis for activation of ARF GTPase: mechanisms of guanine

149

Otero, A. D. Transphosphorylation and G protein activation. Biochem Pharmacol 39, 1399-

exchange factors. Nat Struct Biol 9, 468-475, doi:10.1038/nsb796 (2002).

nucleotide exchange and GTP-myristoyl switching. Cell 95, 237-248 (1998).

1404 (1990).
150

Csepanyi-Komi, R., Levay, M. & Ligeti, E. Small G proteins and their regulators in cellular
signalling. Mol Cell Endocrinol 353, 10-20, doi:10.1016/j.mce.2011.11.005 (2012).

151

Kim, J. H., Shirouzu, M., Kataoka, T., Bowtell, D. & Yokoyama, S. Activation of Ras and its
downstream extracellular signal-regulated protein kinases by the CDC25 homology domain

113

of

mouse

Son-of-sevenless

1

(mSos1).

Oncogene

16,

2597-2607,

doi:10.1038/sj.onc.1201822 (1998).
152

Hart, M. J. et al. Cellular transformation and guanine nucleotide exchange activity are
catalyzed by a common domain on the dbl oncogene product. J Biol Chem 269, 62-65
(1994).

153

Rossman, K. L. et al. A crystallographic view of interactions between Dbs and Cdc42: PH
domain-assisted

guanine

nucleotide

exchange.

EMBO

J

21,

1315-1326,

doi:10.1093/emboj/21.6.1315 (2002).
154

Zheng, Y., Zangrilli, D., Cerione, R. A. & Eva, A. The pleckstrin homology domain mediates
transformation by oncogenic dbl through specific intracellular targeting. J Biol Chem 271,
19017-19020 (1996).

155

Cote, J. F. & Vuori, K. Identification of an evolutionarily conserved superfamily of
DOCK180-related proteins with guanine nucleotide exchange activity. J Cell Sci 115, 49014913 (2002).

156

Meller, N., Merlot, S. & Guda, C. CZH proteins: a new family of Rho-GEFs. J Cell Sci 118,

157

Rossman, K. L., Der, C. J. & Sondek, J. GEF means go: turning on RHO GTPases with

4937-4946, doi:10.1242/jcs.02671 (2005).

guanine

nucleotide-exchange

factors.

Nat

Rev

Mol

Cell

Biol

6,

167-180,

doi:10.1038/nrm1587 (2005).
158

Cook, D. R., Rossman, K. L. & Der, C. J. Rho guanine nucleotide exchange factors:
regulators of Rho GTPase activity in development and disease. Oncogene 33, 4021-4035,
doi:10.1038/onc.2013.362 (2014).

159

Whalley, H. J. et al. Cdk1 phosphorylates the Rac activator Tiam1 to activate centrosomal
Pak

and

promote

mitotic

spindle

formation.

Nat

Commun

6,

7437,

doi:10.1038/ncomms8437 (2015).
160

Crespo, P. et al. Rac-1 dependent stimulation of the JNK/SAPK signaling pathway by Vav.
Oncogene 13, 455-460 (1996).

161

Abe, K. et al. Vav2 is an activator of Cdc42, Rac1, and RhoA. J Biol Chem 275, 10141-

162

Bustelo, X. R. Vav family exchange factors: an integrated regulatory and functional view.

10149 (2000).

Small GTPases 5, 9, doi:10.4161/21541248.2014.973757 (2014).
163

Aghazadeh, B., Lowry, W. E., Huang, X. Y. & Rosen, M. K. Structural basis for relief of
autoinhibition

of

the

Dbl

homology

domain

of

proto-oncogene

Vav

by

tyrosine

phosphorylation. Cell 102, 625-633 (2000).
164

Crespo, P., Schuebel, K. E., Ostrom, A. A., Gutkind, J. S. & Bustelo, X. R. Phosphotyrosinedependent activation of Rac-1 GDP/GTP exchange by the vav proto-oncogene product.
Nature 385, 169-172, doi:10.1038/385169a0 (1997).

114

165

Han, J. et al. Lck regulates Vav activation of members of the Rho family of GTPases. Mol

166

Deckert, M., Tartare-Deckert, S., Couture, C., Mustelin, T. & Altman, A. Functional and

Cell Biol 17, 1346-1353 (1997).

physical interactions of Syk family kinases with the Vav proto-oncogene product. Immunity
5, 591-604 (1996).
167

Jainchill, J. L., Aaronson, S. A. & Todaro, G. J. Murine sarcoma and leukemia viruses:

168

Eva, A. & Aaronson, S. A. Isolation of a new human oncogene from a diffuse B-cell

169

Katzav, S., Martin-Zanca, D. & Barbacid, M. vav, a novel human oncogene derived from a

assay using clonal lines of contact-inhibited mouse cells. J Virol 4, 549-553 (1969).

lymphoma. Nature 316, 273-275 (1985).

locus ubiquitously expressed in hematopoietic cells. EMBO J 8, 2283-2290 (1989).
170

Miki, T., Smith, C. L., Long, J. E., Eva, A. & Fleming, T. P. Oncogene ect2 is related to
regulators of small GTP-binding proteins. Nature 362, 462-465, doi:10.1038/362462a0
(1993).

171

Bernards, A. & Settleman, J. GAP control: regulating the regulators of small GTPases.

172

Kotting, C., Kallenbach, A., Suveyzdis, Y., Wittinghofer, A. & Gerwert, K. The GAP arginine

Trends Cell Biol 14, 377-385, doi:10.1016/j.tcb.2004.05.003 (2004).

finger movement into the catalytic site of Ras increases the activation entropy. Proc Natl
Acad Sci U S A 105, 6260-6265, doi:10.1073/pnas.0712095105 (2008).
173

Hennig, A., Markwart, R., Esparza-Franco, M. A., Ladds, G. & Rubio, I. Ras activation
revisited: role of GEF and GAP systems. Biol Chem 396, 831-848, doi:10.1515/hsz-20140257 (2015).

174

Bhanot, H., Young, A. M., Overmeyer, J. H. & Maltese, W. A. Induction of nonapoptotic cell
death by activated Ras requires inverse regulation of Rac1 and Arf6. Mol Cancer Res 8,
1358-1374, doi:10.1158/1541-7786.MCR-10-0090 (2010).

175

Jacquemet, G. et al. RCP-driven alpha5beta1 recycling suppresses Rac and promotes RhoA
activity

via

the

RacGAP1-IQGAP1

complex.

J

Cell

Biol

202,

917-935,

doi:10.1083/jcb.201302041 (2013).
176

Trahey, M. & McCormick, F. A cytoplasmic protein stimulates normal N-ras p21 GTPase,
but does not affect oncogenic mutants. Science 238, 542-545 (1987).

177

Calmels, T. P. et al. Sequence and 3D structural relationships between mammalian Rasand Rho-specific GTPase-activating proteins (GAPs): the cradle fold. FEBS Lett 426, 205211 (1998).

178

Scheffzek, K. et al. The Ras-RasGAP complex: structural basis for GTPase activation and its
loss in oncogenic Ras mutants. Science 277, 333-338 (1997).

179

Rittinger, K., Walker, P. A., Eccleston, J. F., Smerdon, S. J. & Gamblin, S. J. Structure at
1.65 A of RhoA and its GTPase-activating protein in complex with a transition-state
analogue. Nature 389, 758-762, doi:10.1038/39651 (1997).

115

180

Rittinger, K. et al. Crystal structure of a small G protein in complex with the GTPaseactivating protein rhoGAP. Nature 388, 693-697, doi:10.1038/41805 (1997).

181

Marshall, M. S. et al. A C-terminal domain of GAP is sufficient to stimulate ras p21 GTPase

182

Ban, R., Irino, Y., Fukami, K. & Tanaka, H. Human mitotic spindle-associated protein PRC1

activity. EMBO J 8, 1105-1110 (1989).

inhibits MgcRacGAP activity toward Cdc42 during the metaphase. J Biol Chem 279, 1639416402, doi:10.1074/jbc.M313257200 (2004).
183

Canagarajah, B. et al. Structural mechanism for lipid activation of the Rac-specific GAP,
beta2-chimaerin. Cell 119, 407-418, doi:10.1016/j.cell.2004.10.012 (2004).

184

Olofsson, B. Rho guanine dissociation inhibitors: pivotal molecules in cellular signalling.
Cell Signal 11, 545-554 (1999).

185

Nancy, V., Callebaut, I., El Marjou, A. & de Gunzburg, J. The delta subunit of retinal rod
cGMP phosphodiesterase regulates the membrane association of Ras and Rap GTPases. J
Biol Chem 277, 15076-15084, doi:10.1074/jbc.M109983200 (2002).

186

Chandra, A. et al. The GDI-like solubilizing factor PDEdelta sustains the spatial
organization

and

signalling

of

Ras

family

proteins.

