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Summary

Dysregulation of MAPK pathway components is frequently associated with carcinogenesis and
developmental disorders. The Noonan syndrome (NS), one group of these disorders, is characterized
by dysmorphic facial features, skeletal anomalies, and intellectual and developmental disabilities. NS
is caused by germline mutations of genes related to MAPK pathway components, such as RAF1, which
cause a gain-of-function of the pathway. A special feature of NS patients with RAFI mutations is the
high occurrence of a hypertrophic cardiomyopathy (HCM), which is defined by an increased left
ventricular wall thickness. In this doctoral study, we established a protocol for the differentiation of
iPSC lines (wild-type RAF1 and patient-derived RAF15%"") to highly pure, ventricular and contractile 3-
dimensional cardiac bodies (CBs). This cell model system enabled us to investigate the mechanistic
basis of cardiac hypertrophy induced by NS-associated RAF1°%’*, We observed hypertrophic features
in RAF15%°7t CBs, such as cell size enlargement, re-expression of fetal genes, a switch of myosin heavy
chain beta to alpha, and an impaired calcium transient. Most remarkably, RAF1°%*’* CBs and the
corresponding heart biopsy samples from the RAF1%%"* patient revealed a lack of the I-band, the
flexible region of the sarcomeres. These features were revertible upon treatment with a MEK inhibitor.
Signal transduction processes were investigated in further projects related to the RHO GTPases, CDC42
and RAC1. A gain-of-function variant of CDC42 (R186C), causing a previously unrecognized and
distinctive hematological/autoinflammatory disorder, revealed an impaired cytosol/membrane
shuttling due to an extraction inhibition by the GDP dissociation inhibitor (GDI) This resulted in an
enhanced localization at the Golgi apparatus. Other issues dealt with the positive effect of RAC1 signal
suppression in a tumor relevant surrounding. We discovered a small molecule inhibitor against VAV3,
a RAC activator and a critical component of BCR-ABL pathway. Most strikingly, administration of this
inhibitor to a BCR-ABL leukemia model resulted in a significant decrease in leukemic burden. Finally,
we provided novel evidence that inhibition of RAC signaling by lovastatin mediats radioprotective
potency on primary lung cells and rodent lung tissue following fractionated irradiation. This
radioprotective effects of statins on normal tissue might be useful in the clinic to widen the therapeutic

window of radiotherapy.



Zusammenfassung

Eine Dysregulation der MAPK-Signalwegkomponenten ist haufig mit einer Karzinogenese und
auftretenden Entwicklungsstorungen verbunden. Das Noonan-Syndrom (NS), eine Gruppe dieser
Storungen, ist durch dysmorphe Gesichtsmerkmale, Skelettanomalien sowie Geistes- und
Entwicklungsstorungen gekennzeichnet. NS wird durch Keimbahnmutationen in Genen von MAPK-
Signalwegkomponenten wie RAF1 ausgeldst, was zu einem gain-of-function des Signalwegs fuhrt. Eine
Besonderheit bei NS-Patienten mit RAF1-Mutationen ist das verstarkte Auftreten einer hypertrophen
Kardiomyopathie, die durch eine erhohte Wandstarke des linken Ventrikels definiert ist. In dieser
Doktorarbeit wurde ein Protokoll entwickelt um iPSC-Linien (Wildtyp-RAF1 und vom Patienten
stammende RAF1°%") zu reinen, ventrikuldren und kontraktilen dreidimensionalen Cardiac Bodies
(CBs) zu differenzieren. Dieses Zellmodell ermoglichte uns die Untersuchung, der mechanistischen
Grundlagen der NS-assoziierten RAF15%°"t induzierte Herzhypertrophie. Wir beobachteten in RAF157
CBs hypertrophe Merkmale wie ZellvergrofRerung, die erneute Expression fetaler Gene, einen
Expressionswechsel der schweren Myosin Ketten von Beta zu Alpha und eine Beeintrdchtigung der
Calciumtransienten. Bemerkenswerterweise zeigte sich in RAF152*’-CBs und den entsprechenden
Herzbiopsien des RAF1°%*’'-Patienten ein fehlendes I-Band, die flexible Region der Sarkomere. Die
meisten der genannten Merkmale waren nach Behandlung mit einem MEK-Inhibitor umkehrbar.
AulRerdem wurden in weiteren Teilprojekten die Signaltransduktionsprozesse im Zusammenhang mit
den RHO-GTPasen CDC42 und RAC1 untersucht. Eine Variante von CDC42 (R186C), die eine zuvor nicht
beschriebene hamatologische/autoinflammatorische Stérung verursachte, zeigte einen gestorten
Zytosol/Membran-Transport, der auf eine Extraktions-Hemmung durch den GDP dissociation inhibitor
(GDI) zurtickgefiihrt werde konnte und zu einer erhdhten Lokalisierung am Golgi-Apparat fihrte.
Andere Themen befassten sich mit dem positiven Effekt der RAC1-Signalunterdriickung in einem
tumorrelevanten Zellmilieu. Wir entdeckten einen kleinen Inhibitor gegen VAV3, einen RAC-Aktivator
und eine kritische Komponente des BCR-ABL-Signalwegs. Am auffalligsten ist, dass die Verabreichung
dieses Inhibitors in einem BCR-ABL-Leukdmiemodell zu einer signifikanten Verringerung der
Leukamiebelastung fuhrte. SchlieRlich lieferten wir neue Beweise dafiir, dass die Hemmung der RAC-
Signallbertragung durch Lovastatin nach fraktionierter Bestrahlung, eine Strahlenschutzwirkung auf
primdre Lungenzellen und Nagetier-Lungengewebe verursachte. Diese Strahlenschutzwirkung von
Statinen auf normales Gewebe kdnnte in der Klinik nitzlich sein, um das therapeutische Fenster der

Strahlentherapie zu erweitern.
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Chapter I: General introduction

1 The human heart

The human heart is the contractile center of the circulatory system whose main task is to pump
blood through the pulmonary system and peripheral organs. Therefore, the heart is responsible for
the transport of nutrients and oxygen as well as the removal of metabolic end products. Furthermore,
it plays a major role in the distribution of hormones and immune cells, defending the body against
infections [1,2]. In humans, the heart is divided into four distinct chambers, the right atrium and the
affiliated ventricle that pumps blood through the lungs, and the left atrium and its affiliated ventricle
that pumps blood through the peripheral organs [3]. In the healthy heart, valves separate each atrium
and ventricle, as well as the exit of each ventricle. The contractility of the heart is achieved by the
myocardium, striated muscles that represent the main tissue of the heart wall. It is composed of

cardiomyocytes which serve as the cellular contracting subunits [4].
1.1 Structure and function of cardiomyocytes

Cardiomyocytes, also known as the contracting cells in the myocardium, enable the hearts function
as a pumping organ. Compared to other cell types, cardiomyocytes own special features. After
formation and differentiation of the fetal heart cardiomyocytes lose their ability to proliferate. A
second DNA synthesis phase occurring directly after birth is associated with a karyokinesis without
cytokinesis, resulting in binucleation of most cardiomyocytes [5,6]. Postnatal, the heart size is therefore
not regulated by an increase in cell number but almost exclusively by an increase in cardiomyocyte
size, a process which is referred to as hypertrophy [7]. This physiological hypertrophy results in a size
increase of approximately 8-fold within the first 20 years of life [8]. Even if there is more occurring
evidence that some cardiomyocytes still maintain their ability to proliferate, this small number is
almost negligible in consideration of heart regeneration [9]. Due to that, hypertrophy of
cardiomyocytes after injury, long lasting hemodynamic stress, or as a result of genetic alteration often

results in a pathological state involving cardiomyocytes death and fibrotic remodeling of the heart [10].

The ability to contract is triggered by action potentials which originate from the sinoatrial node,
located in the right atrium of the heart. This electrical impulse is precisely orchestrated from cell to
cell to guarantee a properly organized contraction of the whole organ [11]. The contraction of single
cardiomyocytes is accurately regulated by a defined set of ion channels and ion exchangers which
control the Ca?* influx from the extracellular space as well as from the sarcoplasmic reticulum (SR) [12].
The action potential is initiated by depolarization of the sarcolemma, the cell membrane of myocytes,
which results in opening of voltage dependent L-type Ca?* channels. The influx of Ca?*, activates in turn
the Ca*-induced Ca* release from the SR which is controlled by ryanodine receptors (RyR). On a
molecular level the muscular contractility is the result of a reversible interaction of the two proteins

actin and myosin [13].
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Figure 1: Calcium cycling in cardiomyocytes.

Depolarization of the sarcolemma by rapid sodium influx results in opening of voltage-dependent L-type Ca?*
channels. Extracellular Ca?* influx causes calcium-induced calcium release from the SR via the ryanodine receptor.
The increase in free intracellular Ca** enables myocyte contraction. Ca**-activated kinases phosphorylate
phospholamban (PLN), therefore relieving its repression on SERCA2A, which rapidly re-imports Ca2* into the SR.
This leads to decreased levels of intracellular Ca?*. The Na+/Ca2+ exchangers help restoring the initial Ca?*
concentration resulting in relaxation of the sarcomeres. (Figure adapted from Baskin, et al. [14])

Every cardiomyocyte contains numerous tubular myofibrils which are composed of repeating
sections of sarcomeres. These sarcomeres are limited by the so-called Z disc. Titin, a 3400 kDa large
protein is furthermore contributing in stability of the sarcomeres [15]. One single titin molecule is
stretched from each Z-disc to the middle of the sarcomeres which is usually referred to as M line. The
regions containing myosin filaments are called A band (anisotropic when viewed with polarized light)
and appears darker under the microscope. In contrast, regions that are lacking myosin and only contain
actin are called | bands (isotropic) (Figure 2) [16-18]. The globular end of the myosin heads can bind to
actin and bend, leading to sarcomere shortening due to actin-myosin filament sliding [19]. This cycle
requires the hydrolysis of adenosine triphosphate (ATP) as a main source of energy for the contraction.
The increase in cytosolic Ca?* furthermore serve as important regulator of myosin-binding to
filamentous actin by interacting with troponin and tropomyosin, therefore exposing myosin-binding
sites [20]. Cytosolic Ca?* is mainly removed by two mechanisms. Re-uptake of Ca* into the SR is
achieved in an active manner by the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA)
which can be negatively regulated by phosphorylated phospholamban (PLN) [21]. Furthermore, Ca%* is
exported by a Na*/Ca?* exchangers, guaranteeing a repolarization of the cardiomyocyte resulting in

the relaxation of the cell [22].



Chapter I: General introduction

| band A band Myosin filament

T \ \\V 4
Z disc M line Titin
Figure 2: Schematic illustration of a human sarcomere.
Sarcomeres are repeating units between two Z discs. The Z discs are surrounded by the | band (for isotropic)
which is the zone of thin actin filaments that do not contain thick myosin filaments. The A band (for anisotropic)
contains thin and thick filaments. In the middle of each sarcomere is the M line (for middle). Titin, the biggest
known protein, functions as a molecular spring, therefore guaranteeing the elasticity of the sarcomeres. It
extends from the Z-line of the sarcomere to the M-band, where it interacts with the thick filaments.

Actin filament

2 Stemcells

Stem cells are a special cell population which can be found biologically conserved in a majority of
multicellular organisms. Stem cells are usually characterized by two special abilities, which separate
them from any other cell type. The ability to continuously proliferate, called self-renewal, and the
ability to differentiate into different cell lineages that is called potency [23]. The introduction of
embryonic stem cells (ESCs) into medical research paved the way for a new variety of possible
experimental applications [24]. The first human ESCs were successfully isolated from the inner cell mass
of a human blastocyst in 1998. Due to their high telomerase activity, these cells can be cultured for
several passages without losing their karyotype and their specific stem cell characteristics [25].
Self-renewal of stem cells is defined as the capability to perform cell division and generating daughter
cells that are identical to the mother cell and remain the same developmental potential [26]. Potency
is described as the potential to differentiate into any available mature cell type. Nevertheless, the level
of potency differs between the human stem cells, reaching from totipotent stem cells which can
differentiate into embryonic and extraembryonic cell types up to unipotent stem cells which are solely

able to produce one cell type but still have the property of self-renewal [27,28].
2.1 Induced pluripotent stem cells

Although the use of ESCs enabled a huge variety of experimental applications, problems like cell

derivation as well as ethical issues made it difficult for the community to work with ESCs [29].

4
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Therefore, the discovery of induced pluripotent stem cells (iPSCs) was seen as a breakthrough in
creating an alternative to ESCs. Retroviral transduction of the four transcriptional factors OCT3/4,
SOX2, c-MYC and KLF4 into human adult fibroblasts resulted in generation of pluripotent stem cells
[30]. Pluripotent cells are characterized by their ability to differentiate into any cells that are derived
from the three germ layers (ectoderm, mesoderm and endoderm) [31,32]. With the introduction of
iPSCs, existing problems like efficiency, but also ethical and immunological issues were solved.
Although iPSCs still reveal certain differences to ESCs in their expression and epigenetics, they share
the characteristics of self-renewal and pluripotency as well as their morphology and the physiological

properties of ESCs [33,34].

In the last decades, human stem cells were widely used as a model to study cellular processes like
differentiation and tissue development. Furthermore, stem cells have a huge impact on biomedical
research regarding the identification of target genes for new drugs or toxicity assays [26]. Nevertheless,
the biggest impact of iPSCs on biomedical science is their usage in cell-based therapies and
regenerative medicine. Human iPSCs are widely used to generate human disease models in vitro either
to investigate the molecular mechanism of the diseases or for drug-screening against proteins of
interest. Disease modeling starts with the isolation of patient-specific cells harboring disease-deriving
somatic mutations, followed by their reprogramming to iPSCs. These cells are afterwards
differentiated into the disease-relevant cell types which can be used for further investigation [35,36].
Moreover, iPSC-derived cells are frequently used to study their application as a replacement of
disease-involved cells, for example in the treatment of macular degeneration or cardiac ischemia,

where they replace fibrotic tissue [37,38]

3 Mitogen-activated protein kinase (MAPK) pathway signaling

Mitogen-activated protein kinases (MAPK) are usually components of a three kinase regulatory
cascade, being key components in intracellular signal transduction of external stimuli and thereby,
controlling multiple cellular processes including growth, proliferation, differentiation, motility, stress
response, survival and apoptosis [39,40]. Within the cascade MAPKs are phosphorylated and activated
by upstream MAPK kinases (MAPKK) which catalyze the phosphorylation of MAPKs on both tyrosine
and threonine residues [41]. MAPKKs in turn are phosphorylated and activated by MAPKK kinases
(MAPKKK). The signal transduction is controlled by guanosine-5'-triphosphate (GTP) binding proteins
and specific kinases that might be considered as MAPKKK kinases (MAPKKKK) [42]. The variety of MAPK
responses is regulated by spatio-temporal activation of the different cascades in response to different

stimuli [39].
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4 RAS superfamily at a glance

The members of the RAS superfamily proto-oncogenes were introduced in the 1960s by the
discovery of two viruses causing tumors in rats. The sarcoma-causing viral genes were names after
their discoverers Jennifer Harvey and Werner Kirsten, from this time on as Harvey rat sarcoma (HRAS)
and Kirsten rat sarcoma (KRAS) [43,44]. Two decades later, the first activated human form of HRAS has
been identified in bladder cancer, showing a genetic alteration in amino acid (aa) residue 12 [45-47].
Until today, more than 150 homologous proteins were discovered, collectively termed as RAS
superfamily proteins. All of its members are small (21-25 kDa) GTP binding proteins which hydrolyze
GTP and therefore cycle between an active, GTP-bound and an inactive, GDP-bound state (Figure 3)
[48,49]. Structurally, RAS family GTPases share a conserved 20 kDa G domain which is involved in GTP
binding as well as in GTP hydrolysis [48]. Furthermore, these GTPases carry an additional C-terminal
hypervariable region (HVR) that can be posttranslationally modified and is important for membrane
interaction [50]. Functionally, the RAS superfamily is divided into five major families, named RAS, RHO,
RAB, ARF and RAN according to their sequence, structure and their functional similarities [51,52]. The
members of the RAS superfamily are essential for signal transduction by sensing extracellular signals
trough their corresponding receptors which are afterwards transmitted to their downstream
substrates. Therefore, they regulate a huge variety of cellular functions including gene expression,
metabolism, cell cycle progression, proliferation, survival, differentiation, vesicular transport,
cytoskeleton organization, migration, cell motility, endocytosis, contraction and nuclear transport [53-
55]. Furthermore, somatic and germline mutations in genes that are associated to the members of the
RAS family or their modulators are frequently correlated with the progression of cancer and

developmental diseases [56-59].
4.1 Structural properties of RAS GTPases

All RAS proteins share a nearly identical tertiary structure, which is composed of six B-sheets
surrounded by a-helices [60]. All members of the RAS superfamily share a central GTP/GDP-binding
domain, shortly called G-domain, which is important for the nucleotide binding as well as their
hydrolysis [49]. Furthermore, they share five conserved GDP/GTP-binding (G) motifs along their
sequence [61]. G1, or also called P-loop (*°GxxxxGKS/T*’; HRAS numbering), is able to bind the beta and
gamma phosphates resulting in high affinity binding of the nucleotides [49,62]. Codon 12 and codon 13
in G1 are the most frequently mutated RAS codons in human tumors, resulting in a reduced intrinsic
GTPase activity or an insensitivity against GTPase-activating proteins (GAP). Therefore, RAS is locked
in a constant hyperactive state [58,63]. G2 and G3, also referred to as switch | and switch Il, are dynamic
regions that sense the state of the bound nucleotide and serve furthermore as main interaction site

for RAS regulators and RAS effectors. The main conformational changes upon nucleotide exchange in
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RAS are basically confined to the switch regions [49,64]. Moreover, switch Il comprises the critical
catalytic amino acid Q61. Similar to G12, mutations of Q61 significantly reduce the intrinsic hydrolysis
rate and prevent the GAP-mediated inactivation [65]. Finally, G4 and G5 are crucial to determine the

nucleotide specificity of RAS [66)].