Nat

Cell

Biol

14,

148-158,

doi:10.1038/ncb2394 (2012).
187

Dovas, A. & Couchman, J. R. RhoGDI: multiple functions in the regulation of Rho family

188

DerMardirossian, C. & Bokoch, G. M. GDIs: central regulatory molecules in Rho GTPase

189

Dirac-Svejstrup, A. B., Sumizawa, T. & Pfeffer, S. R. Identification of a GDI displacement

GTPase activities. Biochem J 390, 1-9, doi:10.1042/BJ20050104 (2005).

activation. Trends Cell Biol 15, 356-363, doi:10.1016/j.tcb.2005.05.001 (2005).

factor that releases endosomal Rab GTPases from Rab-GDI. EMBO J 16, 465-472,
doi:10.1093/emboj/16.3.465 (1997).
190

ten Klooster, J. P. & Hordijk, P. L. Targeting and localized signalling by small GTPases. Biol

191

DerMardirossian, C., Schnelzer, A. & Bokoch, G. M. Phosphorylation of RhoGDI by Pak1

Cell 99, 1-12, doi:10.1042/BC20060071 (2007).

mediates

dissociation

of

Rac

GTPase.

Mol

Cell

15,

117-127,

doi:10.1016/j.molcel.2004.05.019 (2004).
192

Sawada, N. et al. cGMP-dependent protein kinase phosphorylates and inactivates RhoA.
Biochem Biophys Res Commun 280, 798-805, doi:10.1006/bbrc.2000.4194 (2001).

193

Nusser, N. et al. Serine phosphorylation differentially affects RhoA binding to effectors:
implications

to

NGF-induced

neurite

outgrowth.

Cell

Signal

18,

704-714,

doi:10.1016/j.cellsig.2005.06.010 (2006).
194

Tu, S., Wu, W. J., Wang, J. & Cerione, R. A. Epidermal growth factor-dependent regulation
of Cdc42 is mediated by the Src tyrosine kinase. J Biol Chem 278, 49293-49300,
doi:10.1074/jbc.M307021200 (2003).

116

195

Ding, J., Soule, G., Overmeyer, J. H. & Maltese, W. A. Tyrosine phosphorylation of the
Rab24 GTPase in cultured mammalian cells. Biochem Biophys Res Commun 312, 670-675,
doi:10.1016/j.bbrc.2003.10.171 (2003).

196

Brucker, S., Gerwert, K. & Kotting, C. Tyr39 of ran preserves the Ran.GTP gradient by
inhibiting GTP hydrolysis. J Mol Biol 401, 1-6, doi:10.1016/j.jmb.2010.05.068 (2010).

197

Zou, J. X., Liu, Y., Pasquale, E. B. & Ruoslahti, E. Activated SRC oncogene phosphorylates
R-ras

and

suppresses

integrin

activity.

J

Biol

Chem

277,

1824-1827,

doi:10.1074/jbc.M103133200 (2002).
198

Bunda, S. et al. Src promotes GTPase activity of Ras via tyrosine 32 phosphorylation. Proc
Natl Acad Sci U S A 111, E3785-3794, doi:10.1073/pnas.1406559111 (2014).

199

Bunda, S. et al. Inhibition of SHP2-mediated dephosphorylation of Ras suppresses

200

Ting, P. Y. et al. Tyrosine phosphorylation of RAS by ABL allosterically enhances effector

201

Wittinghofer, A., Scheffzek, K. & Ahmadian, M. R. The interaction of Ras with GTPase-

202

Loirand, G. & Pacaud, P. Involvement of Rho GTPases and their regulators in the

oncogenesis. Nat Commun 6, 8859, doi:10.1038/ncomms9859 (2015).

binding. FASEB J 29, 3750-3761, doi:10.1096/fj.15-271510 (2015).

activating proteins. FEBS Lett 410, 63-67 (1997).

pathogenesis of hypertension. Small GTPases 5 (2014).
203

Nadif Kasri, N. & Van Aelst, L. Rho-linked genes and neurological disorders. Pflugers Arch
455, 787-797, doi:10.1007/s00424-007-0385-1 (2008).

204

Mulloy, J. C. et al. Rho GTPases in hematopoiesis and hemopathies. Blood 115, 936-947,
doi:10.1182/blood-2009-09-198127 (2010).

205

Maertens, O. & Cichowski, K. An expanding role for RAS GTPase activating proteins (RAS
GAPs) in cancer. Adv Biol Regul 55, 1-14, doi:10.1016/j.jbior.2014.04.002 (2014).

206

Ratner, N. & Miller, S. J. A RASopathy gene commonly mutated in cancer: the
neurofibromatosis

type

1

tumour

suppressor.

Nat

Rev

Cancer

15,

290-301,

doi:10.1038/nrc3911 (2015).
207

Cox, A. D., Fesik, S. W., Kimmelman, A. C., Luo, J. & Der, C. J. Drugging the undruggable
RAS: Mission possible? Nat Rev Drug Discov 13, 828-851, doi:10.1038/nrd4389 (2014).

208

Prior, I. A., Lewis, P. D. & Mattos, C. A comprehensive survey of Ras mutations in cancer.
Cancer Res 72, 2457-2467, doi:10.1158/0008-5472.CAN-11-2612 (2012).

209

Cox, A. D. & Der, C. J. Ras history: The saga continues. Small GTPases 1, 2-27,
doi:10.4161/sgtp.1.1.12178 (2010).

210

Orgaz,

J.

L.,

Herraiz,

C.

&

Sanz-Moreno,

V.

Rho

GTPases

modulate

malignant

transformation of tumor cells. Small GTPases 5, e29019, doi:10.4161/sgtp.29019 (2014).
211

Hodis, E. et al. A landscape of driver mutations in melanoma. Cell 150, 251-263,
doi:10.1016/j.cell.2012.06.024 (2012).

117

212

Krauthammer, M. et al. Exome sequencing identifies recurrent somatic RAC1 mutations in

213

Kakiuchi, M. et al. Recurrent gain-of-function mutations of RHOA in diffuse-type gastric

melanoma. Nat Genet 44, 1006-1014, doi:10.1038/ng.2359 (2012).

carcinoma. Nat Genet 46, 583-587, doi:10.1038/ng.2984 (2014).
214

Wang, K. et al. Whole-genome sequencing and comprehensive molecular profiling identify
new driver mutations in gastric cancer. Nat Genet 46, 573-582, doi:10.1038/ng.2983
(2014).

215

Yoo, H. Y. et al. A recurrent inactivating mutation in RHOA GTPase in angioimmunoblastic
T cell lymphoma. Nat Genet 46, 371-375, doi:10.1038/ng.2916 (2014).

216

Sakata-Yanagimoto, M. et al. Somatic RHOA mutation in angioimmunoblastic T cell
lymphoma. Nat Genet 46, 171-175, doi:10.1038/ng.2872 (2014).

217

Duquette, P. M. & Lamarche-Vane, N. Rho GTPases in embryonic development. Small
GTPases 5, 8, doi:10.4161/sgtp.29716 (2014).

218

Schlessinger, K., Hall, A. & Tolwinski, N. Wnt signaling pathways meet Rho GTPases.
Genes Dev 23, 265-277, doi:10.1101/gad.1760809 (2009).

219

Redmond, L. & Ghosh, A. The role of Notch and Rho GTPase signaling in the control of
dendritic development. Curr Opin Neurobiol 11, 111-117 (2001).

220

Polizio, A. H., Chinchilla, P., Chen, X., Manning, D. R. & Riobo, N. A. Sonic Hedgehog
activates the GTPases Rac1 and RhoA in a Gli-independent manner through coupling of
smoothened to Gi proteins. Sci Signal 4, pt7, doi:10.1126/scisignal.2002396 (2011).

221

Marada, S., Truong, A. & Ogden, S. K. The small GTPase Rap1 is a modulator of Hedgehog
signaling. Dev Biol 409, 84-94, doi:10.1016/j.ydbio.2015.10.020 (2016).

222

Fields, A. P., Justilien, V. & Murray, N. R. The chromosome 3q26 OncCassette: A
multigenic driver of human cancer. Adv Biol Regul, doi:10.1016/j.jbior.2015.10.009
(2015).

223

Kissil, J. L. et al. Requirement for Rac1 in a K-ras induced lung cancer in the mouse.
Cancer Res 67, 8089-8094, doi:10.1158/0008-5472.CAN-07-2300 (2007).

224

Samuel, M. S., Lourenco, F. C. & Olson, M. F. K-Ras mediated murine epidermal
tumorigenesis is dependent upon and associated with elevated Rac1 activity. PLoS One 6,
e17143, doi:10.1371/journal.pone.0017143 (2011).

225

Li, A. et al. Activated mutant NRas(Q61K) drives aberrant melanocyte signaling, survival,
and invasiveness via a Rac1-dependent mechanism. J Invest Dermatol 132, 2610-2621,
doi:10.1038/jid.2012.186 (2012).

226

Justilien, V. & Fields, A. P. Ect2 links the PKCiota-Par6alpha complex to Rac1 activation
and cellular transformation. Oncogene 28, 3597-3607, doi:10.1038/onc.2009.217 (2009).

227

Saito, S. et al. Deregulation and mislocalization of the cytokinesis regulator ECT2 activate
the Rho signaling pathways leading to malignant transformation. J Biol Chem 279, 71697179, doi:10.1074/jbc.M306725200 (2004).

118

228

Huff, L. P. et al. The Role of Ect2 Nuclear RhoGEF Activity in Ovarian Cancer Cell

229

Hirose, K., Kawashima, T., Iwamoto, I., Nosaka, T. & Kitamura, T. MgcRacGAP is involved

Transformation. Genes Cancer 4, 460-475, doi:10.1177/1947601913514851 (2013).

in cytokinesis through associating with mitotic spindle and midbody. J Biol Chem 276,
5821-5828, doi:10.1074/jbc.M007252200 (2001).
230

Welch, H. C. et al. P-Rex1, a PtdIns(3,4,5)P3- and Gbetagamma-regulated guanine-

231

Rosenfeldt, H., Vazquez-Prado, J. & Gutkind, J. S. P-REX2, a novel PI-3-kinase sensitive

232

Donald, S. et al. P-Rex2, a new guanine-nucleotide exchange factor for Rac. FEBS Lett

nucleotide exchange factor for Rac. Cell 108, 809-821 (2002).

Rac exchange factor. FEBS Lett 572, 167-171, doi:10.1016/j.febslet.2004.06.097 (2004).

572, 172-176, doi:10.1016/j.febslet.2004.06.096 (2004).
233

Lindsay, C. R. et al. P-Rex1 is required for efficient melanoblast migration and melanoma
metastasis. Nat Commun 2, 555, doi:10.1038/ncomms1560 (2011).

234

Berger, M. F. et al. Melanoma genome sequencing reveals frequent PREX2 mutations.
Nature 485, 502-506, doi:10.1038/nature11071 (2012).

235

Castoreno, A. B. et al. Small molecules discovered in a pathway screen target the Rho
pathway in cytokinesis. Nat Chem Biol 6, 457-463, doi:10.1038/nchembio.363 (2010).

236

Agola, J. O. et al. A competitive nucleotide binding inhibitor: in vitro characterization of

237

Hong, L. et al. in Probe Reports from the NIH Molecular Libraries Program

Rab7 GTPase inhibition. ACS Chem Biol 7, 1095-1108, doi:10.1021/cb3001099 (2012).
(2010).

238

Surviladze, Z. et al. in Probe Reports from the NIH Molecular Libraries Program

(2010).

239

Surviladze, Z. et al. in Probe Reports from the NIH Molecular Libraries Program

(2010).

240

Surviladze, Z. et al. Identification of a small GTPase inhibitor using a high-throughput flow
cytometry

bead-based

multiplex

assay.

J

Biomol

Screen

15,

10-20,

doi:10.1177/1087057109352240 (2010).
241

Desire, L. et al. RAC1 inhibition targets amyloid precursor protein processing by gammasecretase and decreases Abeta production in vitro and in vivo. J Biol Chem 280, 3751637525, doi:10.1074/jbc.M507913200 (2005).

242

Leblond, B., Petit, S., Picard, V., Schweighoffer, F. & Taverne, T. World Patent
WO2004076445.

Compounds

and

methods

of

treating

cell

proliferative

diseases,

retinopathies and arthritis. (2004).
243

Gao, Y., Dickerson, J. B., Guo, F., Zheng, J. & Zheng, Y. Rational design and
characterization of a Rac GTPase-specific small molecule inhibitor. Proc Natl Acad Sci U S A
101, 7618-7623, doi:10.1073/pnas.0307512101 (2004).

244

Cardama, G. A. et al. Preclinical development of novel Rac1-GEF signaling inhibitors using
a rational design approach in highly aggressive breast cancer cell lines. Anticancer Agents
Med Chem 14, 840-851 (2014).

119

245

Blangy, A. et al. Identification of TRIO-GEFD1 chemical inhibitors using the yeast exchange
assay. Biol Cell 98, 511-522, doi:10.1042/BC20060023 (2006).

246

Bouquier, N. et al. A cell active chemical GEF inhibitor selectively targets the
Trio/RhoG/Rac1

signaling

pathway.

Chem

Biol

16,

657-666,

doi:10.1016/j.chembiol.2009.04.012 (2009).
247

Montalvo-Ortiz, B. L. et al. Characterization of EHop-016, novel small molecule inhibitor of
Rac GTPase. J Biol Chem 287, 13228-13238, doi:10.1074/jbc.M111.334524 (2012).

248

Castillo-Pichardo, L. et al. The Rac Inhibitor EHop-016 Inhibits Mammary Tumor Growth
and

Metastasis

in

a

Nude

Mouse

Model.

Transl

Oncol

7,

546-555,

doi:10.1016/j.tranon.2014.07.004 (2014).
249

Zins, K., Gunawardhana, S., Lucas, T., Abraham, D. & Aharinejad, S. Targeting Cdc42 with
the small molecule drug AZA197 suppresses primary colon cancer growth and prolongs
survival in a preclinical mouse xenograft model by downregulation of PAK1 activity. J
Transl Med 11, 295, doi:10.1186/1479-5876-11-295 (2013).

250

Zins, K., Lucas, T., Reichl, P., Abraham, D. & Aharinejad, S. A Rac1/Cdc42 GTPase-specific
small molecule inhibitor suppresses growth of primary human prostate cancer xenografts
and prolongs survival in mice. PLoS One 8, e74924, doi:10.1371/journal.pone.0074924
(2013).

251

Friesland, A. et al. Small molecule targeting Cdc42-intersectin interaction disrupts Golgi
organization and suppresses cell motility. Proc Natl Acad Sci U S A 110, 1261-1266,
doi:10.1073/pnas.1116051110 (2013).

252

Shang, X. et al. Rational design of small molecule inhibitors targeting RhoA subfamily Rho
GTPases. Chem Biol 19, 699-710, doi:10.1016/j.chembiol.2012.05.009 (2012).

253

Misumi, Y. et al. Novel blockade by brefeldin A of intracellular transport of secretory
proteins in cultured rat hepatocytes. J Biol Chem 261, 11398-11403 (1986).

254

Zeghouf, M., Guibert, B., Zeeh, J. C. & Cherfils, J. Arf, Sec7 and Brefeldin A: a model
towards the therapeutic inhibition of guanine nucleotide-exchange factors. Biochem Soc
Trans 33, 1265-1268, doi:10.1042/BST20051265 (2005).

255

Winter, J. J. et al. Small molecule binding sites on the Ras:SOS complex can be exploited
for inhibition of Ras activation. J Med Chem 58, 2265-2274, doi:10.1021/jm501660t
(2015).

256

Sun, Q. et al. Discovery of small molecules that bind to K-Ras and inhibit Sos-mediated
activation. Angew Chem Int Ed Engl 51, 6140-6143, doi:10.1002/anie.201201358 (2012).

257

Maurer, T. et al. Small-molecule ligands bind to a distinct pocket in Ras and inhibit SOSmediated nucleotide exchange activity. Proc Natl Acad Sci U S A 109, 5299-5304,
doi:10.1073/pnas.1116510109 (2012).

120

258

Muller, O. et al. Identification of potent Ras signaling inhibitors by pathway-selective
phenotype-based

screening.

Angew

Chem

Int

Ed

Engl

43,

450-454,

doi:10.1002/anie.200352587 (2004).
259

Kato-Stankiewicz, J. et al. Inhibitors of Ras/Raf-1 interaction identified by two-hybrid
screening revert Ras-dependent transformation phenotypes in human cancer cells. Proc
Natl Acad Sci U S A 99, 14398-14403, doi:10.1073/pnas.222222699 (2002).

260

Shima, F. et al. In silico discovery of small-molecule Ras inhibitors that display antitumor
activity by blocking the Ras-effector interaction. Proc Natl Acad Sci U S A 110, 8182-8187,
doi:10.1073/pnas.1217730110 (2013).

261

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

262

Patricelli, M. P. et al. Selective Inhibition of Oncogenic KRAS Output with Small Molecules

263

Hunter, J. C. et al. In situ selectivity profiling and crystal structure of SML-8-73-1, an

Targeting the Inactive State. Cancer Discov, doi:10.1158/2159-8290.CD-15-1105 (2016).

active site inhibitor of oncogenic K-Ras G12C. Proc Natl Acad Sci U S A 111, 8895-8900,
doi:10.1073/pnas.1404639111 (2014).
264

Lim, S. M. et al. Therapeutic targeting of oncogenic K-Ras by a covalent catalytic site

265

Asano, T. et al. Vasodilator actions of HA1077 in vitro and in vivo putatively mediated by

266

Takayasu, M. et al. The effects of HA compound calcium antagonists on delayed cerebral

inhibitor. Angew Chem Int Ed Engl 53, 199-204, doi:10.1002/anie.201307387 (2014).

the inhibition of protein kinase. Br J Pharmacol 98, 1091-1100 (1989).

vasospasm in dogs. J Neurosurg 65, 80-85, doi:10.3171/jns.1986.65.1.0080 (1986).
267

Isobe, T. et al. Effects of K-115, a rho-kinase inhibitor, on aqueous humor dynamics in
rabbits. Curr Eye Res 39, 813-822, doi:10.3109/02713683.2013.874444 (2014).