In the active state RAS proteins are located at the plasma membrane where they can physically
interact with their regulators and effectors. The association of RAS proteins with the cellular lipid
membrane is mediated through posttranslational modifications (PTM) and distinct motifs at their
C-terminal end, which is referred to as hyper variable region (HVR) [67,68]. Almost all RAS proteins
serve as substrates for isoprenyl-transferring enzymes, which covalently link farnesyl or geranylgeranyl
moieties to the cysteine residue of the very C-terminal CAAX motif (C, cysteine; A, aliphatic amino acid;
X, any amino acid) [69]. After prenylation of the RAS proteins, the AAX residues get proteolytically

cleaved by the endopeptidase RCE1 and the terminal isoprenylcysteine gets methylated [70].
4.2 RAS family GTPases

RAS is a family of ubiquitously expressed small GTPase, involved in intracellular signal transduction,
therefore regulating various cellular processes including proliferation and differentiation, cell growth
and survival [71,72]. Of its approximately 40 members, HRAS, NRAS and KRAS4B are the best
investigated RAS paralogues. The family members became scientifically interesting because of their
critical role in oncogenesis [73]. The best investigated RAS signaling pathway is RAS activation by SOS1
which is triggered through dimerization of the epidermal growth factor receptor (EGFR). Active RAS
then consequently binds and phosphorylates the members of the rapidly accelerated fibrosarcoma

(RAF) paralogues resulting in their activation.
4.3 RHO family GTPases

RAS Homologue (RHO) GTPases are a subfamily of the RAS superfamily with 20 classical members
identified in humans. They are key regulators of several cellular functions, especially in the regulation
of the cytoskeletal structure and dynamics [74]. Like RAS family proteins, RHO GTPases cycle between
an inactive GDP-bound and an active GTP-bound state. RHOA, RAC1 and CDC42 are the best
characterized members of the RHO family. Although the RHO members are strongly homologous in
their amino acid composition, stimulation of the single members results in different cellular outcomes.
Whereas RHOA regulates the assembly of contractile actin myosin filaments (also called stress fibers),
RAC1 and CDC42 regulate actin polymerization to form peripheral lamellipodial and filopodial
protrusions, respectively [75,76]. Furthermore, all three GTPase members can promote integrin

engagement with the extracellular matrix, therefore playing a critical role in cell migration [77].
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4.4 Regulation of small GTPases

The members of the RAS and RHO family GTPases can cycle between an active, GTP-bound and an
inactive, GDP-bound state, as discussed before. Nucleotide exchange and GTP hydrolysis are tightly
regulated by two classes of regulators, called guanine-nucleotide-exchange factors (GEFs) and GTPase-
activating proteins (GAPs), respectively [78,79]. RHO GEFs promote the exchange of GDP to GTP therby
activating the GTPase whereas RHO GAPs negatively regulate RAS activity by enhancing its intrinsic
GTPase activity. RHO GTPases comprise a third class of regulators which are determined as GDP
dissociation inhibitors (GDIs) [80]. GDIs inhibit the GTPase cycle by sequestering GDP bound RHO

GTPases from the membrane [81].

|

Effector Ri\F RALPDS PL¢C£ PI3K RASJ'S F5
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Figure 3: Schematic illustration of GTPase regulation and RAS downstream pathways.

RAS proteins cycle between an inactive GDP and an active GTP-bound state. The transition between these states
is mainly regulated by two main regulatory proteins called GEFs and GAPs. Whereas GEFs accelerate the
exchange of GDP to GTP, GAPs enhance their intrinsic GTPase activity. GTPases are only able to transduce a signal
in the GTP-bound state while they are located at the membrane by posttranslational modifications. Effector
proteins of active RAS and the downstream targets are visualized below the cycle. RAS, rat sarcoma; GEF, guanine
nucleotide exchange factor; GAP, GTPase-activating protein; RALGDS, guanine nucleotide dissociation
stimulator; RALBP1, RALA binding protein 1; PLCe, Phospholipase C g; DAG, diacylglycerol; IP3, inositol
trisphosphate; PKC, protein kinase C; RASSF5, RAS-association domain family; MST, mammalian sterile 20-like
kinase; LATS, large tumor suppressor kinase.
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4.4.1 GAPs

The complexity of cellular events explains the urgent need of enzymes like GAPs. Most cellular
events can be activated within a fraction of a second up to seconds upon e.g. ligand interaction with
membrane bound receptors. The fact that most of the known GTPases share a rather slow intrinsic
GTP hydrolysis rate results in an accumulation of active GTPases after stimulation. Since GAPs
negatively regulate RAS activity, enhancing its intrinsic GTPase activity by several orders of magnitude,
they are needed to terminate the initial signal transduction [78,82]. Therefore, GAP proteins coordinate
many processes in cells by either shutting down the main cascade or opposing signaling pathways to

provide stability of main cascade transmission [83].

4.4.2 GEFs

GEFs are able to bind specifically their affiliated RAS protein, accelerate the exchange of GDP for
GTP, and thus activate the GTPase. The most common mechanism to accelerate the exchange is a
reduction of the affinity to the bound GDP by several orders of magnitude [84]. The much higher
intracellular concentration of GTP results from the formation of an active GTP-bound complex, which
isin turn able to bind tightly to effector proteins. This results in conformational changes of the effector
and in signal transduction controlling a variety of cellular functions [85,86]. The Rho GEFs from the
diffuse B-cell ymphoma family (Dbl) consist of 74 members existing in humans [79]. A question of great
interest is why the necessity of such a large number of GEFs exists for the relative low number of

GTPases.

4.43 GDls

The RHO family of GTPases holds another class of regulators, which are called GDIs. In contrast to
the high number of GAPs and GEFs [78,79], there are only three genes in the human genome encoding
GDIs [80]. Whereas GDI1 is ubiquitously expressed, GDI2 is mainly expressed in the hematopoietic
tissue and GDI3 in human cerebral, lung and pancreatic tissue [87-89]. RHO GDIs main task is to
sequester GDP-bound RHO GTPases from the membrane, therefore protecting them against both

degradation and unspecific activation by RHO GEFs [90,91].

5 RAF proto-oncogene serine/threonine-protein kinase

The RAF Ser/Thr kinases link the RAS family proteins with the MEK/ERK pathway to control multiple
biochemical processes, such as proliferation, differentiation, and survival [92]. The first RAF member
was discovered 1983 by identification of the viral oncogene v-raf from the transforming murine
retrovirus 3611-MSV [93]. Shortly afterwards, its first cellular homologue CRAF [94,95] was discovered,

followed by identification of its paralogues ARAF [96] and BRAF [97].
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Activation of RAF kinases is a multistep process initialized by RAF recruitment from the cytosol to
the plasma membrane, followed by binding to GTP-bound RAS proteins [98-100]. Thereafter, the RAF
paralogues form homo- or heterodimer, resulting in the transphosphorylation of their kinase domains
[101]. Once activated, the RAF kinases are the main link in the RAS-MAPK pathway, ultimately resulting
in the activation of multiple other pathways [102,103]. Dysregulation of all three RAF paralogues was
shown to be associated with carcinogenesis and occurrence of developmental disorders, e.g. Noonan

syndrome (NS) [104-108].
5.1 RAF domain organization

All three human RAF paralogues share three conserved regions (CR) (Figure 4) [109,110]. CR1 consist
out of a RAS-binding domain (RBD) and a cysteine-rich domain (CRD), which are essential for the
interaction with active RAS proteins as well as with the plasma membrane, respectively [111,112]. CRAF
RBD consists of 5 B-sheets, interrupted by an a-helix, followed by two additional a-helices [113]. Amino
acid alignment as well as structural determination of all human RAF paralogues revealed a high
structural identity in the RBD [114]. Due to a high electrostatic complementary in their interaction
surface, RAF RBD is able to bind the switch | region of RAS proteins [112,115]. Genetic studies and
mutational analysis of the interaction site highlighted Arg59, GIn66, Lys84, and Arg89 (CRAF
numbering) to have a particular contribution to the high binding affinity between RAS and RAF [116-
119]. Beside interacting with active RAS proteins, RAF RBD was found to be involved in membrane
association of the RAF kinases. Five residues (Lys28, Arg52 Lys66, Arg68, and Lys69) in ARAF were
shown to be engaged in lipid binding. Interestingly, named amino acids were found to be mutated in

human cancer [118,120-122].

CR1 CR2 CR3
(61-194) (254-269) (335-627)
1 [ _E_RBD [ CRD] _ Kinase domain ] 648 CRAF
55-131 139-184 349-606
CR1 CR2 CR3
(160-289) @ (443-735)
1 BRS é [ CRD | _ ] Kinase domain —]766  BRAF
156-225 (235-282 457-714
CR1 CR2 CR3
(24-153) @ (207-589)
1 [ RBD ][ CRD | | Kinase domain [ ] 606  ARAF
— . .
20-89 99-147 310-567

Figure 4: Schematic illustration of RAF serine/threonine-protein kinase domain organization.

RAF paralogue domain organization, highlighting the evolutionary conserved regions (CR) as well as their
domains. ARAF is the shortest paralogue, followed by CRAF. BRAF contains an additional N-terminal domain
which is called BRAF-specific (BRS) domain. In the first conserved region, all RAFs share a Ras-binding domain
(RBD) and a cysteine-rich domain (CRD). CR2 is described as a flexible linker between the first and the third
conserved region which contains a regulatory multi-phosphorylation site. CR3 is composed out of the kinase
domain.
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The second domain in the CR1 is the CRD, which is connected to the RBD through a short linker
fragment [123]. It is composed of two functional zinc-binding motifs which enable interaction with
membrane lipids, like phosphatidic acid and phosphatidylserine [124,125]. Membrane interaction
occurs mainly through its residues 143-160 (CRAF counting) which are highly conserved among
different species [114]. Whether the CRD also directly interacts with RAS is still not fully deciphered
[126-129]. However, CRD interaction with plasma membrane lipids stabilizes the RAS-RAF complex,
therefore facilitating RAF activation. Mutational analysis of the zinc finger region revealed a diminished
CRD association with phosphatidylserine-containing liposomes and a diminished HRAS-dependent

activation [130,131].

CR2 is a small Ser/Thr-rich region and mainly important as multi-phosphorylation site, therefore
negatively regulating RAF kinase function [132,133]. The region linking CR1 with CR3, is structurally
disordered and therefore confers high structural flexibility to the kinase structure [134], which ensures

signal transduction of the kinase domain to its substrates [135].

CR3 is located in the C-terminus of the protein and mainly consists of the catalytic kinase domain
[136]. Like other kinase domains it contains two lobes which can open or close the catalytic cleft [135].
The opened cleft is able to bind ATP with an antiparallel B-sheet in its small lobe, whereas the a-helical
large lobe binds protein substrates in its closed form [135,137]. Although the RAF paralogue kinase
domains are highly conserved, they still differ in their kinase activity. BRAF was shown to have the
highest activity for MEK activation, followed by CRAF and then ARAF [138]. Nevertheless, regarding RAF
dimerization, a BRAF/CRAF heterodimer represents the most effective form for MEK phosphorylation
among all possible hetero- and homodimers [139]. Unlike the other paralogues, BRAF carries an
additional BRAF-specific region (BRS) in the N-terminus which forms an a-hairpin consisting of two
antiparallel a-helices that are connected by a short turn. BRS was shown to be important for the

dimerization with scaffolding proteins like the kinase suppressor of Ras (KSR) [140].
5.2 Regulation of the RAF kinase activity

In unstimulated quiescent cells, RAF kinases exist in a cytosolic autoinhibited form [141] in which
the N-terminal region inhibits the kinase domain [142,143]. This conformation is stabilized by binding
of two 14-3-3 proteins to two phosphorylation sites with a consensus sequence RSXpSXP (pS,
phosphor-serine; X, any amino acid; R, arginine; P, proline) [144-146]. The first site is located in CR2
(pS259 of CRAF, pS365 of BRAF and pS214 of ARAF) and the other behind CR3 (pS621 of CRAF, pS729
of BRAF, pS582 of ARAF) [147-150]. This simultaneous interaction results in a conformational change,

maintaining RAF in its inactive state (Figure 5) [146].

Activation of the RAF paralogues starts by the interaction with GTP-RAS [98,99], which is a critical

step towards translocation to the plasma membrane [124]. RBD and CRD collectively enable the
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interaction with RAS and the membrane phospholipids [151,152]. Furthermore, it was shown that also
the kinase domain transiently interacts with the membrane, which may lead to further modulation of
RAF function [153]. As the only member of the RAF kinases, BRAF was supposed to not exclusively be

activated by RAS but furthermore also by Ras-related protein Rap-1A [154,155].

Inhibition of kinase domain

RAS interaction
at the membrane

Tranlocation into
the cytosol

Dimerization and Phosphorylation of ,,N-region*
transphosphorylation

Figure 5: Regulation of CRAF kinase activity.

Activation of RAF starts by interaction with GTP-bound RAS and its translocation to the plasma membrane, which
is followed by 14-3-3 dissociation and dephosphorylation of the negative regulatory site in the CR2 (pS259) by
PP2A or a complex consisting of MRAS, SHOC2, and the dimeric PP1 phosphatase. Afterwards the N-region gets
phosphorylated at the tyrosine residues by members of the SRC family and at the serine residues by members of
the PAK and PKC families. Emerging negative electrostatic potential results in release of the autoinhibition and
formation of RAF dimers. This consequently leads to transphosphorylation of the activation segment. Activated
RAF dimers transmit the signal towards MEK1/2 which in turn phosphorylate ERK1/2. After signal transduction
dephosphorylation at S388 by PP5 and RKIP interaction with the N-region interfere with MEK binding. ERK
phosphorylates RAF in a negative feedback regulation at six different sites (529/543/5289/5296/5301/5642).
Finally, PKA, AKT and LATS1 rephosphorylate RAF at S259 therefore recycling RA Finto its autoinhibited state.
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Membrane translocation and RAS-association are followed by 14-3-3 dissociation and
dephosphorylation of the negative regulatory site in the CR2 (pS259 of CRAF, pS365 of BRAF and pS214
of ARAF) [156,157]. Currently, there are two proposed mechanisms for the dephosphorylation. In the
first scenario, a heterotrimeric PP2A phosphatase was proposed to dephosphorylate RAF using a yet
unclear mechanism [158-160]. The second mechanism employs a complex consisting of MRAS, SHOC2,
and the dimeric PP1 phosphatase, therefore facilitating the dephosphorylation of the inhibitory CR2

phosphorylation site and 14-3-3 dissociation [161-163].

All of the previous named actions induce a conformational change which results in activation of the
kinase domain. Afterwards, the RAF kinases have to be further phosphorylated on three more sites,
the negatively charged regulatory region (N-region), the activation segment and the C-terminal 14-3-
3 binding site [110]. The N-region is a 4-amino acid sequence motif in the N-terminus of CR3 which
slightly differs between the paralogues (338SSYY3*! for CRAF, **6SGYY** for BRAF and %%°SGYY3*? for
ARAF) [164,165]. Members of the SRC family kinases are responsible for the phosphorylation of the
tyrosine residues in the N-region of CRAF and ARAF. Phosphorylation of the serine residues at site | is
achieved by members of the PAK and PKC families [166,167]. Further phosphorylation is required in the
activation segment which is defined as two distinct residues in the kinase domain (ARAF: T452 and
T455, BRAF: T599 and S602, CRAF: T491 and S494) [168-170]. The emerging negative electrostatic
potential finally results in the release of the autoinhibition [142], enabling the formation of RAF dimers
[167,171-173]. RAF kinases form homodimers and heterodimers, which influence their substrate
specificity and catalytic efficiency [138,174]. RAF paralogues mainly dimerize through the N-terminal
lobes of their kinase domains [175,176]. Activating phosphorylation and the subsequent dimerization
are required for stable formation and increased local concentration of membrane-bound RAS-RAF
complexes into so-called nanoclusters [177,178]. Activated RAF dimers transmit the signal downstream
to MEK1 and MEK2 by phosphorylation of $218/5222 and S222/5226, respectively [179], which in turn
phosphorylate ERK1/2 [180,181].

After signal transduction, the hyperphosphorylated RAF will be inactivated and translocated into
the cytoplasm in a multistep process. Dephosphorylation at S388 by protein phosphatase 5 (PP5) and
RAF kinase inhibitor protein (RKIP) interaction with the phosphorylated N-region interfere with MEK
signaling and -binding, respectively [182,183]. Furthermore, CRAF was found to be phosphorylated by
ERK in a negative feedback regulation at six different sites, at the N-terminus (S29 and S43), between
CR2 and CR3 (5289/5296/5301) and at the C-terminus (S642) [184,185]. These phosphorylations

interfere with RAS-RAF interaction and RAF dimerization.

RAF paralogues are rephosphorylated at the CR2 (pS259 of CRAF, pS365 of BRAF and pS214 of ARAF)

in a final step, that ensures 14-3-3 interaction, therefore recycling RAF into their presignaling
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autoinhibited state. The main cellular kinases for CR2 phosphorylation are Protein kinase A (PKA) and
AKT, however also the large tumor suppressor kinase 1 (LATS1) was identified to phosphorylate CR2 in

a MST/Hippo-dependent manner [186-189].

6 RAS/MAPK pathway dysfunction in human diseases

RAS GTPases control the majority of signaling networks in the MAPK pathways which collectively
include several cellular fates. Only the RAS-MEK-ERK axis mediates early and late developmental
processes which finally control morphological determination as well as organogenesis, growth and
synaptic plasticity [190]. Therefore, it is not surprising that dysregulation of MAPK components results
in drastic effects not only on carcinogenesis but also on human development. Compared to somatic
mutations which usually result in the formation of tumors, germline mutations were found to increase
the signal intensity to a lesser extent and, therefore, facilitate the formation of developmental diseases

[58,191].
6.1 The RASopathies

Dysregulation of MAPK pathway regulators was frequently found to correlate with the occurrence
of developmental disorders. A clinically defined class of developmental disorders, characterized by
autosomal dominant de novo germline mutations of genes encoding components of the MAPK
pathway, was found to cause a subset of developmental disorders collectively named RASopathies.
Most RASopathy phenotypes are characterized by developmental disorders like facial dysmorphism,
skeletal abnormalities, neurocognitive impairment, cardiac malformations and an increased risk of

cancer [104-106,192].

Neurofibromatosis type 1 (NF1) (gene encoding NF1) was the first described disease caused by a
MAPK pathway alteration [193]. Since then, various diseases were identified to result from genetic
alterations, like the NS (genes encoding KRAS4B, NRAS, RRAS1/3, RIT1, SOS1, SOS2, RASGAP1M, CRAF,
CBL) [194], the NS with multiple lentigines (NSML) (genes encoding BRAF, CRAF, SHP2) [195,196], the
capillary malformation—arteriovenous malformation syndrome (CM-AVM) (gene encoding
p120RASGAP) [197], the Costello syndrome (CS) (genes encoding HRAS1, HRAS2) [198], the cardio-facio-
cutaneous syndrome (CFC) (genes encoding KRAS4B, BRAF, ERK1/2) [199] and the Legius syndrome

(gene encoding SPRED1) [200].

6.1.1 Noonan syndrome

The NS is an autosomal dominant disorder with a prevalence of approximately 1 in 1000-2500 [201].
Noonan syndrome individuals show a distinct dysmorphic phenotype which is characterized by low-
set ears, short webbed neck, paired with skeletal anomalies, and intellectual and developmental

disabilities. Furthermore, cardiovascular impairments, like congenital heart defects and hypertrophic
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cardiomyopathy as well as an increased risk of developing cancer are accompanied with NS [202]. The
affected genes in NS all cause gain-of-function mutations of components of the RAS-MAPK pathway,
such as PTPN11, SOS1, SOS2, KRAS, NRAS, RAF1, SHOC2, CDC42, RIT1, RRAS2, LZTR-1, PPP1CB and CBL
(Figure 6) [203-206]. Although the phenotype is homologous for different genetic alterations, the
occurrence differs. With around 50 % of all cases, the most frequent mutated gene is PTPN11, followed
by SOS1 mutations with 15 % prevalence [207,208]. KRAS and NRAS mutations are a rare cause of NS

which increase the RAS-MAPK signaling through reduction of the GTPase function [209,210].

Receptor tyrosine kinases

poonan syndrom%

Figure 6: Schematic view of the RAS-MAPK pathway and affected genes in NS.

Ligand interaction with receptor tyrosine kinases results in recruitment of SOS1 to the membrane, which acts as
a RAS GEF, that activates RAS. Active RAS transduces its signal towards the members of the RAF family.
Subsequently, RAF phosphorylates MEK1/2 which in turn phosphorylate ERK1/2. NS is an autosomal dominant
disorder characterized by germline mutations in genes encoding proteins involved in the RAS-MAPK pathway
(affected genes are colored in orange).

6.2 Pathomechanism of RAF kinases

Most of the described CRAF mutations resulting in NS are flanking the negative regulation site
(5259) which is important for 14-3-3 interaction, therefore controlling its autoinhibition. Fourteen
different RAF1 missense mutations were described. Eight of these mutations are located in the flanking
region of S259 (R256S, S257L, S259F, T260R, P261A, P261S/L, V263A). Another four mutations were
found in the activation segment of the kinase domain (D486N/G, T4911/R) and two more in the very C-
terminal part of CR3 (S612T, L613V) [196,211]. A special outcome in NS RAF1 mutations is the high
frequency to from a hypertrophic cardiomyopathy (HCM) which is defined by structural and functional
abnormalities of the ventricular myocardium resulting in increased wall thickness of the left ventricle
[190,212]. As the molecular cause of the HCM in RASopathy subjects hyperactivation of different MAPK

pathways was hypothesized, which was experimentally proven in different cellular models
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[196,211,213]. Similar to mutations in regulatory regions, the C-terminal L613V mutation was also
shown to increase RAS-MAPK pathway signaling in a mouse model, consequently resulting in HCM.
Inhibition of the RAF downstream target MEK was partially able to rescue this phenotype [104]. Other
data indicates that Yorkie (Fly homologue to human YAP), a transcriptional co-activator in the Hippo
pathway, which is important in organ development, is required for a CRAF-induced HCM.

Cardiac-specific knock down of Yorkie rescued the CRAF-mediated HCM phenotype [214].

6.2.1 Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is a common cardiovascular disease which is present in
approximately 0.2 % of the general population and is defined by structural abnormalities of the
ventricular myocardium. This results in a non-dilated thickening of the left ventricle which was shown
to be an important cause for contractile dysfunction, pulmonary valve stenosis, atrial fibrillation and
finally heart failures resulting in the death of affected individuals [215,216]. To date, 12 genes encoding
sarcomeric components have been found to be implicated in the development of hypertrophic
cardiomyopathy. Most of them are located in the genes encoding myosin-binding protein C (MYBPC3)
and the B myosin heavy chain (MYH?7) [217]. Furthermore, mutations of genes not directly encoding
sarcomeric proteins, like certain members of the RASopathy family, were also found to impact the
development of HCM [218]. Although the occurrence of HCM in RASopathies is rather low (20-30%), a
higher frequency of HCM (= 70 %) was identified in individuals with pathogenic variants of RAF1 and
RIT1 [106,219].

Whereas HCM that is caused by alterations in sarcomeric compounds usually manifests at age 8
years on average, NS-associated HCM occurs much earlier in life with the median being 5 months [106].
Furthermore, NS individuals diagnosed with HCM show a 70 % chance of survival 15 years after

diagnosis. The main cause of death for NS-associated HCM is a congestive heart failure [220].

Independent of the mutation, stimuli that result in the development of a cardiac hypertrophy can
be divided into biomechanical and stretch-sensitive mechanisms, associated with the release of
hormones, cytokines, chemokines, and peptide growth factors. These signals are further processed by
cardiomyocytes through membrane-integrated RTKs, G-protein coupled receptors (GPCR), and gp130-
linked receptors. Signal transduction of these receptors results in hypertrophic growth due to changes

in gene expression and altered protein homeostasis [221,222].

Activation of GPCR signaling is mainly initiated by angiotensin Il, endothelin-1 and a-adrenergic
catecholamines (e.g. noradrenaline and adrenaline). Upon activation, the Ggg11 subunit of the
heterotrimeric G proteins stimulates the activation of membrane-bound phospholipase CB (PLCPB),
consequently inducing the generation of diacylglycerol (DAG) and the production of inositol-1,4,5-

trisphosphate (IP3) [223]. Generated IP3 is able to bind to its receptors which are located in the
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membrane of the endoplasmic reticulum (ER), thereby triggering the release of internal Ca?* storage
into the cytosol. Increased Ca?* can interact with the calcium-binding proteins calcineurin and
calmodulin dependent kinase (CaMK), inducing hypertrophic signaling in two different manners. Upon
interaction, calcineurin dephosphorylates NFAT, resulting in NFAT translocation into the nucleus
followed by the activation of pro-hypertrophic gene expression [224]. Ca?>* mediated activation of
CaMK causes phosphorylation of HDACS5, a suppressor of hypertrophic gene transcription, and initiates

its nuclear export [225].

HCM is accompanied by increased workload of the heart due to hemodynamic overload [226].
Cardiomyocytes use different mechanisms to detect mechanical stress through an internal sensory
apparatus. Proteins involved in sensing mechanical alterations are integrins, that link the cytoskeleton
to the extracellular matrix [227] as well as the small LIM-domain protein MLP (muscle LIM protein) that
is located in the Z-disc within each sarcomere [228]. These mechanisms are crucial in the regulation of

GTPases, like Ras and Rho and in inactivation of GSK3{ [229].

MAPK signaling in the heart can be initiated by GPCRs, RTKs, transforming growth factor-p (TGFp),
gp130-linked receptors as well as by stress stimuli such as stretch. Stimulation of those MAPKSs finally
results in the phosphorylation of MAPKs including ERK, JNK and p38 which in turn activate numerous

transcription factors [221].

The changes in gene expression caused by alterations in cardiomyocyte workload are typically
involved in re-expression of a fetal gene program and go along with higher levels of stress markers like
atrial natriuretic factor (ANF) and B-type natriuretic peptide (BNP) as well as alterations in proteins
regulating calcium transience [230]. Ongoing hypertrophy is therefore often associated with drastic
downregulation of the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA2a), which

consequently results in prolonged action potential duration in the cardiomyocytes [231].

So far, medical therapy for NS associated HCM usually consists of Beta-blockers, disopyramide or

calcium channel blockers [232].
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7 Aims of the Thesis

The signal transduction cascades of small GTPases of the RAS and RHO families play important roles
in diverse cellular processes, such as proliferation, adhesion, migration, and differentiation. Therefore,
it is not surprising that any pathway dysregulation contributes to the progression of numerous
diseases, such as cardiovascular diseases, developmental and neurological disorders, and cancer. CRAF
is the best-investigated RAS effector linking the signals to its downstream targets MEK1/2, integral
components of the MAPK pathway. RAF1 gain-of-function mutations are frequently associated with
NS, an autosomal dominant developmental syndrome caused by germline mutations in genes
encoding components of the RAS/MAPK pathway, which is accompanied by a severe HCM.
Furthermore, several missense mutations in CDC42 were identified in patients with NS-like disease
pattern which, moreover, resulted in the identification of a novel disorder, termed NOCARH syndrome,
characterized by neonatal onset of pancytopenia, autoinflammation, rash, and episodes of HLH. RAC1,
a close relative to CDC42, is involved in cell migration by regulating actin cytoskeleton reorganization
and thus, in tumor invasion and metastasis. We were able to identify and characterize RAC1
suppression in the treatment of BCR-ABL caused leukemia and in cell viability after fractionated

irradiation of the lung.

This thesis aimed at investigating the molecular mechanisms of dysregulated proteins and
understanding the progression of the underlying diseases. It includes following functional and
mechanistic analyzes: (i) Physiological and biochemical characterization of the RAFI
missense-mutation towards understanding NS pathogenesis accompanied by HCM; (ii) investigating
the molecular mechanism of NOCARH syndrome; (iii) identifying how RAC1 suppression benefits

therapeutic approaches in distinct human diseases.
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RAF (rapidly accelerated fibrosarcoma) Ser/Thr kinases (ARAF, BRAF, and CRAF) link the
RAS (rat sarcoma) protein family with the MAPK (mitogen-activated protein kinase)
pathway and control cell growth, differentiation, development, aging, and tumorigenesis.
Their activity is specifically modulated by protein—protein interactions, post-translational
modifications, and conformational changes in specific spatiotemporal patterns via
various upstream regulators, including the kinases, phosphatase, GTPases, and scaffold
and modulator proteins. Dephosphorylation of Ser-259 (CRAF numbering) and dissoci-
ation of 14-3-3 release the RAF regulatory domains RAS-binding domain and cysteine-
rich domain for interaction with RAS-GTP and membrane lipids. This, in turn, results in
RAF phosphorylation at Ser-621 and 14-3-3 reassociation, followed by its dimerization
and ultimately substrate binding and phosphorylation. This review focuses on structural
understanding of how distinct binding partners trigger a cascade of molecular events that
induces RAF kinase activation.

Introduction

The discovery of the viral oncogene v-raf from the transforming murine retrovirus 3611-MSV in 1983
[1] paved the way for the discovery of a cellular homolog CRAF in 1985 [2] and soon after its paralogs
ARAF [3] and BRAF [4]. Evolutionary conservation across different species, including worms
(Lin-45) [5] and flies (Draf) [6], unequivocally indicates the biological importance of RAF (rapidly
accelerated fibrosarcoma) kinases (Figure 1). Lin-45 encodes a BRAF ortholog that is necessary for
larval viability, fertility, and induction of vulval cell fates [7]. Draf plays an important role in early
embryogenesis [6]. The three human RAF paralogs regulate a large number of biochemical processes,
including survival, proliferation, differentiation, stress responses, and apoptosis [8-13]. RAF kinases
constitute a small family of serine/threonine kinases, which control evolutionarily conserved pathways
and have essential roles during development [14-16]. Thus, it is not surprising that their dysregulation
is associated with progression of a variety of human cancers [16-19], pathogenesis of developmental
disorders including Noonan, LEOPARD, and cardiofaciocutaneous syndromes [20,21], and cardiovas-
cular diseases, such as pulmonary arterial hypertension and heart failure [22].