268

Murray, B. W. et al. Small-molecule p21-activated kinase inhibitor PF-3758309 is a potent
inhibitor of oncogenic signaling and tumor growth. Proc Natl Acad Sci U S A 107, 94469451, doi:10.1073/pnas.0911863107 (2010).

269

Bosco, E. E. et al. Rational design of small molecule inhibitors targeting the Rac GTPasep67(phox)

signaling

axis

in

inflammation.

Chem

Biol

19,

228-242,

doi:10.1016/j.chembiol.2011.12.017 (2012).
270

Bishop, W. R. et al. Novel tricyclic inhibitors of farnesyl protein transferase. Biochemical
characterization and inhibition of Ras modification in transfected Cos cells. J Biol Chem
270, 30611-30618 (1995).

271

Njoroge, F. G. et al. Discovery of novel nonpeptide tricyclic inhibitors of Ras farnesyl

272

Zimmermann, G. et al. Small molecule inhibition of the KRAS-PDEdelta interaction impairs

protein transferase. Bioorg Med Chem 5, 101-113 (1997).

oncogenic KRAS signalling. Nature 497, 638-642, doi:10.1038/nature12205 (2013).

121

273

Zimmermann, G. et al. Structure guided design and kinetic analysis of highly potent
benzimidazole inhibitors targeting the PDEdelta prenyl binding site. J Med Chem 57, 54355448, doi:10.1021/jm500632s (2014).

274

Castoreno, A. B. & Eggert, U. S. Small molecule probes of cellular pathways and networks.
ACS Chem Biol 6, 86-94, doi:10.1021/cb1002976 (2011).

275

Shutes, A. et al. Specificity and mechanism of action of EHT 1864, a novel small molecule
inhibitor

of

Rac

family

small

GTPases.

J

Biol

Chem

282,

35666-35678,

doi:10.1074/jbc.M703571200 (2007).
276

Van Aelst, L. & D'Souza-Schorey, C. Rho GTPases and signaling networks. Genes Dev 11,
2295-2322 (1997).

277

Karnoub, A. E. et al. Molecular basis for Rac1 recognition by guanine nucleotide exchange

278

Gao, Y., Xing, J., Streuli, M., Leto, T. L. & Zheng, Y. Trp(56) of rac1 specifies interaction

factors. Nat Struct Biol 8, 1037-1041, doi:10.1038/nsb719 (2001).

with a subset of guanine nucleotide exchange factors. J Biol Chem 276, 47530-47541,
doi:10.1074/jbc.M108865200 (2001).
279

Pommier, Y., Kiselev, E. & Marchand, C. Interfacial inhibitors. Bioorg Med Chem Lett 25,
3961-3965, doi:10.1016/j.bmcl.2015.07.032 (2015).

280

Pommier, Y. & Cherfils, J. Interfacial inhibition of macromolecular interactions: nature's
paradigm

for

drug

discovery.

Trends

Pharmacol

Sci

26,

138-145,

doi:10.1016/j.tips.2005.01.008 (2005).
281

Sekine, A., Fujiwara, M. & Narumiya, S. Asparagine residue in the rho gene product is the
modification site for botulinum ADP-ribosyltransferase. J Biol Chem 264, 8602-8605
(1989).

282

Erlanson, D. A. et al. Site-directed ligand discovery. Proc Natl Acad Sci U S A 97, 93679372 (2000).

283

Giardiello, F. M. et al. Treatment of colonic and rectal adenomas with sulindac in familial
adenomatous

polyposis.

N

Engl

J

Med

328,

1313-1316,

doi:10.1056/NEJM199305063281805 (1993).
284

Herrmann, C. et al. Sulindac sulfide inhibits Ras signaling. Oncogene 17, 1769-1776,
doi:10.1038/sj.onc.1202085 (1998).

285

Karaguni, I. M. et al. The new sulindac derivative IND 12 reverses Ras-induced cell
transformation. Cancer Res 62, 1718-1723 (2002).

286

Waldmann, H. et al. Sulindac-derived Ras pathway inhibitors target the Ras-Raf interaction
and downstream effectors in the Ras pathway. Angew Chem Int Ed Engl 43, 454-458,
doi:10.1002/anie.200353089 (2004).

287

Gumireddy, K. et al. ON01910, a non-ATP-competitive small molecule inhibitor of Plk1, is a
potent anticancer agent. Cancer Cell 7, 275-286, doi:10.1016/j.ccr.2005.02.009 (2005).

122

288

Athuluri-Divakar, S. K. et al. A Small Molecule RAS-Mimetic Disrupts RAS Association with
Effector Proteins to Block Signaling. Cell 165, 643-655, doi:10.1016/j.cell.2016.03.045
(2016).

289

Chapman, C. M. et al. ON 01910.Na is selectively cytotoxic for chronic lymphocytic
leukemia cells through a dual mechanism of action involving PI3K/AKT inhibition and
induction of oxidative stress. Clin Cancer Res 18, 1979-1991, doi:10.1158/10780432.CCR-11-2113 (2012).

290

Divakar, S. et al. Targeting the Ras-Binding domain of Ras effector proteins by a small
molecule inhibitor, Rigosertib. Cancer Res 74, doi:doi:10.1158/1538-7445.AM2014-LB108 (2014).

291

de Souza Fernandez, T., Menezes de Souza, J., Macedo Silva, M. L., Tabak, D. & Abdelhay,
E. Correlation of N-ras point mutations with specific chromosomal abnormalities in primary
myelodysplastic syndrome. Leuk Res 22, 125-134 (1998).

292

Stephenson, J., Lizhen, H. & Mufti, G. J. Possible co-existence of RAS activation and
monosomy 7 in the leukaemic transformation of myelodysplastic syndromes. Leuk Res 19,
741-748 (1995).

293

Garcia-Manero, G. et al. Rigosertib versus best supportive care for patients with high-risk
myelodysplastic

syndromes

after

failure

of

hypomethylating

drugs

(ONTIME):

a

randomised, controlled, phase 3 trial. Lancet Oncol, doi:10.1016/S1470-2045(16)00009-7
(2016).
294

Gonzalez-Perez, V. et al. Genetic and functional characterization of putative Ras/Raf
interaction

inhibitors

in

C.

elegans

and

mammalian

cells.

J

Mol

Signal

5,

2,

doi:10.1186/1750-2187-5-2 (2010).
295

Skobeleva, N., Menon, S., Weber, L., Golemis, E. A. & Khazak, V. In vitro and in vivo
synergy of MCP compounds with mitogen-activated protein kinase pathway- and
microtubule-targeting

inhibitors.

Mol

Cancer

Ther

6,

898-906,

doi:10.1158/1535-

7163.MCT-06-0602 (2007).
296

Shima, F. et al. Structural basis for conformational dynamics of GTP-bound Ras protein. J

297

Rudolph, J., Crawford, J. J., Hoeflich, K. P. & Wang, W. Inhibitors of p21-activated kinases

298

Feng, Y., LoGrasso, P. V., Defert, O. & Li, R. Rho Kinase (ROCK) Inhibitors and Their

Biol Chem 285, 22696-22705, doi:10.1074/jbc.M110.125161 (2010).

(PAKs). J Med Chem 58, 111-129, doi:10.1021/jm501613q (2015).

Therapeutic Potential. J Med Chem, doi:10.1021/acs.jmedchem.5b00683 (2015).
299

Nagumo, H. et al. Rho kinase inhibitor HA-1077 prevents Rho-mediated myosin
phosphatase inhibition in smooth muscle cells. Am J Physiol Cell Physiol 278, C57-65
(2000).

300

Rosen,

L.

S.

et

al.

Phase

1,

dose-escalation,

safety,

pharmacokinetic

and

pharmacodynamic study of single agent PF-03758309, an oral PAK inhibitor, in patients

123

with advanced solid tumors. Mol Cancer Ther 10, doi:10.1158/1535-7163.TARG-11-A177
(2011).
301

Zujewski, J. et al. Phase I and pharmacokinetic study of farnesyl protein transferase
inhibitor R115777 in advanced cancer. J Clin Oncol 18, 927-941 (2000).

302

End, D. W. et al. Characterization of the antitumor effects of the selective farnesyl protein
transferase inhibitor R115777 in vivo and in vitro. Cancer Res 61, 131-137 (2001).