Works from many laboratories have shown that RAF kinases are integral elements of the RAS-
MAPK pathway, which is involved in different signaling pathways [22-27]. Activation of RAF kinases
at the plasma membrane by RAS [1,28-32], together with the identification of their substrates
MEK1/2 (MAPK/ERK kinase 1/2) [33] has provided the missing link between growth factor signals
and MAPK cascade activation [34]. The activities of RAF kinases toward MEK differ widely, with
BRAF being the strongest MEK activator, followed by CRAF and ARAF [35-37]. These proteins
obviously underlay different regulatory mechanisms, including binding to membrane-associated RAS
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computational studies on functional interaction networks. Human RAF paralogs share evolutionarily conserved
regions (Figure 1), which are functionally split into a regulatory N-terminal half, comprising a RAS-binding
domain, a cysteine-rich domain, and a serine/threonine-rich region and a catalytic C-terminal half representing
the kinase domain (Figure 2A). In the following, we will discuss the structure-function relationships of individ-
ual domains and motifs and their interactions with membrane lipids, RAS, 14-3-3, MEK1/2, and KSR1/2
(kinase suppressor of RAS 1/2).

RAS-binding domains

Signal transduction implies physical association of RAS proteins with their effectors and activation of individual
signaling pathways. Effectors specifically interact with the active, GTP-bound form of RAS proteins. These
interactions occur usually in response to extracellular signals and link them to downstream signaling pathways
in all eukaryotes [26,43]. Effectors act as protein or lipid kinases, phospholipase, GEFs (guanine nucleotide
exchange), GAPs (GTPase-activating proteins), and scaffold proteins [44-47]. There are two major groups of
effectors: one contains RAS-binding domains (RBDs) and the other RAS association (RA) domains [48,49].
Mining in the UniProt database led us to the identification of 118 distinct human proteins containing RBDs
and RA domains (Rezaei Adariani, Dvorsky, et al. unpublished data). Notably, both types of domains utilize
critical determinants for the interaction with different RAS proteins, particularly the intermolecular B-sheets
(see next section) [50]. Structural studies have provided deep insights into the binding modes and interaction
specificities [51-53]. Detailed analysis of 16 RAS structures in complex with different RBD and RA-domain
effectors has revealed that, in spite of low sequence similarity, their mode of interaction is well conserved [50].
Yet, the precise mechanism through which effector association with RAS proteins results in their activation is
still unclear. It is, however, generally accepted that RAS proteins participate directly in the activation of their
downstream effectors and do not simply mediate their recruitment to specific sites at the membrane [54].

A striking feature of RAS proteins is the plethora of possible interactions with a large number of effectors.
Notably, RAS proteins change their conformation mainly at two highly mobile regions, designated as switch I
(aa 30-40) and switch II (aa 60-68) [53,55]. Mainly in the GTP-bound form, the switch regions of the RAS
proteins provide a platform for the association with effector proteins, especially through their RBDs or RA
domains. This interaction appears to be a prerequisite for effector activation [49,50,56-58]. However, CRAF
RBD and RALGDS (Ral guanine nucleotide dissociation stimulator)-RA domains share a similar ubiquitin-like
fold and contact the switch I region via a similar binding mode. In contrast, PI3Ko (phosphoinositide 3-kinase
0)-RBD, RASSF5 (RAS association domain-containing protein 5)-RA, and PLCe (phosphatidylinositol
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Figure 2. Structural fingerprints for RAF kinase interactions with RAS and the membrane lipids.

Critical residues involved in protein interaction and membrane binding are depicted in red and blue, respectively. CR
encompassing amino acids are shown at the upper panel. (A) Domain crganization of RAF kinases with the typical conserved
regions (CR1, CR2, and CR3) along with the functional domains, including the RBD, the CRD, and the kinase domain (KD).

(B) Overlaid RBD structures of the RAF paralogs and the amino acids interacting with RAS and the membrane. BRAF RBD
exhibits negative charges in positions 202 and 204. RAF RBD encompassing amino acids are boxed. (C) CRD structure of
CRAF and the membrane-binding amino acids. RAF CRD encompassing amino acids are boxed. (D) 14-3-3 8/ structure in
complex with the CR2 peptide of CRAF along with interacting amino acids of CRAF and 14-3-3 paralogs. (E) Overlaid
structures of CRAF and BRAF kinase domains’ along with MEK-binding amino acids. (F) CC-SAM domain of KSR1 in complex
with RBS domain of BRAF.

4,5-bisphosphate phosphodiesterase epsilon)-RA domains do not share sequence and structural similarity, but
commonly associate with the switch regions, especially switch I [59-63].

RAF-RBD interactions with RAS proteins

Major studies were carried out in the late 1980s and 1990s with regard to RAS interaction with its effectors
(reviewed in refs [52,64-69]). An interaction study of CRAF association with RRAS1 led to the identification
of the first RBD (aa 51-131) [70]. Soon after CRAF binding to HRAS was reported to be GTP-dependent
[28-31,71]. Within a year, the sites of interaction between HRAS and CRAF were determined [72] along with
quantitative analysis of the binding affinity between them [73]. All of this occurred before the first structure
revealed the CRAF RBD structure and its mode of binding to a RAS family member, RAP1A (RAS-related
protein 1A) [74]. CRAF RBD consists of a five-strand mixed B-sheet (B1- B5) with an interrupted o-helix (o1)
and two additional 3,4-helices (02 and a3) (Figure 2B). Consistent with an earlier NMR determination [51],
the RBD of CRAF has an ubiquitin fold (81, B2, al, B3, B4, 02, and B5). The B-strands are nearly identical
with ubiquitin-like protein and o-helices are packed diagonally against a part of the B-sheet. To date, several
RBD structures of all three human RAF paralogs have been determined (Table 1). Superposition of all three
RBD structures revealed a high structural identity (Figure 2B).
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Table 1 Structures related to RAF kinases

Proteins and their complexes PBD ID Resolution (A) References

BRS
BRAF-KSR1 5VYK 1.75 [75]

RBD gc:
RAP1A-GppNHp-CRAF REBD' 1C1Y 2.2 [59] g
RAP1A(E30D/K31E)-GDP-CRAF RB(AS5K/NT1R) 3KUC 1.92 (78] %
RAS-GDP-CRAF RBD(A85K) 3KUD 2.15 [76] g_
BRAF RBD 3NY5 1.99 Unpublished data g
HRAS-GppNHp-CRAF RBD 4GON 2.45 [77] :é_j
HRAS(Q61L)-GppNHp-CRAF RBD 4G3X 3.25 [77] 3
KRAS-GppNHp-ARAF RBD OMSE NMR (54] %
BRAF RBD 5017 NMR (58] 3
BRAF RBD-Rigosertib 5018 NMR 58] g
BRAF RBD 5J2R NMR 58] %
ARAF RBD TWXM NMR Unpublished data g

CRD z
CRAF CRD 1FAQ, 1FAR NMR [78] %

CR2 g
14-3-3-CRAF CR2 3CU8, 3NKX 24 [79] é
14-3-3y-CRAF CR2 3Qv 1.2 [79] =
14-3-3y-CRAF CR2 308l 2.0 [79] %
14-3-3-CRAF CR2(S233/5259) 4FJ3 1.95 [80] g
14-3-3-CRAF CR2-CN-A 4HL 2.2 [81] 5
14-3-3y-CRAF-CR2(5233/5259) 4IEA 1.7 [81] g
14-3-3y-GRAF CR2 3QJ 1.15 [79] g

Kinase domain”® g
CRAF KD 30MV 4 [79] %
BRAF KD(V599E) 1UWY 3.5 2] :
BRAF-MEK1 AMNE 284 83] £

"GppNHp is a non-hydralyzable GTP analog. %

2A large number of kinase structures in complex with small molecules are not included. g

RAF RBDs bind to the switch I region (also known as the effector loop) of the RAS proteins by forming an %
intermolecular, antiparallel §-sheet (Bl and p2 of the RBD and 2 and B3 of RAS), which establishes a high g
degree of electrostatic complementarity across the binding interface [53,77,84,85]. RAF RBDs are mainly posi- S
tively charged, whereas switch I regions of RAS proteins bear mainly negative charges. Among the 10 3
RAS-binding residues of RAF RBD (Figure 2B, red residues), Arg-59, Gln-66, Lys-84, and Arg-89 (CRAF num- g
bering) contribute to the high binding affinity between RAS and RAF [86]. Genetic studies on Drosophila mela- 2
nogaster have shown that Arg-89 is strongly involved in the RAS-RAF interaction both in vivo and in vitro. Its %

2

substitution for leucine (R89L) abolishes RAS association and consequently activation of CRAF [87]. The R89T
mutation has been reported in breast cancer [88]. This mutation may impair RAS-CRAF interaction, since a
conservative substitution of Arg-89 for lysine (R89K) disabled CRAF RBD binding to HRAS [89]. Collectively,
a search in cancer databases showed that among the 10 RAS-binding in RAF paralogs, seven residues are
mutated in human cancer (Supplementary Table S1).

Arg-59 represents a point of RAF paralog discrimination as ARAF, in contrast with BRAF and CRAF, con-
tains a lysine (Lys-22) instead of arginine (Figure 1). CRAF(R59K) loses its proper binding to HRAS, whereas
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ARAF(K22R) gains a higher affinity for HRAS [90]. The substitution of the conserved Gln-66 among three
RAF paralogs for histidine in CRAF and for proline in ARAF (aa 29) has been reported in breast and colorectal
carcinoma [91,92]. Lys-84, which is conserved in all species (Figure 1), is responsible for effector specificity and
favors the complex formation of CRAF with HRAS in preference to RAPIA. Its substitution for alanine
strongly reduces its binding affinity to RAS proteins [86,93]. An interesting observation is that A85K mutation
tremendously increases CRAF binding not only to GTP-bound HRAS [87] but also to GDP-bound HRAS [94].

Membrane association of RAF RBDs

Cellular membranes play a critical role in the localization and orientation of protein complexes and in fine-
tuning of protein functions [95]. As outlined above, the activity of RAS and RAF paralogs is regulated through
different parameters, including membrane association. Analysis of dynamic interactions between KRAS4B and
lipid bilayer membrane has revealed that association of ARAF RBD with active KRAS4B not only reorients
KRAS4B at the membrane surface but also facilitates membrane binding of ARAF RBD itself [54]. This is in
agreement with previous observation that disrupted RAS-association of ARAF full-length disturbs its mem-
brane localization when substituting Arg-52 for leucine (as well as R89L in CRAF) [96,97]. Four basic residues,
Lys-28, Lys-66, Arg-68, and Lys-69 (ARAF numbering), are engaged in lipid binding, two of which are identi-
cal in RAF kinases, while the other two are variable (Figure 2B). Notably, mutations of Lys-28, Arg-52, Lys-66,
Arg-68, and Lys-69 in ARAF have been reported in human cancer [88,98-100]. BRAF strikingly contains
acidic residues at positions equivalent to Lys-66 and Arg-68 (not only in human but also in other species;
Figure 1), which most probably repel membrane lipids. BRAF and CRAF studies have shown that they signifi-
cantly differ regarding their interactions with HRAS [101]. BRAF binds RAS with higher affinities and does
not discriminate between farnesylated and nonfarnesylated HRAS when compared with CRAF. The farnesyl
moiety of HRAS has been reported to promote CRAF CRD (cysteine-rich domain) association with HRAS
(see the next section).

Cysteine-rich domain

The second domain following RBD in the conserved region 1 (CR1) is a CRD (also called cysteine-rich region
or C-kinase homologous domain 1), which is connected through a short flexible linker [102,103]. CRD shows
high conservation among different species (Figure 1) and appears to bind membrane lipids via residues 143-160
(Figure 2C), which are conserved among different species (Figure 1). Point mutations of Arg-143 to trypto-
phan, glutamine, or leucine in CRAF and the equivalent Arg-239 in BRAF to glutamine have been identified in
breast and lung carcinoma as well as in melanoma [88,104]. Substitution of Arg-103 and Lys-104 in ARAF
CRD (Arg-143 and Lys-144 in CRAF, respectively) for alanine has been shown to disrupt ARAF membrane
binding and results in its localization in the cytosol [97]. Two very recent computational studies have analyzed
dynamic interaction of KRAS4B with the CRAF RBD-CRD tandem at anionic membranes and proposed how
the RAF-RAS complex is regulated at the membrane interface [103,105]. Accordingly, RAF association with
the membrane starts with direct binding of RBD to GTP-bound RAS followed by CRD association to the
phosphatidylserine-containing liposomes. CRD-membrane interaction is stabilized, in addition to basic resi-
dues, by four highly conserved hydrophobic amino acids, Thr-145, Leu-147, Leu-149, Phe-158 Leu-159,
Leul60, and Asp-161 (Figure 1). Numerous studies have reported that CRD also binds RAS with low affinity
[56,101,105-116]. This may lead to a competitive mechanism between membrane binding of CRAF CRD and
its association with KRAS4B [103]. Unlike others reports, these two studies have shown that CRD is in the
vicinity, but does contact RAS and/or its farnesyl moiety [103,105]. Membrane binding of CRD stabilizes RAS-
RAF interaction and, thus, facilitates RAF activation. Farnesylation and carboxymethylation of Cys-186 of
HRAS together with hydrophobic amino acids of CRAF CRD have been suggested to strengthen HRAS-CRAF
interaction [116]. CRDs contain two functional zinc-binding motifs and bind membrane lipids such as phos-
phatidic acid and phosphatidylserine [58,117-119]. Substitution of two invariant zinc-binding cysteines for
serines (C1655/C168S) [96,120] and three basic residues for alanine (Agr-143, Lys-144, and Lys-148)
(Figure 2C) diminishes HRAS-dependent activation of CRAF and CRD association with phosphatidylserine-
containing liposomes [121].

Several studies have previously shown that CRAF CRD undergoes direct interaction with HRAS, which
appears to be enhanced by the farnesyl moiety if using farnesylated RAS [57,101,103,105,107,113,116]. In con-
trast with RAF RBD, which binds to GTP-bound RAS, HRAS-CRAF CRD interaction is outside the switch
regions of HRAS and thus independent of its nucleotide-bound state. This interaction is compromised if
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Leu-149 and Phe-151 in CRAF CRD were substituted for threonine and glutamine (L149T/F151Q), respectively
[113]. L149F substitution in BRAF (L245F) has been detected in melanoma and cardiofaciocutaneous
syndrome (NSEuroNet database) (COSMIC database) [122], which may potentiate BRAF CRD interaction with
RAS and/or membrane.

RAS-RAF interactions at the membrane interface

Cellular membranes play a critical role in the localization and orientation of protein complexes and in fine-
tuning of protein functions [95]. As outlined above, the diversity of RAS and RAF paralogs is regulated
through different parameters, including membrane association. For example, orientation of the RAS G domain
on the membrane (for more details, see refs [54,123-130]) and intrinsic membrane-binding site of RAF, such
as CRD of RAF (see above). In addition, NMR measurements of nanodisc-tethered complexes of isotopically
labeled KRAS4B-GTP with ARAF RBD have recently shown that ARAF RBD directly contacts the anionic
membrane surface, while KRAS4B-GTP adopts a new semi-exposed orientation intermediate between the
exposed and occluded orientations [54]. The only residue of the KRAS4B G domain contacting the membrane
is R41, which is conserved in numerous RAS proteins. ARAF residues engaged in membrane binding (Lys-66,
Arg-68, and Lys-69; Figure 1B) are highly conserved in ARAF and CRAF proteins from different organisms
except Xenopous laevis and Caenorhabditis elegans (Figure 1). These basic residues remarkably are acidic in
BRAF proteins, suggesting distinct mechanistic differences between the RAF paralogs. In contrast, membrane-
binding residues of RAF CRD are conserved within various species, which may stabilize RAS-RAF interaction
and thus facilitates RAF activation.

Serine/threonine-rich region

This very short region, also called conserved region 2 (CR2; Figure 2A), is a central module in negative regula-
tion of RAF function. Its phosphorylation at Ser-259 (CRAF numbering) followed by 14-3-3 binding locks
RAF kinases in a so-called autoinhibited state [131] that blocks both RAS binding and RAF kinase activity
[132,133]. CR2 is the substrate of PKA (protein kinase A) and PKB (protein kinase B)/AKTs [134-136].
Gain-of-function mutations in this region are associated with the development of tumors and RASopathies
[137,138]. Point mutations in CR2, including R256S, $257L, S259F, and T260R, cause cancer or are associated
with developmental disorders (Supplementary Table S2), e.g. hypertrophic cardiomyopathy in Noonan
syndrome [79,137-139].

Phosphorylation of RAF paralogs at Ser-259 (CRAF numbering) leads to the association of 14-3-3 proteins
and the stabilization of RAF paralogs in their inactive state [79,88,137-143]. 14-3-3 proteins are ubiquitous
adaptor proteins, which serve as scaffold proteins in many cellular functions [79,144]. In humans, seven dis-
tinct genes encode for nine paralogs (o, B, v, 6, €, m, 6, 1, and ), which adopt a homo-/heterodimeric
[145,146], W-like structure with the two concave surfaces facing the same side of the molecule, whereby the
dimer forms a binding groove [147]. They selectively bind peptide motifs, such as RSXpSXP (single amino
acids code; pS, phosphor-serine; X, any amino acid); arginine, serine, and proline residues, which are important
for high-affinity interactions [148]. This motif is identical in RAF kinases (Figures 1 and 2D) regardless of the
binding sites. Phosphorylated serines in CRAF, including Ser-259 and Ser-621, already identified in 1993 [149]
are key phosphorylation sites in two distinct motifs in the RAF kinases (Figure 2D) [144]. In contrast to
pSer-259, an inhibitory 14-3-3-binding site [79,131,133], 14-3-3 association with pSer-621 in a conserved
region (CR3) stabilizes the active state of the RAF kinases [147]. All 14-3-3 paralogs are able to modulate RAF
kinase function due to invariant RAF-binding residues and similar tertiary structure of all 14-3-3 proteins
(Figure 2D).

Catalytic kinase domain

The molecular mechanism for the RAF activation in the cell involves a series of complex processes that lead to
conformational changes, dimerization, and ultimately activation of the kinase domain [150]. The latter constitu-
tes a major part of CR3, which has all known signatures of protein kinases [151], including the two lobes
moving relative to each other and consequently opening or closing the catalytic cleft. In an open form, the
small lobe with an antiparallel B-sheet structure binds and orients ATP. In the closed form, the a-helical large
lobe binds the protein substrates, such as ubiquitously expressed MEK1/2 (Figure 2E). As RAF dimerization is
a key step in pathway activation, the RAF kinases activate MEK1/2 by phosphorylating them at two serines
(Ser-218/Ser-222 in MEK1) in the catalytic domain [151,152]. An inspection of amino acid sequences of RAF
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kinases from different organisms showed identical MEK-binding residues (Figure 1) [153]. However, it is
known that RAF kinases differ in their kinase activities. BRAF followed by CRAF and ARAF exhibits the
highest MEK activation [35,36]. This can be attributed to dimerization-induced allosteric regulation of protein
kinases [41]. RAF kinases form both homodimers and heterodimers, which is crucial for substrate recognition,
catalytic efficiency, and substrate specificity [35]. The CRAF/BRAF heterodimers represent the most effective
form for MEK phosphorylation when compared with any form of monomers or homodimers [38]. The
structure of BRAF kinase domain and MEK] is insensitive to BRAF dimerization but sensitive to the active
conformation of the BRAF kinase and MEKI1 phosphorylation, which in turn leads to destabilization of the
RAF-MEK]1 heterotetrameric complex [83].

Approximately 200 BRAF mutations have been identified in human tumors (see Supplementary Table S1).
Based on their mechanism of activation, they can be categorized into three groups corresponding to their sensi-
tivity to inhibitors. Group one mutations (e.g. V600E/K/D/R) signal as monomers and have been suggested to
act in a RAS-independent manner [154,155]. Therefore, they are sensitive to BRAF monomer inhibitors. Group
2 mutations (e.g. K601E or G469A, R509H) signal as constitutive dimers and are RAS-independent; hence,
they are resistant to RAF inhibitor vemurafenib and may be sensitive to novel MEK inhibitors or RAF dimer
inhibitors [154,156]. However, group three mutations have impaired kinase activity (D594G/N) or have low
kinase activity (G466V/E). This group is RAS-dependent, and by increasing their binding to RAS or activation
of receptors activate ERK (extracellular signal-regulated kinase) signaling [155].

Scaffolding RAF kinases by KSR1/2

Scaffolding proteins play an essential role in regulating the MAPK pathway activity [157-159]. MAPK scaffold
proteins especially are dynamic entities that (i) directly interact with multiple components of the MAPK signal-
ing complex, (ii) consolidate or sequester protein interactions to physically insulate the MAPK pathway to spe-
cific cellular locations, and (iii) regulate signal strength and stimulus-specific responses to efficiently transmit
MAPK signals in a spatiotemporal manner and narrow its actions [157,160,161]. Scaffold proteins regulating
MAPK signaling include KSR1/2 [162-164], MORGL [165], MP1 [166], paxillin [167], P-arrestin [168],
MEKK]1 [169], and FHLI [170]. KSR1/2, which belongs to the best characterized MAPK scaffold proteins, con-
trols the signaling strength and duration of the RAF/MEK/ERK complex at the plasma membrane [157,159].

KSR1/2 are pseudokinases homologous to RAF kinases but lack the ability to interact with RAS proteins
[83,171]. KSR co-ordinates the assembly of a multiprotein complex containing RAF, MEK, and ERK and facili-
tates signal transduction from RAS to ERK [172]. Nguyen et al. [173] did not observe that KSR binds to CRAF
or BRAF in vivo. However, Lavoie et al. have shown that the selective heterodimerization of BRAF with KSR1
directly binds to a BRAF-specific region (BRS) at the N-terminus of BRAF through the coiled-coil/sterile
o-motif (CC-SAM). BRS (~60 aa) forms an o-hairpin which consists of two antiparallel a-helices connected
by a short turn (Figure 2F) [75].

In BRAF, 1666R mutation disabled binding to MEKI1 as well as prevented MEK1 phosphorylation, and in
KSR1, W831R mutation abolished MEK1 binding [75]. The crystal structure of the KSR2 kinase domain bound
to MEK1 through activation segments and C-lope oG helix reveals that residues Ser-218 and Ser-222 are
located at the heterodimer interface and are masked by KSR2, making them unaccessible for RAF phosphoryl-
ation [174]. Isolated MEKI-BRAF-14-3-3 complexes proved the stable BRAF-MEKI1 interaction in the
presence of 14-3-3 [83]. Interestingly, MEK promotes, independently of its catalytic function, BRAF-KSR1/2
heterodimerization and allosterically activates BRAF [75]. A recent study has shown that a direct binding of
tumor suppressor DIRAS3 with KSR1 interferes with RAS-induced cell transformation. DIRAS3 either
enhances homodimerization of KSR1 or recruits KSR1 to the RAS-CRAF complex and thereby sequesters
CRAF from binding to BRAF [175].

Conclusions

Emerging evidence indicates that sequential RAS binding of the two N-terminal RAF domains, first by RBD
and then followed by CRD at the membrane, induces a conformational change in RAF and results in the
release of the C-terminal kinase domain. This mechanism requires additional functions, including dimerization
[35,95,160,161,176-180]. Lipid membranes act not only as a platform for the assembly of protein complexes
but also as a scaffold to stabilize protein-protein interactions and potentiate the signal transduction [35,36,54].
Future analysis of protein interaction networks along with the network reconstitution at liposomes using
purified proteins will provide further mechanistic insights into RAS-mediated RAF activation.
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RAF kinases are known to regulate, in addition to MEK1/2, also adenylyl cyclase, ASKI1, calcineurin,
CDC25, DMPK, MST2, MYPT, Rb, ROCK, troponin T, and vimentin, thereby controlling different processes,
such as proliferation, differentiation, apoptosis, and contraction and motility, respectively [13,14,181-183].
However, the mechanisms how RAF kinases regulate these proteins still need to be addressed in greater detail
in a cell-type-specific manner.
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Summary

Noonan syndrome (NS) is characterized by gain-of-function mutations in genes encoding
components of the RAS-MAPK signaling pathway. Among them, NS patients with ¢.770C>T
(p.Ser257Leu) mutation in RAF1 frequently suffer from pathological hypertrophic cardiomyopathy
(HCM). To comprehensively study the mechanistic link between this gain-of-function mutation of RAF1
and HCM, induced pluripotent stem cells (iPSCs), derived from fibroblasts of a NS patient with
RAF15%7L were differentiated up to 47-days to three-dimensional (3D) cardiac bodies (CBs). A
comparison of highly pure, non-proliferating RAF1WT and RAF1%%"t CBs clearly revealed HCM
characteristics in RAF15%7 CBs, including expression of fetal genes, increased expression of sarcomere
structural proteins and a MYH6-to-MYH7 switch. RAF1°%°7* cardiomyocytes exhibited elevated ERK and
p38 activities, abnormal sarcomere structure, upregulation of the PLN/SERCA2 ratio, decreased
calcium transient and cardiac contractility. Most remarkably, electron micrographs of Z-disc area
visualized the lack of I-bands in both RAF15%°7" CBs and heart biopsy of the patient as compared to
RAF1YT CBs. This phenotype RAF1S257L CBs was reverted in the presence of the MEK inhibitor
PD0325901. Collectively, our findings uncovered, for the first time, a direct link between RASopathy

gene mutation and sarcomeric dysfunction.
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Introduction

Germline mutations of RAS-MAPK signaling components result in a set of developmental disorders,
collectively referred to as RASopathies. They are characterized by craniofacial dysmorphology, delayed
growth, neurocognitive impairment, and mild to severe hypertrophic cardiomyopathy (HCM) [1,2].
HCM is diagnosed in 80% of patients suffering from Noonan syndrome with multiple lentigines (NSML,
formerly known as LEOPARD syndrome with PTPN11 and RAF1 mutations), 65% in Costello syndrome
(HRAS mutation), 40% in Cardio-Facio-Cutaneous syndrome (BRAF mutations) and 20% in Noonan
syndrome (NS; RAF1>PTPN11>RIT1 mutations) [2]. Notably, more than 90% of NS individuals with RAF1
mutations clusters are associated with pathological HCM, although the overall frequency of HCM in NS
syndrome is only about 20% [3,4]. RAF1 mutations that are associated with cardiac hypertrophy,
including flanking residues of Ser259 (Ser-257, Ser-256 and Ser-621), are adjacent to 14-3-3 binding
sites [3]. Impairment of 14-3-3 association with RAF15%7" renders p-Ser-259 accessible for
phosphatases [5,6]. Therefore, the heterozygous p.Ser257Leu variant confers functional enhancement
(gain-of-function) to RAF15%7" activity due to impaired autoinhibition of RAF1 [7,8]. Most functional
studies on RAF1 activity focused on its role in the MAPK pathway in tumor cells [9]. Very few studies
have so far described distinct RAF1 activities in cardiomyocytes (CMs) and identified RAF1 as a hub of

cardiac-specific signaling network of ERK5 and calcineurin-NFAT [10-12].

CMs represent highly specialized cells in both cytoarchitecture and functions. The functional unit
of CMs, the sarcomere, is composed of thin and thick myofilaments, divided into Z-disk, I-band, A-band
and M-line regions [13]. Mammalian CM proliferation rates and regenerative capacity decrease
drastically shortly after birth [14]. In response to certain external stimuli and stress conditions they
grow by increasing their size rather than increasing in number. This phenomenon is known as a
hypertrophy [7,15]. HCM is characterized by increase in cardiomyocyte size, return to the fetal gene
program, change in the amplitudes of the calcium (Ca?) transient, higher force generation and energy
consumption, increased protein synthesis and changes in the organization of the sarcomeric structure
[16]. At the organ level, HCM is manifested as an increase in left ventricular wall thickness, resulting in
diastolic dysfunction, an increased risk of heart failure, stroke and cardiac arrhythmia. HCM is the most

common cause of sudden death in young people (Maron and Maron, 2013).

Patient-specific pluripotent stem cell-derived cardiomyocytes (iPSC) have been utilized as human
HCM model of several genetic diseases and drug screening [17-20]. They recapitulate several HCM
features at cellular levels, including increased in cell size, aberrant calcium transients, reactivation of
fetal gene program and arrhythmia [11,12,20-22]. This model enabled us to move one step forward
towards understanding the cellular and molecular mechanism of the HCM induction via different driver

mutations.
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In this study, we generated two different three-dimensional (3D) human cardiac cell models,
cardiac bodies (CBs) and bioartificial cardiac tissues (BCTs) to elucidate the molecular mechanism of
RAF1-induced HCM. To this end, two patient-derived iPSC lines carrying RAF1 ¢.770C>T (p.Ser257Leu)
and one iPSC wild-type control were used. Aberrant molecular mechanisms of generated WT and
RAF15%7' CBs as well as BCTs were investigated regarding sarcomeric structures, contractile behavior,
Ca’* handling and intracellular signaling pathways downstream of hyperactive RAF1. The treatment of
the RAF15%7* CBs with MEK inhibitor (PD0325901) rescued observed HCM phenotype derived from
RAF1 mutation in RAF152°7, Our data are in part comparable to obtained data from the cardiac tissue

biopsy of the RAF1 c.770C>T individual.
Material and methods
Generation and cultivation of human iPSCs

Dermal fibroblasts were obtained with the institutional ethics approval and under informed
consent of the parents from a 5-year-old female who was diagnosed with progressive HCM and
c.770C>T single point mutation in Exon 7 of RAF1. Human iPSC generation and cultivation was
performed as previously described [23]. In brief, human iPSCs were generated from patient fibroblasts
and human foreskin fibroblasts (HFF, purchased from ATCC), respectively, using a cocktail of non-
integrating episomal reprogramming vectors obtained from Addgene (pCE-hSK #41814, pCE-hOct3/4
#41813, pCE-hUL #41855, pCE-mp53DD #41856, pCXB-EBNA1 #41857 [23,24]. Established human iPSCs
were cultivated as colonies on mitotically inactivated murine embryonic fibroblasts (yMEFs in iPSC-
medium (DMEM/F12 + GlutaMAX supplemented with 20% (v/v) knockout serum replacement, 0.1 mM
2-mercaptoethanol (Sigma), 1% (v/v) non-essential amino acid stock (Supplier) and 25 ng/ml FGF-2
(Peprotech) or as feeder-free monolayers in Geltrex coated cell culture flasks in yMEF conditioned
iPSC-medium incl. 100 ng/mL FGF-2 (CM+/100) and passaged every 3-4 days. Generated iPSC cell lines

in our lab were plasmid-integration free as tested by PCR.
Tri-lineage differentiation of iPSCs

To induce differentiation of iPSCs into all germ layers, iPSC-colonies were detached from feeder
layers using 0.4% (w/v) type IV collagenase and resuspended in differentiation medium consisting of
IMDM + GlutaMAX supplemented with 20% (v/v) fetal calf serum, 1 mL L-Glutamine, 0.1 mM 2-
mercaptoethanol and 1% non-essential amino acid stock (Thermo Scientific). Colonies were
maintained for 7 days in suspension culture on 1% (w/v) agarose/IMDM coated 12-well plates to form
3D embryoid bodies (EBs). Subsequently, about 15-20 EBs were plated on 6-well plates coated with
0.1% (w/v) gelatin. After 24 days, EBs were harvested for qRT-PCR and replated for IF, respectively.

37



Chapter lll: Induced pluripotent stem cell-derived cardiac bodies reveal aberrant sarcomeric...