303

Center, S. M. An Open Label Phase II Study of Tipifarnib in Patients With PreviouslyTreated,

Advanced,

HRAS

Mutant

Urothelial

Carcinoma,

<https://clinicaltrials.gov/ct2/show/NCT02535650> (2015).
304

Kura Oncology, I. An Open Label Phase II Study of Tipifarnib in Advanced NonHematological

Malignancies

With

HRAS

Mutations,

<https://clinicaltrials.gov/ct2/show/NCT02535650> (2015).
305

Gysin, S., Salt, M., Young, A. & McCormick, F. Therapeutic strategies for targeting ras

306

Chien, C. T., Bartel, P. L., Sternglanz, R. & Fields, S. The two-hybrid system: a method to

proteins. Genes Cancer 2, 359-372, doi:10.1177/1947601911412376 (2011).

identify and clone genes for proteins that interact with a protein of interest. Proc Natl Acad
Sci U S A 88, 9578-9582 (1991).
307

Toure, A. et al. MgcRacGAP, a new human GTPase-activating protein for Rac and Cdc42
similar to Drosophila rotundRacGAP gene product, is expressed in male germ cells. J Biol
Chem 273, 6019-6023 (1998).

308

Wooltorton, E. J., Haliotis, T. & Mueller, C. R. Identification and characterization of a
transcript for a novel Rac GTPase-activating protein in terminally differentiating 3T3-L1
adipocytes. DNA Cell Biol 18, 265-273, doi:10.1089/104454999315321 (1999).

309

Jantsch-Plunger, V. et al. CYK-4: A Rho family gtpase activating protein (GAP) required for
central spindle formation and cytokinesis. J Cell Biol 149, 1391-1404 (2000).

310

Mishima, M., Kaitna, S. & Glotzer, M. Central spindle assembly and cytokinesis require a
kinesin-like protein/RhoGAP complex with microtubule bundling activity. Dev Cell 2, 41-54
(2002).

311

Chalamalasetty, R. B., Hummer, S., Nigg, E. A. & Sillje, H. H. Influence of human Ect2
depletion and overexpression on cleavage furrow formation and abscission. J Cell Sci 119,
3008-3019, doi:10.1242/jcs.03032 (2006).

312

Burkard, M. E. et al. Plk1 self-organization and priming phosphorylation of HsCYK-4 at the
spindle midzone regulate the onset of division in human cells. PLoS Biol 7, e1000111,
doi:10.1371/journal.pbio.1000111 (2009).

313

Wolfe, B. A., Takaki, T., Petronczki, M. & Glotzer, M. Polo-like kinase 1 directs assembly of
the HsCyk-4 RhoGAP/Ect2 RhoGEF complex to initiate cleavage furrow formation. PLoS Biol
7, e1000110, doi:10.1371/journal.pbio.1000110 (2009).

124

314

Kim, H., Guo, F., Brahma, S., Xing, Y. & Burkard, M. E. Centralspindlin assembly and 2
phosphorylations on MgcRacGAP by Polo-like kinase 1 initiate Ect2 binding in early
cytokinesis. Cell Cycle 13, 2952-2961, doi:10.4161/15384101.2014.947201 (2014).

315

Yuce, O., Piekny, A. & Glotzer, M. An ECT2-centralspindlin complex regulates the
localization and function of RhoA. J Cell Biol 170, 571-582, doi:10.1083/jcb.200501097
(2005).

316

Somers, W. G. & Saint, R. A RhoGEF and Rho family GTPase-activating protein complex
links the contractile ring to cortical microtubules at the onset of cytokinesis. Dev Cell 4,
29-39 (2003).

317

Su, K. C., Takaki, T. & Petronczki, M. Targeting of the RhoGEF Ect2 to the equatorial
membrane controls cleavage furrow formation during cytokinesis. Dev Cell 21, 1104-1115,
doi:10.1016/j.devcel.2011.11.003 (2011).

318

Lekomtsev, S. et al. Centralspindlin links the mitotic spindle to the plasma membrane

319

Kimura, K., Tsuji, T., Takada, Y., Miki, T. & Narumiya, S. Accumulation of GTP-bound RhoA

during cytokinesis. Nature 492, 276-279, doi:10.1038/nature11773 (2012).

during cytokinesis and a critical role of ECT2 in this accumulation. J Biol Chem 275,
17233-17236, doi:10.1074/jbc.C000212200 (2000).
320

Tatsumoto, T., Xie, X., Blumenthal, R., Okamoto, I. & Miki, T. Human ECT2 is an exchange
factor for Rho GTPases, phosphorylated in G2/M phases, and involved in cytokinesis. J Cell
Biol 147, 921-928 (1999).

321

Canman, J. C. et al. Inhibition of Rac by the GAP activity of centralspindlin is essential for
cytokinesis. Science 322, 1543-1546, doi:10.1126/science.1163086 (2008).

322

Miller, A. L. & Bement, W. M. Regulation of cytokinesis by Rho GTPase flux. Nat Cell Biol

323

Yamada, T., Hikida, M. & Kurosaki, T. Regulation of cytokinesis by mgcRacGAP in B

11, 71-77, doi:10.1038/ncb1814 (2009).

lymphocytes

is

independent

of

GAP

activity.

Exp

Cell

Res

312,

3517-3525,

doi:10.1016/j.yexcr.2006.07.026 (2006).
324

Loria, A., Longhini, K. M. & Glotzer, M. The RhoGAP domain of CYK-4 has an essential role
in RhoA activation. Curr Biol 22, 213-219, doi:10.1016/j.cub.2011.12.019 (2012).

325

Zhang, D. & Glotzer, M. The RhoGAP activity of CYK-4/MgcRacGAP functions noncanonically

by

promoting

RhoA

activation

during

cytokinesis.

Elife

4,

doi:10.7554/eLife.08898 (2015).
326

Bastos, R. N., Penate, X., Bates, M., Hammond, D. & Barr, F. A. CYK4 inhibits Rac1dependent PAK1 and ARHGEF7 effector pathways during cytokinesis. J Cell Biol 198, 865880, doi:10.1083/jcb.201204107 (2012).

327

Kawashima, T. et al. MgcRacGAP is involved in the control of growth and differentiation of
hematopoietic cells. Blood 96, 2116-2124 (2000).

125

328

Oceguera-Yanez, F. et al. Ect2 and MgcRacGAP regulate the activation and function of

329

Minoshima, Y. et al. Phosphorylation by aurora B converts MgcRacGAP to a RhoGAP during

Cdc42 in mitosis. J Cell Biol 168, 221-232, doi:10.1083/jcb.200408085 (2005).

cytokinesis. Dev Cell 4, 549-560 (2003).
330

Breznau, E. B., Semack, A. C., Higashi, T. & Miller, A. L. MgcRacGAP restricts active RhoA
at the cytokinetic furrow and both RhoA and Rac1 at cell-cell junctions in epithelial cells.
Mol Biol Cell 26, 2439-2455, doi:10.1091/mbc.E14-11-1553 (2015).

331

Cannet, A., Schmidt, S., Delaval, B. & Debant, A. Identification of a mitotic Rac-GEF, Trio,
that counteracts MgcRacGAP function during cytokinesis. Mol Biol Cell 25, 4063-4071,
doi:10.1091/mbc.E14-06-1153 (2014).

332

Goldstein, A. Y., Jan, Y. N. & Luo, L. Function and regulation of Tumbleweed (RacGAP50C)
in neuroblast proliferation and neuronal morphogenesis. Proc Natl Acad Sci U S A 102,
3834-3839, doi:10.1073/pnas.0500748102 (2005).

333

Lawson, C. D. et al. Rho GTPase Transcriptome Analysis Reveals Oncogenic Roles for Rho
GTPase-activating Proteins in Basal-like Breast Cancers. Cancer Res, doi:10.1158/00085472.CAN-15-2923 (2016).

334

Milde-Langosch, K. et al. Validity of the proliferation markers Ki67, TOP2A, and RacGAP1 in
molecular

subgroups

of

breast

cancer.

Breast

Cancer

Res

Treat

137,

57-67,

doi:10.1007/s10549-012-2296-x (2013).
335

Pliarchopoulou, K. et al. Prognostic significance of RACGAP1 mRNA expression in high-risk
early breast cancer: a study in primary tumors of breast cancer patients participating in a
randomized Hellenic Cooperative Oncology Group trial. Cancer Chemother Pharmacol 71,
245-255, doi:10.1007/s00280-012-2002-z (2013).

336

Koleck, T. A. & Conley, Y. P. Identification and prioritization of candidate genes for
symptom variability in breast cancer survivors based on disease characteristics at the
cellular level. Breast Cancer (Dove Med Press) 8, 29-37, doi:10.2147/BCTT.S88434
(2016).

337

Yeh, C. M. et al. Opposing prognostic roles of nuclear and cytoplasmic RACGAP1
expression

in

colorectal

cancer

patients.

Hum

Pathol

47,

45-51,

doi:10.1016/j.humpath.2015.09.002 (2016).
338

Imaoka, H. et al. RacGAP1 expression, increasing tumor malignant potential, as a
predictive biomarker for lymph node metastasis and poor prognosis in colorectal cancer.
Carcinogenesis 36, 346-354, doi:10.1093/carcin/bgu327 (2015).