Karyotype analysis

After treatment of undifferentiated human iPSCs with a final concentration of 0.1 ug/mL Colcemid
(Invitrogen) for 2 h, cells were detached with trypsin/EDTA (0.05/0.02%, Biochrom). After
centrifugation, the pellet was resuspended in hypotonic solution (0.32% KCl with 0.2% (v/v) fetal calf
serum) and incubated for 15 min at 37°C. Cells were fixed in ice-cold methanol/acetic acid, 3:1. G-
banding was performed according to Seabright [25]. Karyograms were imaged using the IKAROS
software of MetaSystems (AltluBheim, Germany). The chromosome arrangement was done according

to Hamta et al [26].
Cardiac differentiation of iPSCs

Cardiac differentiation was performed in 3D suspension culture after aggregate formation in
agarose microwells modified from Lian et al. and Dahlmann et al [27,28]. For differentiation in 3D
suspension culture, agarose microwells (AMW) were generated from AggreWellTM400Ex plates (Stem
Cell Technologies) containing 4700 microslots per AMW in a 6-well format [27]. For each AMW, 5x10°
undifferentiated iPSCs were seeded in 3 mL CM+/100 supplemented with ROCK inhibitor Y-27632
(Selleckchem #51049). iPSCs formed uniform aggregates during 24 h on AMW, which were harvested
and transferred to suspension culture in 15 cm dishes and placed on an orbital shaker at 60 rpm.
Suspension aggregates were cultivated for further 3 days in CM+/100 before the start of cardiac
differentiation. Differentiation was induced with the exchange of medium to RMPI 1640 supplemented
with 1% (v/v) B27 without insulin (RB", Thermo Scientific#A18956-01). GSK-3 inhibitor CHIR99021
(Selleckchem#S1263) was added at 6 uM for the first 24 h of differentiation, thereafter differentiations
were kept in RB” without small molecule inhibitors until day 3 (d3) before the WNT inhibitor IWR-1 (4
UM, Sigma#10161) was added for 48 h. First contracting CBs were observed between late d5 and d7.
From d7-d10, cardiac bodies were cultivated with RPMI 1640 supplemented with 1% (v/v) B27 with
insulin (RB*, Thermo Scientific#17504-044). Afterwards, a metabolic selection was performed for 10
days (until d20) to eliminate all non-cardiomyocytes in RPMI minus Glucose (Thermo Scientific#11879-
020) supplemented with human Albumin (Sigma#A0237), Sodium DL-Lactate (Sigma#L4263), L-
Ascorbic acid-2-Phosphate (Sigma#A8960). From d20 - d40, CBs were kept in RB* medium. To induce
hypertrophy in WT CBs they were treated with 100 uM L-Phenylephrine (TCI Chemical#P0395, India)
for 7 days. MEK inhibitor treatment of RAF1°%’" CBs was performed as following; at d12 of
differentiation the RAF15%"* CBs were continuously treated with 0.2 uM PD0325901 (Sigma#PZ0162)

until d24 (for younger CBs) and 47 of differentiation (for older CBs), respectively.
Reverse transcriptase polymerase chain reaction

Cells were lysed using TRIzol™ (Ambion, Life Technologies, Germany) and the total RNA was

extracted via phenol-chloroform extraction. Remaining genomic DNA contaminations were removed
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using the DNA-free™ DNA Removal Kit (Ambion, Life Technologies, Germany). DNase-treated RNA was
transcribed into complementary DNA (cDNA) using the ImProm-II™ reverse transcription system
(Promega, Germany). Quantitative real-time reverse transcriptase polymerase chain reaction (qPCR)
was performed using SYBR Green (Life Technologies, Germany). Primer sequences are listed in
Supplementary Table S1. The 222 method was employed for estimating the relative mRNA expression
levels and 22 for mRNA levels. Among 6 different housekeeping genes that we tested HPRT1 showed
the minimal variation among different cell lines and conditions therefore, it was used for normalization

in our gPCR analysis.
Flow cytometry

For flow cytometric analysis, CBs were dissociated into single cells by incubation with Versene
(EDTA-Solution, Thermo Scientific #15040066) for 10 min in a Thermomixer at 37°C. Thereafter, TrypLE
(Thermo Scientific) was added and incubate for additional 10 min at 37°C and 1200 rpm until the
cellular aggregates have dissolved. Cells were fixed in 4% paraformaldehyde (PFA; Merck) for 10 min
on ice and permeabilized with 90% ice-cold methanol for 20 min followed by a blocking step with 1.5%
BSA and 2.5% goat or donkey serum diluted in PBS for 1 h, at 4°C. Cells were stained with primary
antibodies included Anti-OCT3/4 (1:1000; Santa Cruz, #sc-5279), Anti-cardiac troponin t (1:200,
Invitrogen, #MA5-12960), Anti-Tra-1-60 (1:100; Abcam, #ab16288) and Anti-Myosin light chain 2 V
(1:100, Synaptic Systems, #310111), Anti-SSEA4 (1:70; DSHB, #MC-813-70) overnight at 4°C. Secondary
antibodies (Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 488-conjugated donkey
anti-rabbit IgG; Life Technologies) were used at a dilution of 1:2000 for one hour at room temperature.
Samples were collected with FACScanto (BD PharMingen) and analyzed with FlowJo Software

(Treestar, Ashland, OR).
Immunoblotting

To extract the total protein, CBs were washed with PBS prior to the cell lysis (lysis buffer; 50 mM
Tris-HCl pH 7.5, 100 mM NaCl, 2 mM MgCl,, 1% Triton X100, 10% glycerol, 20 mM beta-
glycerolphosphate, 1 mM Ortho-Nas;VO., EDTA-free protease inhibitor (Roche, Germany)). To further
disrupt the cellular aggregates a sonicator with 70% power was used prior to an incubation in a rotor
in 4°C for 30 min. Protein concentrations were determined with Bradford assay (Bio-Rad). Equal
amounts of cell lysates (10-50 ug), were subjected to Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Following electrophoresis, the proteins were transferred to a
nitrocellulose membrane by electroblotting and probed with primary antibodies overnight at 4°C. All
antibodies from Santa Cruz were diluted 1:200 in 5% non-fat milk (Merck, Germany)/TBST (Tris-
buffered saline, 0.05% Tween 20), remaining antibodies were diluted 1:1000. The following antibodies

were applied for immunoblotting: mouse Anti-y-tubulin (WB:1:2000, Sigma-Aldrich, # T5326), rabbit
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Anti-phospho-ERK1/2 (WB:1:1000, T202/T204, # 9106), Anti-rabbit phospho-AKT (5473, WB:1:1000#
4060 and T308, #2965), Anti-phospho-YAP (WB 1:1000; Ser 127; Cell Signaling, #4911), Anti-YAP (WB
1:1000; Cell Signaling, # 4912), Anti-JNK (WB 1:1000; Cell Signaling, # 9252), Anti-phospho-JNK (WB
1:1000; Thr183/Tyr185; Cell Signaling, # 9251), Anti-S6K (WB 1:1000; Cell Signaling, # 2708), Anti-
phospho-S6K (WB 1:1000; Thr389; Cell Signaling, # 9205), Anti-phospho-p38 (WB 1:1000;
Thr180/Tyr182; Cell Signaling, #9211) and Anti-p38 (WB 1:1000; Cell Signaling, # 8690), Anti-OCT3/4
(WB: 1:1000; Santa Cruz, #sc-5279), Anti-alpha-actinin (WB 1:1000, Sigma, # A7811), Anti-cardiac
troponin t (WB:1000, Invitrogen, #MA5-12960), Anti-Myosin light chain 2 V (Synaptic Systems, #
310111), Anti-ATP2A2/SERCA2 (WB 1:1000; Cell Signaling, # 4388), Anti-RAF1 (WB 1:1000; Abcam,
#AB181115), Anti-phospho-RAF1 (WB 1:1000; S259, Abcam, #ab173539). Secondary antibodies
against rabbit (IRDye 800CW Donkey) and mouse (IRDye 800CW Donkey) were purchased from LI-COR
Biosciences. Western blots were developed with LI COR Odyssey FX (LI-COR) and quantification of
signals was performed by densitometry of scanned signals with the aid of Image Studio (version 5.2,

LI-COR).
Immunocytochemistry

Immunostaining was performed as described previously [29]. The procedure for the single-cell
suspensions of CBs was described in the flow cytometry section. Briefly, cells were washed twice with
ice-cold PBS containing magnesium/calcium and fixed with 4% PFA (Merck) for 20 min at room
temperature. To permeabilize the cell membranes, cells were incubated in 0.25% Triton X-100/PBS for
5 min. Blocking was performed with 3% bovine serum albumin (BSA, Merck) and 2% goat serum diluted
in PBS containing 0.25% Triton X-100 for 1 h at room temperature. Incubation with primary antibodies
was performed overnight. Cells were washed 3-times for 10 min with PBS and incubated with
secondary antibodies for 2 h at room temperature. Slides were washed 3-times and ProLong® Gold
antifade mountant (4',6-diamidino-2-phenylindole) (Life Technologies) was applied to mount the
coverslips. Primary antibodies included Anti-OCT3/4 (1:1000; Santa Cruz, #sc-5279), Anti-TRA-1-60
(1:100; Abcam, #ab16288), Anti-SSEA4 (1:70; Hybridoma Bank, MC-813-70), Anti-TUBB3 (1:100;
Thermo Scientific, #MA1-118), Anti-Nkx2.5 (1:200; Santa Cruz Biotechnology, #sc-14033), Anti-Sox17
(1:200; R&D Systems, #AF1924), Anti-alpha-actinin (1:200, Sigma, # A7811), Anti-cardiac troponin T
(1:200, Invitrogen, #MA5-12960), Anti-RAF1 (1:250; Abcam, #AB181115). Secondary antibodies
included Alexa488-conjugated goat anti-rabbit 1gG (Invitrogen, #A11034), Alexa546-conjugated goat
anti-mouse 1gG (Invitrogen, #A11003), Alexa633-conjugated goat anti-rabbit 1gG (#A4671), and
Alexa488-conjugated goat anti-mouse IgG (Invitrogen, #A11029) (all from Life Technologies). Confocal

images were obtained using an LSM 510-Meta microscope (Zeiss, Jena, Germany).
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Immunohistochemistry

From formalin fixed tissue, 3 um sections were stained with H&E and Masson trichrome (Trichrome
11 Blue staining kid at Nexus Special Stainer; Roche). Immunohistochemical analysis was performed on
cryosections and paraffin sections using a Bench Mark XT automatic staining platform (Ventana,
Heidelberg, Germany) with the following primary antibodies: mouse monoclonal anti-desmin
(M076029-2, Agilent, 1:1000, Santa Clara, US); anti-troponin | (Ab47003 1:2000, Abcam) anti-SMA
(M0851 1:2000, Clone 1A4, DAKO). The sections were examined using a Nikon Eclipse 80i equipped

with a DS-Fil camera.
Transmission electron microscopy (TEM)

Cardiac bodies were fixed with 6% glutaraldehyde/0.4 M phosphate buffered saline (PBS) and were
processed with a Leica EM TP tissue processor with 1%-osmium-tetroxide and embedded in resin. For
electron microscopy, ultrathin sections were contrasted with 3% lead citrate trihydrate with a Leica
EM AC20 (Ultrastain kit 11) and were examined using a Zeiss EM 109 transmission electron microscope

equipped with a Slowscan-2K-CCD-digital camera (2K-wide-angle Sharp: eye).
Measurement of Ca?* cycling in cardiac bodies

iPSC-derived CBs were dissociated and grown on gelatin coated cover slips for up to 7 days before
loading with the fluorescent Ca®* indicator fura-2 by adding 1 pg Fura-2-AM/mL cell medium. After 15
min incubation at 37°C, cells were washed in prewarmed medium (37°C). A dual excitation (340 nm
and 380 nm) fluorescence imaging recording system was used to measure Ca?* transients of paced (0.5
Hz) and spontaneously beating cells (HyperSwitch Myocyte System, lonOptix Corp., Milton, MA, USA).
Data were acquired as the ratio of measurements at 340 and 380 nm and analyzed using lonWizard

software (Version 6.4, lon Optix Corp).
Results
Reprogramming of human fibroblast towards iPSCs and their pluripotency properties

Fibroblasts were obtained from dermal biopsies of a female with NS and heterozygous RAF1
¢.770C>T mutation (Fig. 1A). Reprogramming of fibroblasts to iPSCs was performed using a cocktail of
the transcription factors OCT3/4, SOX2, L-MYC, TRP53 and EBNA-1 as previously described [24]. The
iPSC-RAF1 colonies were positive for pluripotency markers of alkaline phosphatase (Fig. 1B, Cand S1),
OCT4, TRA1-60 and SSEA4 (Fig. 1F and S1). A karyogram confirmed the stable chromosomal integrity
of the iPSC and sequencing verified the presence of the RAF1 c.770C>T mutation in iPSC (Fig. 1D and
E). Spontaneous embryoid body (EB) formation and random differentiation confirmed the tri-lineage

differentiation potential of iPSCs. (Fig. 1G, H and S1).
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Cardiac differentiation of patient-specific iPSCs in dynamic suspension culture

The iPSC cell lines were differentiated using a 3D differentiation method including Wnt signaling
modulation as described previously [27,28]. iPSC suspension culture iPSCwas used to form 3D EBs (Fig.
2A) which were further differentiated by supplementing small molecule inhibitors of GSK3B (24h) and
Wnt (48h) at dO and d3, respectively (Fig. 2B). Five to seven days after induction of cardiac
differentiation, CBs started to contract spontaneously (Sup. Video. 1). At d10 of differentiation, a
metabolic selection was performed by converting the source sugar from glucose to lactate therefore
taking advantages of the unique cardiomyocytes metabolic pathways and energy sources. This step led
to elimination of non-cardiac myocytes and thus to more homogeneous population of CBs (Fig. 2B).
Analyzed cells were negative for pluripotency markers at RNA and protein levels (data are not shown)
and positive for cardiac markers (Figs. 2C and D). Generated CBs at d40 of differentiation were 95%
cardiac troponin T (cTnT) positive and 94% MLC2v positive (Fig. 2C). Immunohistochemistry of
cryosections of CBs revealed homogenous populations of ¢cTnT and a-actinin positive cells, in the core
as well as in the peripheral cells of the CBs (Fig. 2D). Since hypertrophy is a hallmark of non-
proliferating cells, it was of major importance to have cardiomyocytes which do not enter cell cycle in
response to external stimuli. Therefore, CBs at d40 were dissociated and cardiomyocytes were seeded
adherent (2D; hereafter abbreviated as CMs) on coverslips for 7 days and stained after for phospho-
histone 3 (p-H3), a mitotic marker. Our data showed that cardiomyocytes at d47 were p-H3 negative.
As a positive control, proliferative iPSCs were treated for 12-hours with 100 nM Nocadazole (NA) to be
arrested in mitosis (Fig. 2E and S2A and B). Cell cycle analysis indicated that NA treated iPSC rendered
at G2/M phase and stained positive for p-H3 (Fig. S2B and C). Moreover, dissociated cardiomyocytes at
d40 were treated with 100 uM L-phenylephrine (PE), an o-adrenergic agonist, for 7 days. Cells were p-
H3 negative but increased in size (Fig. S2C, D and E), which is consistent with its pro-hypertrophic
activity. Collectively, iPSC-derived CBs possess all important properties of fully differentiated
cardiomyocytes, including the expression of cardiac markers, a contractile behavior and the loss of

proliferation.

Impact of RAF15%’" mutation in the ultra sarcomeric structure and cardiac architecture of

cardiomyocytes

Familial HCM is known to be a disease which is, among other things affecting the sarcomeric
architecture. To understand if this is also the case for syndromic HCM, we investigated first the impact
of the RAF15°™t mutation on the sarcomeric structure and organization. CBs at d40 were dissociated
and single CMs were cultured for 7 days on coverslips. CM-RAF13%*" displayed more disorganized
myofibrils compared to the WT (Fig. 3A) which was further confirmed in the electron microscopic (EM)

images at higher resolution. Furthermore, RAF1%’" CBs did not develop I-bands (Fig. 3C). Most
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interestingly, desmin and troponin staining of the patient derived cardiac tissue (CT)-RAF15°" exhibited
the same sarcomeric disorganization and absence of the I-bands like iPSC-derived CB/CM along with
thickened Z-disks (Figs. 3B and 3D). To examine the influence of abundance MAPK signaling on observed
phenotype, we treated the RAF15%7 CBs in early stages of the development (d12) with 0.2 pM of MEK
inhibitor PD0325901 until d40. Remarkably, ultra-structure analysis indicated the reappearance of the
missing |I-bands around the Z-disk in the MEKi treated cell population. These data indicate, for the first

time, that a RAF-mediated signaling pathway regulates the integrity of the sarcomeric structures.

Next, we addressed the question, whether the higher activity of RAF-MAPK in RAF15%’' CBs
modulate the sarcomeric components expression. In comparison with WT CBs, RAF152"t CBs strikingly
exhibited higher levels of MYH7 and MYL2 but lower levels of titin, MYH6, MYL7 and a-SMA (Fig. 3G).
We tested HCM marker of MYH7-to-MYH6 ratio in two different maturation time points of younger
(d24) and older mutant cells (d47). Notably, we observed a significant increase in MYH7-to-MYH6 ratio
in both, younger (d24) and older mutant cells (d47) (Fig. 3H). However, PD0325901 treatment was only
able to significantly reduce this ratio in the older RAF13*"* CBs. Therefore, we postulated that the
advanced organization of the sarcomeric structure via MEKi treatment is rather due to the
sarcomeric/cytoplasmic function of MAPK than to its nuclear function. This also explains the need of a
longer period of MEKi treatment. According to the observed data, we suggest that an aberrant RAF-

MAPK signaling can affect the sarcomeric components in their expression and structure.
Alternated calcium transients and contractile behavior of RAF1525" CBs/CMs

Given the fact that we obtained a functional role of RAF1 in the organization of the sarcomeric
architecture, we next aimed to investigate whether this also effects the contractility of the RAF15%™
CBs. Interestingly, RAF15%7* CBs contract 1.6-fold slower than WT CBs (Fig. 4A; Video S3 and S4). In
parallel, we compared the contraction rate of WT CBs treated with PE. In contrast to RAF15%°7- CBs, WT
CBs +PE contracted 1.5-fold faster than WT CBs -PE (Fig. S3A). Next, the contractility of CBs in the
presence of MEKi PD0325901 was determined using CBs at d24 (younger CBs) versus d47 (older CBs).
Both CBs d24 and d47 exhibited reduced contraction rates. However, MEKi treatment significantly

increased the contraction rate in the older CBs (Fig. 4A).

Affected contractility of RAF13%’" CBs can be attributed to aberrant calcium handling properties,
which are known to be one of the main characteristics of a maladaptive hypertrophy [20,30]. To
measure intracellular calcium transients, CMs were seeded on Geltrax-coated coverslips and
supplemented at d47 with fura-2, a fluorescent Ca* indicator. Calcium transients were significantly
reduced in RAF1°%7" CMs as compared to WT CMs (0.04 versus 0.079, p=0.03) (Fig. 4B-F). On the
contrary, WT CM +PE exhibited an increased calcium transient in comparison to WT CM -PE (Fig. S3A).

These data are consistent with opposing contraction rates of RAF1525t CMs and WT CMs +PE clearly
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point to distinct mechanism of the hypertrophy induction mediated by RAF1 versus PE (Fig. 4A and
S1A, B and C).

We next investigated the molecular basis of the decreased contractility and aberrant calcium
handling. Ca%*" influx into the cardiomyocytes through L-type calcium channels (LTCCs) triggers
additional Ca?* release from the sarcoplasmic reticulum (SR) by activating the ryanodine receptor type-
2 (RyR2). Diastole or relaxation occurs when Ca®' is transported into the SR by the sarco/endoplasmic
reticulum Ca?*-ATPase (SERCA2a) and into the extracellular space by the Na*/Ca® exchanger (NCX),
respectively [31]. Phospholamban (PLN) inhibits SERCA if not phosphorylated by PKA or CAMKII,
respectively [32]. First, we analyzed the expression of the components regulating/maintaining
intracellular calcium transients using WT CBs and RAF152’t CBs at d24 and d47. RAF15%7" CBs at d24
showed a significant decrease in expression of PLN, SERCA2, RYR, calcium voltage-gated channel alpha
(CACNA) subunits 1C and 1D, whereas SERCA2a and CACNA1D were significantly reduced in RAF15%7
CBs at d47 (Fig. 4G). Expression of SERCA2a and its negative regulator PLN, two proteins which are
strongly regulating the calcium flux into the SR lumen, were affected in RAF15%"" CBs at d24 and d47
(Fig. 4G). Consistently, PLN/SERCA ratio was remarkably increased in both RAF1%%"* CBs, which was
reversed to the levels of WT CBs upon MEKi treatment (Fig. 4H). Collected data suggests that the HCM
causing RAF15%" mutation reduces the contractile function by changing the calcium transients.
Furthermore, our data reveled higher levels of active PLN (PLN/p-PLN) to SERCA in RAF15%*’* CBs, which
most likely results in a decreased Ca®* reuptake into the SR and therefore a prolonged contraction of
the RAF15%7 CBs. Our data further demonstrated lower RNA levels of PLN and SERCA in RAF1%’" CBs.
The fact that PLN levels but not SERCA levels increased after MEKi treatment indicates the selective

importance of MEK-ERK signaling in the regulation of PLN expression.
RAF15%57' CBs displayed fluctuation in various signaling pathways

Ser-257 is flanking the regulatory Ser-259 which interacts, when phosphorylated, with a 14-3-3
isoform and therefore stabilizes RAF1 in its inactive form [8]. Ser-257 substitution to Leu resulted in
reduced phosphorylation of Ser-259 up to 50% (Fig. 5C), which has been proposed to contribute to a
higher overall activity of RAF1 as well as a shift of binding affinity of RAF for MST1/2 to MEK1/2 [33].
The canonical MAPK pathway is one of the most studied pathways downstream of RAF1. However,
activation of other RAF1 substrates in addition to MEK1/2 may control pathways related to HCM (Fig.
5A). Analysis of RAF1525t CBs showed a significantly higher level of p-ERK as compared to WT CBs, which
completely abrogated in the presence of 0.2 pM MEKi (Fig. 5B and C). In addition, we observed
increased levels of p-p38/p38 and decreased p-YAP/YAP in RAF1°%°7* CBs, where MEKi treatment was
able to partially rescue these changes (Fig. 5B and C). The PI3K-AKT-S6K and JNK axis did not show
remarkable different activity between the RAF152°”t CBs and WT CBs (Fig. 5B and C). To check the activity
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of RAF1-AC-PKA in mutant CBs, we candidate cTnl as a substrate of PKA [34]. In RAF15%7" CBs, we
detected elevated levels of both p-cTnl and total cTnl. The atrial natriuretic peptide and the brain
natriuretic peptide (ANP [gene; NPPA] and BNP [gene; NPPB]) are two clinical biomarkers for heart
failure which are upregulated during hypertrophy because of a return to the fetal gene program, which
was shown to be activated via calcineurin-Nuclear factor of activated T-cells (NFAT) and Myocyte
Enhancer Factor 2 (MEF2) [35,36]. The quantitate PCR of the NPPA and NPPB showed upregulation of
NPPB in RAF1°%57- CBs (Fig. 5D) which MEKi treatment of CBs had reduced the NPPB levels more than 10
folds.

Discussion

The main purpose of this study was to investigate the mechanistic basis of cardiac hypertrophy
induced by RAF13%7%, Therefore, a protocol for the differentiation of highly pure, ventricular and

contractile iPSC-derived cardiac bodies (CBs) was established.
Downstream signaling activities of the RAF15%°7" in cardiac myocytes
Regulation of the HCM response genes via MAPK

RAF15%7* CBs exhibited an approximately 50% reduced inhibitory phosphorylation of RAF1 at Ser-
259 which is consistence with previous reports [3,4,12]. The best studied RAF1 substrates are MEK1/2
that in turn phosphorylate ERK1/2. Accordingly, high p-ERK1/2 levels detected in RAF15%°" CBs, also
observed in previous studies [10,12], were completely abolished in the presence of MEKi. This was
accompanied with a partial reversion of the observed phenotype in cardiac myocytes. The MAPK
pathway seems not only to be crucial for normal heart development but may act as central node of
almost all hypertrophy agents stimulating adoptive and maladaptive hypertrophy [37,38]. How MEK-
ERK regulates the HCM, remains an open question. Upon activation, ERK1/2 phosphorylates and
regulates the activity of a wide range of substrates in the cytoplasm and nucleus. In cardiomyocytes,
ERK1/2 phosphorylates cardiac specific transcription factor of GATA4 at Ser-105 and enhance its
transcriptional DNA-binding activity. GATA4 is critical for the expression of structural and cardiac
hypertrophy response genes, such as NPPA, NPPB, B-myosin heavy chain (Myh7), troponin | (Tnni3),
and a-skeletal Actin (Actal) [39-43). The expression analysis in RAF15%°7' CBs elucidate upregulation of
NPPB and MYH7 at RNA levels and cTnl only at protein levels. This may explain the mechanism of HCM
induction via RAF1-MAPK-GATA4,

Calcineurin-NFAT signaling is another critical parameter for cardiac hypertrophy. Growing number
of evidences, indicates positive cooperation among calcium regulated signaling of calcineurin-NFAT and
MAPK in modulation of hypertrophy response genes [42,44]. Obtained data showed that RAF15%7
regulates the prominent NFAT target gene of NPPB whereas RAF1°2*“CB + MEKi had 10-fold lower NPPB
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levels. Previous studies revealed that hypertrophy induction via calcineurin-NFAT can be attenuated by
ERK inhibitors. Moreover, calcineurin-NFAT/RAF-MAPK are found in the same signalosome in cardiac
cells [10,42,44]. It has been proposed that ERK regulates NFAT activity via AP1 phosphorylation or p90
ribosomal S6 kinase type 3 (RSK3) [44,45]. Besides NFAT, GATA4 and RSK3, other ERK substrates, such
as ELK1, MSK1, c-MYC and NFkB, are activated by ERK1/2 in cardiomyocytes [30,45-48). We interpreted
the observed expression changes of NPPB, MYH7, MLY2, c¢Tnl, SERCA2 and LTCC due to the co-
occupation of the hypertrophy response genes promotors via transcription factors of GATA4, AP1,

MEF2, NFAT and NFkB [41,43,49].
Regulation of the calcium handling and contraction via MAPK

One characteristic of the maladaptive hypertrophy is an abnormal calcium handling and
consequently contractile defects [20,30]. Our functional analysis of the RAF15%"* CBs revealed slower
contraction rate in comparison to RAF1"" CBs. Early treatment of RAF1%%*’* CBs with MEKi from d12-
d40 significantly ameliorated contractile dysfunction, whereas a shorter treatment (d12-d24) did not
show any effect. Notably, MYH6-to-MYH7 switch also altered the contractile behavior of CBs, since
MYH?7 is known as a slower isoform and MYH6 faster isoform of myosin heavy chain [50]. In this regard,
RAF15%5t CBs exhibited higher levels of MYH7 leading to a depressed contractility, whereas WT CBs +PE
contracted faster due to higher levels of MYH6 (See Fig. 4A and S3C).

Here, RAF15%* CBs also showed a reduced intracellular Ca?* transient that most likely affects
excitation-contraction coupling and cardiac contractile force [15]. Similarly, an impact on intracellular
Ca?" transient has been previously reported in iPSC-derived cardiac myocytes with gain of function
mutations in BRAF and MRAS [22,51]. In contrast, a recent study that compare the idiopathic HCM and
RAF15%7t associated HCM, has shown that idiopathic CBs but not RAF152°™* CBs exhibited significant
alternations in calcium handling [11]. Small changes in intracellular Ca®*" concentration also affect the
activity of Ca*-dependent phosphatases and kinases, including PKC, CaMKIl and calcineurin. In this
regard, observed reduced Ca?* handling in RAF152t CBs may be due to altered expression of calcium
regulatory proteins, such as SERCA2A, PLN and LTCC. Evaluated levels of PLN/SERCA ratio, which
inhibits SERCA2 pump and decreases cardiac contractility [52], contributes to HCM phenotype [32,53].
Previous studies have shown that RAS-MAPK pathway regulates SERCA2A, PLN and LTCC expression
that are downregulated during hypertrophy and heart failure [49,53,54]. MEKi treatment of RAF15%°7*
CBs did not restore SERAC2a expression but led to a significant upregulation of PLN and to a significant
downregulation of BNP to levels close to that of WT CBs. This suggests that PLN and BNP expression
but not SERCA2A may be under transcriptional control of ERK1/2. Interestingly, an increase in BNP,

which is known as a HCM biomarker, leads to decrease in SERCA2A expression [55].
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Cytosolic ERK target on regulation of the HCM
Sarcomeric signaling

A remarkable and unprecedented finding in the present study are the impaired I-bands in both
RAF15%7* CBs and the heart biopsy samples from the corresponding patient with heterozygous RAF1
p.Ser257Leu variant. The I-band segment of titin, a lighter region of the sarcomere, acts as a molecular
spring that develops tension when sarcomeres are stretched. It represents a regulatory node that
integrates and perhaps coordinates diverse signaling events [56]. Most interestingly, this phenotype
was completely rescued upon MEK inhibition. The underlying molecular mechanism that may explain
is the MAPK assembly alongside the N2B region of titin in I-band area by scaffold protein four-and-a-
half LIM domain 1 (FHL-1) [57,58]. N2B phosphorylation by ERK2 regulates the titin stiffness and thus,
pressure overload-mediated cardiac hypertrophy [57,59]. Consistently, we detected RAF1 largely

localized alongside the sarcomeres of RAF15%7 CMs.
Feedback and feedforward loops

Signal transduction analysis indicated that inhibition of MEK not only affected the ERK activity but
also other critical factors in cardiomyocytes. This includes upregulation of NPPB, MYH7-to-MYH6 ratio
and phosphorylation p38, cTnl and YAP. Notably, ERK controls in addition to a wide range of
transcription factors (see above) various upstream kinases (e.g., RAF1, MEK1/2) and regulators (e.g.,
SOS1) of the MAPK pathway dependent on the cellular context [60]. Moreover, ERK phosphorylates
RKIP (RAF kinase inhibitor protein) and releases it from RAF1 and therefore activates the MAPK-
cascade [34]. Therefore, MEK inhibition affects also the activity of the upstream components, including
RAF1, which in turn results in activity changes of other RAF substrates and their pathways, including
MST1/2-LATS1/2-YAP-CTGF, AC-cAMP-PKA-cTnl/PLN/MYH-7 and ASK1-JNK/p38-NFAT/MEF-NPPB (see
Fig. 6) [61].

The activity of alternative RAF1-dependent pathways in HCM
RAF1-MST1/2-LATS1/2-YAP

Activated RAF1 binds to MST2 (also called STK3) and inhibits MST1/2-LATS1/2 pathway [33,62]. As
a consequence, YAP translocates into the nucleus, associates with TEAD and regulates transcription of
mitogenic factors, CTGF, miR-206, c-MYC and NOTCH2. Accordingly, higher amounts of YAP, detected
in RAF1%%"* CBs, was significantly reduced upon MEKi treatment. MST1/2-LATS1/2-YAP axis is critical
for heart development, growth, regeneration and pathogenesis. It regulates proliferation in neonatal
heart and growth and survival in adult heart [63-65]. YAP-miR206-FoxP1 axis regulates hypertrophy and
survival of cardiomyocyte through upregulation of fetal genes, e.g., MYH7, NPPB and NPPB [66].

RAF1-AC6-cAMP-PKA-cTnl
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Another substrate of RAF1 is adenylyl cyclase type 6 (AC6) that generates cAMP [67,68].
cAMP-activated PKA, in turn, regulates sarcomeric and calcium transient regulators, such as cTnl.
Phosphorylated cTnl (p-cTnl) increases the rate of cardiac muscle contractility [69]. Notably, HCM-
associated cTnl mutations abolish phosphorylation of cTnl by PKA [70]. As shown in this study, RAF15%7
CBs revealed elevated levels of both cTnl and p-cTnl. MEKi treatment significantly reduced the
amounts of p-cTnl but not total cTnl, strongly suggesting that RAF1 is in cardiomyocytes not only

upstream MEK1/2 and MST2 but also AC6.
MAPK networks in RAF1l-associated HCM

Other MAPKs among ERK1/2, such as p38, JNK, and ERK5, appear to be involved in cardiac
development, function, and diseases [37,71]. We next investigated the activity of other MAPKs in
RAF1°%7* CBs. Data indicated a higher activating phosphorylation of p38 but not JNK in RAF15%°7" CBs.
This was reduced upon MEKi treatment to the threshold levels of RAF1YT CBs. The molecular

15574 in cardiac cells is unclear. We proposed that

mechanism which underlies p38 activation via RAF
elevated levels of p38 in mutant cells could be a compensatory response of the cells to reduce the
effects of the sustained ERK activity in an unknown ERK-dependent or ERK-independent positive feed-
back regulation of the p38. One possible mechanism would be the positive regulation of the HDAC
class | by ERK which deacetylates and inhibits the dual-specificity phosphatase 1 (duspl). Acetylated
DUSP1 bind with more affinity to p38 and dephosphorylates it. Therefore, the inhibition of DUPS1 by
ERK-HDAC-DUSP1 axis results in accumulation of more p-p38 on the mutant cells (Fig. 6). Consistently,
our results showed that MEKi can reduce the levels of the p38 that could be due to inhibition of the
ERK-HDAC and more acetylated DUSP1 that target p-p38 among the MAPKs [72,73]. Based on previous
studies, ERK is introduced as a negative regulator of p38, however, our data revealed a novel crosstalk
between two set of MAPKs of ERK and p38 in cardiomyocytes that endogenously expressed
hyperactive RAF*2*t, However, the precise mechanism of the MAPK crosstalk in cardiac myocytes

needs further investigations.