339

Wang, S. M., Ooi, L. L. & Hui, K. M. Upregulation of Rac GTPase-activating protein 1 is
significantly associated with the early recurrence of human hepatocellular carcinoma. Clin
Cancer Res 17, 6040-6051, doi:10.1158/1078-0432.CCR-11-0557 (2011).

340

Saigusa, S. et al. Clinical significance of RacGAP1 expression at the invasive front of
gastric cancer. Gastric Cancer 18, 84-92, doi:10.1007/s10120-014-0355-1 (2015).

126

341

Liang, Y., Liu, M., Wang, P., Ding, X. & Cao, Y. Analysis of 20 genes at chromosome band
12q13: RACGAP1 and MCRS1 overexpression in nonsmall-cell lung cancer. Genes
Chromosomes Cancer 52, 305-315, doi:10.1002/gcc.22030 (2013).

342

Zhang,

P.

et

al.

RacGAP1-driven

focal

adhesion

formation

promotes

melanoma

transendothelial migration through mediating adherens junction disassembly. Biochem
Biophys Res Commun 459, 1-9, doi:10.1016/j.bbrc.2014.11.088 (2015).
343

Hazar-Rethinam, M. et al. RacGAP1 Is a Novel Downstream Effector of E2F7-Dependent
Resistance to Doxorubicin and Is Prognostic for Overall Survival in Squamous Cell
Carcinoma.

Mol

Cancer

Ther

14,

1939-1950,

doi:10.1158/1535-7163.MCT-15-0076

(2015).
344

Mi, S. et al. RNA-seq identification of RACGAP1 as a metastatic driver in uterine
carcinosarcoma. Clin Cancer Res, doi:10.1158/1078-0432.CCR-15-2116 (2016).

345

Sano, M. et al. Expression level of ECT2 proto-oncogene correlates with prognosis in
glioma patients. Oncol Rep 16, 1093-1098 (2006).

346

Salhia, B. et al. The guanine nucleotide exchange factors trio, Ect2, and Vav3 mediate the
invasive

behavior

of

glioblastoma.

Am

J

Pathol

173,

1828-1838,

doi:10.2353/ajpath.2008.080043 (2008).
347

Zhang, M. L., Lu, S., Zhou, L. & Zheng, S. S. Correlation between ECT2 gene expression
and methylation change of ECT2 promoter region in pancreatic cancer. Hepatobiliary
Pancreat Dis Int 7, 533-538 (2008).

348

Haverty, P. M., Hon, L. S., Kaminker, J. S., Chant, J. & Zhang, Z. High-resolution analysis
of copy number alterations and associated expression changes in ovarian tumors. BMC
Med Genomics 2, 21, doi:10.1186/1755-8794-2-21 (2009).

349

Hirata, D. et al. Involvement of epithelial cell transforming sequence-2 oncoantigen in lung
and esophageal cancer progression. Clin Cancer Res 15, 256-266, doi:10.1158/10780432.CCR-08-1672 (2009).

350

Valk, K. et al. Gene expression profiles of non-small cell lung cancer: survival prediction
and new biomarkers. Oncology 79, 283-292, doi:10.1159/000322116 (2010).

351

Chen, J. et al. ECT2 regulates the Rho/ERK signalling axis to promote early recurrence in
human

hepatocellular

carcinoma.

J

Hepatol

62,

1287-1295,

doi:10.1016/j.jhep.2015.01.014 (2015).
352

Portereiko, M. F., Saam, J. & Mango, S. E. ZEN-4/MKLP1 is required to polarize the foregut
epithelium. Curr Biol 14, 932-941, doi:10.1016/j.cub.2004.05.052 (2004).

353

Smallhorn, M., Murray, M. J. & Saint, R. The epithelial-mesenchymal transition of the
Drosophila mesoderm requires the Rho GTP exchange factor Pebble. Development 131,
2641-2651, doi:10.1242/dev.01150 (2004).

354

Ratheesh, A. et al. Centralspindlin and alpha-catenin regulate Rho signalling at the
epithelial zonula adherens. Nat Cell Biol 14, 818-828, doi:10.1038/ncb2532 (2012).

127

355

Guillemot, L. et al. MgcRacGAP interacts with cingulin and paracingulin to regulate Rac1
activation and development of the tight junction barrier during epithelial junction
assembly. Mol Biol Cell 25, 1995-2005, doi:10.1091/mbc.E13-11-0680 (2014).

356

Lagana, A. et al. A small GTPase molecular switch regulates epigenetic centromere
maintenance by stabilizing newly incorporated CENP-A. Nat Cell Biol 12, 1186-1193,
doi:10.1038/ncb2129 (2010).

357

Steigemann,

P.

et

al.

Aurora

B-mediated

abscission

checkpoint

protects

against

tetraploidization. Cell 136, 473-484, doi:10.1016/j.cell.2008.12.020 (2009).
358

Kuo, T. C. et al. Midbody accumulation through evasion of autophagy contributes to
cellular

reprogramming

and

tumorigenicity.

Nat

Cell

Biol

13,

1214-1223,

doi:10.1038/ncb2332 (2011).
359

Tonozuka, Y. et al. A GTPase-activating protein binds STAT3 and is required for IL-6induced STAT3 activation and for differentiation of a leukemic cell line. Blood 104, 35503557, doi:10.1182/blood-2004-03-1066 (2004).

360

Kawashima, T. et al. Rac1 and a GTPase-activating protein, MgcRacGAP, are required for
nuclear

translocation

of

STAT

transcription

factors.

J

Cell

Biol

175,

937-946,

doi:10.1083/jcb.200604073 (2006).
361

Kawashima, T. et al. A Rac GTPase-activating protein, MgcRacGAP, is a nuclear localizing
signal-containing nuclear chaperone in the activation of STAT transcription factors. Mol Cell
Biol 29, 1796-1813, doi:10.1128/MCB.01423-08 (2009).

362

Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646674, doi:10.1016/j.cell.2011.02.013 (2011).

363

White, E. A. & Glotzer, M. Centralspindlin: at the heart of cytokinesis. Cytoskeleton

364

Boulter, E. et al. Regulation of Rho GTPase crosstalk, degradation and activity by

(Hoboken) 69, 882-892, doi:10.1002/cm.21065 (2012).

RhoGDI1. Nat Cell Biol 12, 477-483, doi:10.1038/ncb2049 (2010).
365

Zhang, B., Chernoff, J. & Zheng, Y. Interaction of Rac1 with GTPase-activating proteins
and putative effectors. A comparison with Cdc42 and RhoA. J Biol Chem 273, 8776-8782
(1998).

366

Garcia-Mata, R. et al. Analysis of activated GAPs and GEFs in cell lysates. Methods

367

Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities

Enzymol 406, 425-437, doi:10.1016/S0076-6879(06)06031-9 (2006).

of protein utilizing the principle of protein-dye binding. Anal Biochem 72, 248-254 (1976).
368

Mondal, S., Hsiao, K. & Goueli, S. A. A Homogenous Bioluminescent System for Measuring
GTPase, GTPase Activating Protein, and Guanine Nucleotide Exchange Factor Activities.
Assay Drug Dev Technol 13, 444-455, doi:10.1089/adt.2015.643 (2015).

369

Wennerberg, K. et al. RhoG signals in parallel with Rac1 and Cdc42. J Biol Chem 277,
47810-47817, doi:10.1074/jbc.M203816200 (2002).

128

370

Brtva, T. R. et al. Two distinct Raf domains mediate interaction with Ras. J Biol Chem 270,

371

Kopra, K. et al. A homogeneous quenching resonance energy transfer assay for the kinetic

9809-9812 (1995).

analysis of the GTPase nucleotide exchange reaction. Anal Bioanal Chem 406, 4147-4156,
doi:10.1007/s00216-014-7795-7 (2014).
372

Guzman, C. et al. The efficacy of Raf kinase recruitment to the GTPase H-ras depends on
H-ras membrane conformer-specific nanoclustering. J Biol Chem 289, 9519-9533,
doi:10.1074/jbc.M113.537001 (2014).

373

Hall, B. E., Yang, S. S., Boriack-Sjodin, P. A., Kuriyan, J. & Bar-Sagi, D. Structure-based
mutagenesis reveals distinct functions for Ras switch 1 and switch 2 in Sos-catalyzed
guanine

nucleotide

exchange.

J

Biol

Chem

276,

27629-27637,

doi:10.1074/jbc.M101727200 (2001).
374

Mai, A. et al. Competitive binding of Rab21 and p120RasGAP to integrins regulates
receptor traffic and migration. J Cell Biol 194, 291-306, doi:10.1083/jcb.201012126
(2011).

375

Gremer, L. et al. Germline KRAS mutations cause aberrant biochemical and physical
properties

leading

to

developmental

disorders.

Hum

Mutat

32,

33-43,

doi:10.1002/humu.21377 (2011).
376

Martikkala, E. et al. Homogeneous single-label biochemical Ras activation assay using
time-resolved luminescence. Anal Chem 83, 9230-9233, doi:10.1021/ac202723h (2011).

377

Zhang, J. H., Chung, T. D. & Oldenburg, K. R. A Simple Statistical Parameter for Use in
Evaluation and Validation of High Throughput Screening Assays. J Biomol Screen 4, 67-73
(1999).

378

Koskela, H. L. et al. Somatic STAT3 mutations in large granular lymphocytic leukemia. N
Engl J Med 366, 1905-1913, doi:10.1056/NEJMoa1114885 (2012).

379

Rajala, H. L. et al. Discovery of somatic STAT5b mutations in large granular lymphocytic
leukemia. Blood 121, 4541-4550, doi:10.1182/blood-2012-12-474577 (2013).

380

Zielinski, T. et al. Two Galpha(i1) rate-modifying mutations act in concert to allow
receptor-independent, steady-state measurements of RGS protein activity. J Biomol
Screen 14, 1195-1206, doi:10.1177/1087057109347473 (2009).

381

Lin, R., Cerione, R. A. & Manor, D. Specific contributions of the small GTPases Rho, Rac,
and Cdc42 to Dbl transformation. J Biol Chem 274, 23633-23641 (1999).

382

Matsuura, A. & Lee, H. H. Crystal structure of GTPase-activating domain from human
MgcRacGAP.

Biochem

Biophys

Res

Commun

435,

367-372,

doi:10.1016/j.bbrc.2013.04.094 (2013).
383

Strelow, J. et al. in Assay Guidance Manual

(eds G. S. Sittampalam et al.) (2004).

384

Thery,

and

M.

&

Bornens,

M.

Get

round

doi:10.2976/1.2895661 (2008).

129

stiff

for

mitosis.

HFSP

J

2,

65-71,

385

Benard, V., Bohl, B. P. & Bokoch, G. M. Characterization of rac and cdc42 activation in
chemoattractant-stimulated human neutrophils using a novel assay for active GTPases. J
Biol Chem 274, 13198-13204 (1999).

386

Mollinedo, F. & Gajate, C. Microtubules, microtubule-interfering agents and apoptosis.
Apoptosis 8, 413-450 (2003).

387

Yoshizaki, H. et al. Cell type-specific regulation of RhoA activity during cytokinesis. J Biol

388

Aoki, K., Kiyokawa, E., Nakamura, T. & Matsuda, M. Visualization of growth signal

Chem 279, 44756-44762, doi:10.1074/jbc.M402292200 (2004).

transduction cascades in living cells with genetically encoded probes based on Forster
resonance energy transfer. Philos Trans R Soc Lond B Biol Sci 363, 2143-2151,
doi:10.1098/rstb.2008.2267 (2008).
389

Komatsu, N. et al. Development of an optimized backbone of FRET biosensors for kinases
and GTPases. Mol Biol Cell 22, 4647-4656, doi:10.1091/mbc.E11-01-0072 (2011).

390

Barr, F. A., Sillje, H. H. & Nigg, E. A. Polo-like kinases and the orchestration of cell
division. Nat Rev Mol Cell Biol 5, 429-440, doi:10.1038/nrm1401 (2004).

391

van Vugt, M. A. et al. Polo-like kinase-1 is required for bipolar spindle formation but is
dispensable for anaphase promoting complex/Cdc20 activation and initiation of cytokinesis.
J Biol Chem 279, 36841-36854, doi:10.1074/jbc.M313681200 (2004).

392

Sumara, I. et al. Roles of polo-like kinase 1 in the assembly of functional mitotic spindles.
Curr Biol 14, 1712-1722, doi:10.1016/j.cub.2004.09.049 (2004).

393

Petronczki, M., Glotzer, M., Kraut, N. & Peters, J. M. Polo-like kinase 1 triggers the
initiation of cytokinesis in human cells by promoting recruitment of the RhoGEF Ect2 to the
central spindle. Dev Cell 12, 713-725, doi:10.1016/j.devcel.2007.03.013 (2007).

394

Sander, E. E., ten Klooster, J. P., van Delft, S., van der Kammen, R. A. & Collard, J. G. Rac
downregulates Rho activity: reciprocal balance between both GTPases determines cellular
morphology and migratory behavior. J Cell Biol 147, 1009-1022 (1999).

395

Schwartz, M. A., Meredith, J. E. & Kiosses, W. B. An activated Rac mutant functions as a
dominant

negative

for

membrane

ruffling.

Oncogene

17,

625-629,

doi:10.1038/sj.onc.1201977 (1998).
396

Tillement, V. et al. Spindle assembly defects leading to the formation of a monopolar

397

Woodcock, S. A. et al. Tiam1-Rac signaling counteracts Eg5 during bipolar spindle

mitotic apparatus. Biol Cell 101, 1-11, doi:10.1042/BC20070162 (2009).

assembly

to

facilitate

chromosome

congression.

Curr

Biol

20,

669-675,

doi:10.1016/j.cub.2010.02.033 (2010).
398

Darnell, J. E., Jr. STATs and gene regulation. Science 277, 1630-1635 (1997).

399

Raptis, L., Arulanandam, R., Geletu, M. & Turkson, J. The R(h)oads to Stat3: Stat3
activation

by

the

Rho

GTPases.

doi:10.1016/j.yexcr.2011.05.008 (2011).

130

Exp

Cell

Res

317,

1787-1795,

400

Reich, N. C. STATs get their move on. JAKSTAT 2, e27080, doi:10.4161/jkst.27080

401

Yu, H., Lee, H., Herrmann, A., Buettner, R. & Jove, R. Revisiting STAT3 signalling in

(2013).

cancer: new and unexpected biological functions. Nat Rev Cancer 14, 736-746,
doi:10.1038/nrc3818 (2014).
402

Faruqi, T. R., Gomez, D., Bustelo, X. R., Bar-Sagi, D. & Reich, N. C. Rac1 mediates STAT3
activation

by

autocrine

IL-6.

Proc

Natl

Acad

Sci

U

S

A

98,

9014-9019,

doi:10.1073/pnas.161281298 (2001).
403

Simon, A. R. et al. Regulation of STAT3 by direct binding to the Rac1 GTPase. Science
290, 144-147 (2000).

404

Liu, L. et al. Identification of STAT3 as a specific substrate of breast tumor kinase.

405

Cimica, V., Chen, H. C., Iyer, J. K. & Reich, N. C. Dynamics of the STAT3 transcription

Oncogene 25, 4904-4912, doi:10.1038/sj.onc.1209501 (2006).

factor: nuclear import dependent on Ran and importin-beta1. PLoS One 6, e20188,
doi:10.1371/journal.pone.0020188 (2011).
406

Schust, J., Sperl, B., Hollis, A., Mayer, T. U. & Berg, T. Stattic: a small-molecule inhibitor
of

STAT3

activation

and

dimerization.

Chem

Biol

13,

1235-1242,

doi:10.1016/j.chembiol.2006.09.018 (2006).
407

Zhong, Z., Wen, Z. & Darnell, J. E., Jr. Stat3: a STAT family member activated by tyrosine
phosphorylation in response to epidermal growth factor and interleukin-6. Science 264,
95-98 (1994).

408

Quintas-Cardama, A. et al. Preclinical characterization of the selective JAK1/2 inhibitor
INCB018424: therapeutic implications for the treatment of myeloproliferative neoplasms.
Blood 115, 3109-3117, doi:10.1182/blood-2009-04-214957 (2010).

409

Kreis, S., Munz, G. A., Haan, S., Heinrich, P. C. & Behrmann, I. Cell density dependent
increase of constitutive signal transducers and activators of transcription 3 activity in
melanoma

cells

is

mediated

by

Janus

kinases.

Mol

Cancer

Res

5,

1331-1341,

doi:10.1158/1541-7786.MCR-07-0317 (2007).
410

Steinman, R. A., Wentzel, A., Lu, Y., Stehle, C. & Grandis, J. R. Activation of Stat3 by cell
confluence reveals negative regulation of Stat3 by cdk2. Oncogene 22, 3608-3615,
doi:10.1038/sj.onc.1206523 (2003).

411

Vultur, A. et al. Cell-to-cell adhesion modulates Stat3 activity in normal and breast
carcinoma cells. Oncogene 23, 2600-2616, doi:10.1038/sj.onc.1207378 (2004).

412

Corvinus, F. M. et al. Persistent STAT3 activation in colon cancer is associated with
enhanced cell proliferation and tumor growth. Neoplasia 7, 545-555 (2005).

413

Xiong, H. et al. Inhibition of JAK1, 2/STAT3 signaling induces apoptosis, cell cycle arrest,
and reduces tumor cell invasion in colorectal cancer cells. Neoplasia 10, 287-297 (2008).

131

414

Guyer, R. A. & Macara, I. G. Loss of the polarity protein PAR3 activates STAT3 signaling
via an atypical protein kinase C (aPKC)/NF-kappaB/interleukin-6 (IL-6) axis in mouse
mammary cells. J Biol Chem 290, 8457-8468, doi:10.1074/jbc.M114.621011 (2015).

415

Chen, X. & Macara, I. G. Par-3 controls tight junction assembly through the Rac exchange
factor Tiam1. Nat Cell Biol 7, 262-269, doi:10.1038/ncb1226 (2005).

416

Nishimura, T. et al. PAR-6-PAR-3 mediates Cdc42-induced Rac activation through the Rac

417

Mertens, A. E., Rygiel, T. P., Olivo, C., van der Kammen, R. & Collard, J. G. The Rac

GEFs STEF/Tiam1. Nat Cell Biol 7, 270-277, doi:10.1038/ncb1227 (2005).

activator Tiam1 controls tight junction biogenesis in keratinocytes through binding to and
activation

of

the

Par

polarity

complex.

J

Cell

Biol

170,

1029-1037,

doi:10.1083/jcb.200502129 (2005).
418

Bonastre, E. et al. PARD3 Inactivation in Lung Squamous Cell Carcinomas Impairs STAT3
and Promotes Malignant Invasion. Cancer Res 75, 1287-1297, doi:10.1158/00085472.CAN-14-2444 (2015).

419

Koh, W., Mahan, R. D. & Davis, G. E. Cdc42- and Rac1-mediated endothelial lumen
formation requires Pak2, Pak4 and Par3, and PKC-dependent signaling. J Cell Sci 121,
989-1001, doi:10.1242/jcs.020693 (2008).

420

Tsai, C. T. et al. Angiotensin II activates signal transducer and activators of transcription 3
via Rac1 in atrial myocytes and fibroblasts: implication for the therapeutic effect of statin
in

atrial

structural

remodeling.

Circulation

117,

344-355,

doi:10.1161/CIRCULATIONAHA.107.695346 (2008).
421

John, J. et al. Kinetics of interaction of nucleotides with nucleotide-free H-ras p21.
Biochemistry 29, 6058-6065 (1990).

422

McEwen, D. P., Gee, K. R., Kang, H. C. & Neubig, R. R. Fluorescent BODIPY-GTP analogs:
real-time measurement of nucleotide binding to G proteins. Anal Biochem 291, 109-117,
doi:10.1006/abio.2001.5011 (2001).

423

Korlach, J. et al. Spontaneous nucleotide exchange in low molecular weight GTPases by
fluorescently labeled gamma-phosphate-linked GTP analogs. Proc Natl Acad Sci U S A 101,
2800-2805, doi:10.1073/pnas.0308579100 (2004).

424

Self, A. J. & Hall, A. Measurement of intrinsic nucleotide exchange and GTP hydrolysis

425

Richnau, N. & Aspenstrom, P. Rich, a rho GTPase-activating protein domain-containing

rates. Methods Enzymol 256, 67-76 (1995).

protein involved in signaling by Cdc42 and Rac1. J Biol Chem 276, 35060-35070,
doi:10.1074/jbc.M103540200 (2001).
426

Marshall, C. B. et al. Probing the GTPase cycle with real-time NMR: GAP and GEF activities

427

Kopra, K. et al. GTP-specific fab fragment-based GTPase activity assay. Anal Chem 87,

in cell extracts. Methods 57, 473-485, doi:10.1016/j.ymeth.2012.06.014 (2012).

3527-3534, doi:10.1021/acs.analchem.5b00117 (2015).

132

428

Schwartz, S. L. et al. Flow cytometry for real-time measurement of guanine nucleotide
binding

and

exchange

by

Ras-like

GTPases.

Anal

Biochem

381,

258-266,

doi:10.1016/j.ab.2008.06.039 (2008).
429

Evelyn, C. R. et al. High-throughput screening for small-molecule inhibitors of LARGstimulated RhoA nucleotide binding via a novel fluorescence polarization assay. J Biomol
Screen 14, 161-172, doi:10.1177/1087057108328761 (2009).

430

Baell, J. B. & Holloway, G. A. New substructure filters for removal of pan assay
interference compounds (PAINS) from screening libraries and for their exclusion in
bioassays. J Med Chem 53, 2719-2740, doi:10.1021/jm901137j (2010).

431

Scheffzek, K. et al. Structural analysis of the GAP-related domain from neurofibromin and
its implications. EMBO J 17, 4313-4327, doi:10.1093/emboj/17.15.4313 (1998).

432

Hagan, A. K. & Zuchner, T. Lanthanide-based time-resolved luminescence immunoassays.
Anal Bioanal Chem 400, 2847-2864, doi:10.1007/s00216-011-5047-7 (2011).

433

Mazhab-Jafari, M. T. et al. Real-time NMR study of three small GTPases reveals that
fluorescent

2'(3')-O-(N-methylanthraniloyl)-tagged

nucleotides

alter

hydrolysis

and

exchange kinetics. J Biol Chem 285, 5132-5136, doi:10.1074/jbc.C109.064766 (2010).
434

Grabocka, E. et al. Wild-type H- and N-Ras promote mutant K-Ras-driven tumorigenesis
by

modulating

the

DNA

damage

response.

Cancer

Cell

25,

243-256,

doi:10.1016/j.ccr.2014.01.005 (2014).
435

Maltese, W. A. & Overmeyer, J. H. Non-apoptotic cell death associated with perturbations

436

Saenz, J. B. et al. Golgicide A reveals essential roles for GBF1 in Golgi assembly and

of macropinocytosis. Front Physiol 6, 38, doi:10.3389/fphys.2015.00038 (2015).

function. Nat Chem Biol 5, 157-165, doi:10.1038/nchembio.144 (2009).

133

30/2016 Mette Ilander
T and NK Cell Mediated Immunity in Chronic Myeloid Leukaemia
31/2016 Ninja Karikoski
The Prevalence and Histopathology of Endocrinopathic Laminitis in Horses
32/2016 Michael Backlund
Regulation of Angiotensin II Type 1 Receptor by Its Messenger RNA-Binding Proteins
33/2016 Stanislav Rozov
Circadian and Histaminergic Regulation of the Sleep-Wakefulness Cycle
34/2016 Bárbara Herranz Blanco
Multi-Approach Design and Fabrication of Hybrid Composites for Drug Delivery and Cancer
Therapy
35/2016 Siri Tähtinen
Combining Oncolytic Immunotherapies to Break Tumor Resistance
36/2016 Katri Sääksjärvi
Diet, Lifestyle Factors, Metabolic Health and Risk of Parkinson’s Disease – A Prospective
Cohort Study
37/2016 Alexandre Borrel
Development of Computational Methods to Predict Protein Pocket Druggability and Profile
Ligands using Structural Data
38/2016 Gonçalo Barreto
Innate Immunity in Osteoarthritis: The Role of Toll-Like Receptors and Cartilage Derived
Mediators in the Disease Progression
39/2016 Alexey Yukin
Animal Models of Early Brain Disorders: Behavioural and Electrophysiological Approaches
40/2016 Satu Valo
Western Diet and Genetic Predisposition as Risk Factors of Colon Cancer
41/2016 Riccardo Siligato
Hormonal Regulation of Primary and Secondary Growth in the Root of Arabidopsis thaliana
42/2016 Janne Tynell
Virus-Host Interactions of Emerging Respiratory Pathogens
43/2016 Katri Korpela
Intestinal Microbiota Development in Childhood: Implications for Health and Disease
44/2016 Mikko Muona
Identification of New Genetic Syndromes with Epilepsy by Whole-Exome Sequencing
45/2016 Ana Cathia Dias Magalhães
On the Mechanisms of Neural Development in the Ventral Telencephalon
46/2016 Petri Arvilommi
Treatment, Adherence and Disability in Bipolar Disorder
47/2016 Annika Thomson
Finnish Pretrial Male Firesetters: Mortality, Suicidality, Psychopathy and
Morbidity of Schizophrenia
48/2016 Sami Svanbäck
Toward Accurate High-Throughput Physicochemical Profiling using
Image-Based Single-Particle Analysis
49/2016 Katarzyna Leskinen
The Roles of YbeY, RfaH, and Hfq in Gene Regulation and Virulence of
Yersinia enterocolitica O:3

ISSN 2342-3161

ISBN 978-951-51-2350-3

50/2016

Helsinki 2016

ARJAN VAN ADRICHEM Discovery Of Small Molecule Modulators Of Ras Superfamily Proteins – Studies Of MgcRacGAP And Ras

Recent Publications in this Series

dissertationes scholae doctoralis ad sanitatem investigandam
universitatis helsinkiensis

ARJAN VAN ADRICHEM

Discovery of Small Molecule Modulators of Ras
Superfamily Proteins – Studies of MgcRacGAP and Ras

INSTITUTE FOR MOLECULE MEDICINE FINLAND
FACULTY OF MEDICINE
DOCTORAL PROGRAMME IN BIOMEDICINE
UNIVERSITY OF HELSINKI

50/2016