Collectively, in this study we identified new aspects of RAF1 function in iPSC-derived
cardiomyocytes which resemble the observed phenotype from the corresponding patient, specially
the ultra-structure of the sarcomeres. The S257L mutation in RAF1-CBs modulate the RAF1 dependent
signaling networking and cardiac specific proteins and functions, such as reactivation of fetal gene
program, contraction rate, calcium transient and the sarcomeric structures. However, in this study we
were not able to cover the activity of the all known RAF1 substrate which critical on cardiac function
and contractions including troponin T, DMPK, ROCK, MYPT and calcineurin [9,10,12,74-78]. Therefore,

further studies are needed to uncover the RAF1 signaling towards these components as well.
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Figure 1: Characterization of iPSC-RAF1°%°", iPSC-RAF1°%™ reveal a normal karyotype, express pluripotency
markers and differentiate into ectodermal, endodermal and mesodermal derivatives in vitro. A) RAF1527* Patient
derived dermal fibroblasts. B) Typical iPSC-RAF15%7" colony on mitotically inactivated murine feeder cells. C)
Colonies stain positive for alkaline phosphatase activity. D) In passage 8 after reprogramming, iPSCs show a
normal diploid karyotype. E) Sanger sequencing confirmed the heterozygous RAF15%7" mutation in iPSCs
(asterisk). F) Expression of pluripotency markers Oct4, SSEA4 and Tra-1-60 by immunofluorescence staining and
flow cytometry. Gray histograms represent isotype controls. G) Trilineage differentiation of patient iPSCs.
Expression of endodermal (TUBB3), mesodermal (Nkx2.5 and sarcomeric a-actinin) and endodermal (SOX17)
markers was detected. F) Relative gene expression of pluripotency (NANOG, OCT4, SOX2) and differentiation
markers (Nestin, TUBB3, B-myosin heavy chain, Nkx2.5, FoxA2, alpha fetoprotein) of differentiated embryoid
bodies on d24 of differentiation relative to undifferentiated iPSCs normalized by beta actin expression. Bar
graphs represent mean of three independent samples +/- SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****pP <
0.0001, unpaired t test. Scale bars: A, F, G: 100 um, B, C: 1000 pm.
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Figure 2: 3D cardiac differentiation of iPSC with Wnt signaling modulation. A) Schematic overview of embryoid
body (EB) formation using agarose microwells combined with the stages and timeline of EBs differentiation
towards cardiac bodies (CBs). B) Light microscopy pictures of EBs in different stages of cardiac differentiation. C)
Flow cytometry of dissociated CBs displays the efficiency of the cardiac differentiation towards ventricular
cardiomyocytes by analysis of MLCV2 and cTnT positive cells. D) Representative immunofluorescence staining of
a cardiac body for cTnT and a-actinin expression. E) lllustration of mitotic cells stained with p-H3 in iPSC cells and
CM. CM show no proliferative behavior compared to iPSCs. Arrested iPSC in mitosis with Nocodazole (NA) used
as a positive control.
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Figure 3: Aberrant RAF1 activity on cytoarchitecture of iPSC-derived cardiomyocytes. A) Dissociated cardiac
bodies were seeded on Geltrex coated-coverslips for 7 days and stained with ¢TnT and F-actin. B) Microscopy
analysis NS cardiac tissue (CT) with from the same patients carrying the RAF1 ¢.770C>T mutation. HE staining
shows moderate variation of cardiomyocyte size and nuclei. Desmin and Troponin, represent the microfilament
disarray. C) Electron microscopic images of CBs indicating a stronger myofibrillar disarray in CBs derived from
RAF1 mutant iPSC than WT cardiac myocytes accompanied with the absence of a clear I-band in mutant cells. D)
Electron microscopic images of cardiac tissue (CT) of the NS effected individual (RAF1 ¢.770C>T). Sarcomeric
length is altered due to the RAF mutation. In mostly CT CTRL around 2.2 pm as in the patient between 1.3 -1.9
pum showing the higher variation. E) Immunocytochemistry of CRAF in WT and RAF1 mutant cardiomyocytes at
d90 of differentiation showing its localization at the sarcomere which are stained for F-actin. F) Electron
microscopic images from RAF1 mutated CBs treated with 0.2 puM MEK inhibitor from d12 of differentiation. G)
Quantitative mRNA expression profiling of sarcomeric molecules in WT CBs, RAF15257L CBs and RAF15257L CBs
treated with 0.2 uM MEK inhibitor. H) The relative mRNA amount of MYH7 to MYHG6 ratio was compared between
WT CBs and RAF15257L CBs at two different maturation phases of d23 and d40. RAF1-CBs were treated with MEK
inhibitor from d12 of differentiation. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired 2-tail t-test.

58



Chapter lll: Induced pluripotent stem cell-derived cardiac bodies reveal aberrant sarcomeric...

<0.0043

e
°

0.006
80 i <0.0019 '_Q.9_3_| L
A N | B 020, c =400 D =25 0.01 Eao 4
z <0.0001 E u N v 5
% 04 , r ) <0.0001 0.15 . =300 % %z,o é@ 15
E % (e A w 8 Z1s s gz
=40 A 5010 2200 . = s 810
& 5 A . 3 B0l L .0
n 3 2 b A 5 8 B
g 20 ave * 005 100{ 7 25 z U5
2 ab | § ol E - g 3
— 71— 000 ——— o “00 I 2 00
o o ]
A B A B Y7 3 7 3 ¥
E L g E § L 8 E L E L E L
g & 3 9 i 3 e I Q L Q I
¢ 87 § 5 8¢ £ 2 g & 2 @
5 w
5 2 y ,
less mature CB-24d more mature CB-47d WT-CTRL-CB - ;
E G 18 WS RAF1™“.CB 2ED :
” < =S RAF1".CB B [ :
] = g T :
2 H ge2 :
° o R4 3
2 g 1.0 E85 :
3 o E ] é :
c ; 5 Es :
£ Ze 534 :
- E o5 :
o
g g
: £
k] Q
2 = &
Q
3

RAF1""-CB

m |
17
o
-
L ) [T
& & & S g @
(,vs‘v»"e
[<)

RAF1""'+MEKI-CB
RAF1*"“+MEKi-CB

less mature CB-24d more mature CB-47d

Figure 4: Calcium transients and contraction coupling in RAF mutation CBs. A) Contraction rate of cardiac bodies
at d40 of differentiation represented a lower contraction rate of RAF15257L CBs in comparison with WT CBs. The
treatment of the RAF15257L CBs with 0.2 uM MEKi showed a significant increase in the contraction rate in more
mature CBs (>40 Days) but not younger CBs (<24 Days). B) Ca2+ transients are reduced in RAF1-mutant cardiac
bodies. Bar graphs display the peak height of the Ca2+ transients. C) the time from offset to 50% of maximum
peak height. D) the time from peak to 50% return to baseline. E) as well as the velocities of cytosolic Ca2+ increase
and decrease (F). Each data point represents the average of 10 transients obtained from a single cardiac body. 9
wild type and 12 RAF1-mutant cells were analyzed. G) Quantitative transcription profiling of calcium transient
regulator molecules in WT CBs and RAF1S257L CBs at d23 (younger) and at d40 (older). H) Relative mRNA ratio
of PLN to SERCA2a was compared between WT CBs and RAF1S257L CBs at two different maturation phases of
d23 and d40. RAF15257L CBs were treated with MEK inhibitor from d12 of differentiation. *P < 0.05, **P < 0.01,
*¥**p < 0.001, ****P < 0.0001, unpaired 2-tail t-test.
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Figure 5: The effect of the RAF15257L mutation on the selected kinases activity downstream of the RAF. A)
Western blots analysis of the signaling molecules, p-AKT/AKT, p-S6K/S6K, p-RAF15257/RAF1, p-ERK1/2/ERK1/2,
p-YAP/ YAP, p-p38/p38, p-INK/INK and p-cTnl/cTnl. B) Quantification of western blotting signal intensity of the
phospho-proteins normalized to the total protein levels. C) The relative quantitative real-time PCR of the NPPA
and NPPB compared to HPRT1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired 2-tail t-test.
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REPORT

Functional Dysregulation of CDC42
Causes Diverse Developmental Phenotypes
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Exome sequencing has markedly enhanced the discovery of genes implicated in Mendelian disorders, particularly for individuals in
whom a known clinical entity could not be assigned. This has led to the recognition that phenotypic heterogeneity resulting from allelic
mutations occurs more commonly than previously appreciated. Here, we report that missense variants in CDC42, a gene encoding a
small GTPase functioning as an intracellular signaling node, underlie a clinically heterogeneous group of phenotypes characterized
by variable growth dysregulation, facial dysmorphism, and neurodevelopmental, immunological, and hematological anomalies,
including a phenotype resembling Noonan syndrome, a developmental disorder caused by dysregulated RAS signaling. In silico,
in vitro, and in vivo analyses demonstrate that mutations variably perturb CDC42 function by altering the switch between the active
and inactive states of the GTPase and/or affecting CDC42 interaction with effectors, and differentially disturb cellular and develop-
mental processes. These findings reveal the remarkably variable impact that dominantly acting CDC42 mutations have on cell function
and development, creating challenges in syndrome definition, and exemplify the importance of functional profiling for syndrome
recognition and delineation.

The rate of identification of genes implicated in human
disorders has dramatically increased with the use of sec-
ond-generation sequencing technologies. In particular,
exome sequencing has emerged as a feasible and efficient
strategy to uncover the molecular basis of Mendelian disor-
ders, particularly for individuals with a rare clinical presen-
tation or for whom a unifying clinical diagnosis is not
discerned.! Mutations affecting the same gene but result-

ing in substantial phenotypic differences is a very well-
known phenomenon, but the wide use of exome
sequencing has led to the recognition that this event
occurs much more commonly than previously appreci-
ated.” " In the last few years, it has been recognized that
the variable clinical manifestation of allelic mutations
can often result from their differential impact on protein
function, although the consequences of specific variants
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can be difficult to predict and may require substantial
efforts to be fully understood.””” Here, we report that
missense mutations in cell division cycle 42 (CDC42 [MIM:
116952]), a gene encoding a member of the RAS superfam-
ily of low-molecular-weight GTP/GDP-binding proteins
functioning as a major node in intracellular signaling, un-
derlie a clinically heterogeneous group of developmental
phenotypes. Our in silico, in vitro, and in vivo dissection
of the structural and functional impact of disease-causing
mutations documents that they variably perturb CDC42
biochemical behavior and differentially affect cellular
and developmental processes, highlighting the variable
impact of the functional dysregulation of this GTPase in
cell physiology and development. Our findings also exem-
plify the importance of functional profiling for syndrome
recognition and delineation.

A total of 15 subjects from 13 unrelated families were
included in the study. Clinical data and DNA samples
were collected from the participating families (after written
informed consent was obtained) and stored and used un-
der research projects approved by the Review Boards of
the participating institutions. Investigators studying the
affected individuals described here were connected via
the MatchMaker Exchange (MME) network of web-based
tools® GeneMatcher and MyGene2.”'" Nine affected
individuals (subjects 1 to 5 and 8 to 11), who exhibited a
molecularly unexplained and clinically unrecognized
multi-systemic disorder, were investigated by whole-
exome sequencing (WES) using DNA samples obtained
from either leukocytes or saliva specimens, and a child-
parent trio-based strategy. Exome capture was carried out
using the SureSelect Clinical Research Exome (Agilent)
(subjects 1 and 8), SureSelect Human All Exon v.1, v.3,
and v.5 (Agilent) (subjects 2, 10, and 5, respectively), Nex-
tera Exome Enrichment Kit (Illumina) (subject 3), SeqCap
EZ VCRome 2.0 (Roche) (subject 4), and SeqCap EZ
MedExome v2 (Roche) (subjects 9 and 11) target enrich-
ment kits, and sequencing was performed on a HiSeq
2000 platform (lllumina), using paired-end. WES data
processing, sequence alignment to GRCh37, and variant
filtering and prioritization by allele frequency, predicted
functional impact, and inheritance models were per-
formed as previously described.''”"* Mean coverage of
target regions and average reads depth for individual sam-
ples are provided in Table S1. Subjects 12 (simplex case sub-
ject) and 13 to 15 (affected members of family 30153)
(Figure S1) belonged to a cohort of 235 unrelated individ-
uals with clinical features fitting Noonan syndrome
(MIM: 163950) or overlapping with this disorder, followed
at three participating genetic centers (Rome, Bologna, and
Magdeburg),' "' who did not harbor mutations in previ-
ously identified genes implicated in RASopathies. Based
on the hypothesis that mutations in CDC42 might be
linked causally to Noonan syndrome (or a clinically related
RASopathy), the entire CDC42 coding sequence was
analyzed by targeted resequencing, using genomic DNA
from blood, skin fibroblasts, hair bulbs, and/or epithelial

cells from the oral mucosa. Target enrichment was per-
formed using the Nextera Rapid Capture kit (Illumina),
and sequencing was carried out on a NextSeg550 (Ilu-
mina) with a 2 x 150 bp paired-end read protocol. Align-
ment and variant calling were performed with the BWA
Enrichment BaseSpace App (Illumina), and VCF output
files were annotated using Variant Studio v.2.2 (Illumina).
Finally, Sanger sequencing was used to screen the CDC42
coding exons in subjects 6 and 7, who showed clinical fea-
tures suggestive for the condition associated with CDC42
group I mutations (see below).

Overall, nine different missense mutations distributed
across the entire CDC42 coding sequence were identified
(Table 1). Two amino acid substitutions affected the N-ter-
minal « helix (residues Ile21 and Tyr23), three involved
adjacent residues within the switch II motif (Tyr64,
Arg66, and Arg68), two mapped to the fourth f strand
(Cys81 and Ser83), and the remaining two were located
close to the C terminus (Ala159 and Glul71) (Figure 1A).
Four variants were recurrent, and all occurred as a de novo
event in at least one family. Of note, the c.511G>A substi-
tution (p.Glu171Lys) was shared by the four affected sub-
jects with clinical features resembling Noonan syndrome,
occurring de novo in subject 12, and co-segregating with
the phenotype in family 30153 (subjects 13 to 15), consis-
tent with dominant inheritance. None of these variants
had been reported in ExAC/gnomAD, and all were pre-
dicted to be pathogenic and met the American College of
Medical Genetics (ACMG) criteria to be considered disease
causing (Table $2).'” One variant, c.191A>G (p.Tyr64Cys),
had previously been reported in two subjects with syn-
dromic thrombocytopenia (MIM: 616737).7%!

CDC42 encodes a small GTPase of the RHO family
modulating multiple signaling pathways controlling cell
polarity and migration, endocytosis, and cell cycle progres-
sion, by cycling between an active (GTP-bound) and an
inactive (GDP-bound) state.”** Tt is characterized by five
major highly conserved motifs, G1 to G5, which mediate
GTP binding and hydrolysis (G4 and GS5), phosphate bind-
ing (G1 and G3), and effector binding (G2) (Figure 1A).>***
Based on clinical heterogeneity (see below) and location of
affected residues, we predicted that the mutations would
have a variable functional impact. The structural conse-
quences of the identified disease-causing mutations on
CDC42 structure and function were assessed by Pymol
molecular viewer (see Web Resources), using available
PDB structures. This allowed us to inspect CDC42 interac-
tions with ARHGAP1 (p50“A*/CDC42GAP; PDB: 1grn),
ARHGAP18 (MacGAP; PDB: 5c2j), and ITSN1 (PDB: 1kil)
and WAS (WASP; PDB: 1cee), as representatives for
CDC42's GTPase activating proteins (GAPs), guanine
nucleotide exchange factors (GEFs), and effectors, respec-
tively, and to classify them structurally and functionally
into three different groups. A first group of mutations
affected the switch II region (p.Tyr64Cys, p.Arg66Gly,
and p.Arg68GlIn; group 1), which mediates CDC42 binding
to effectors and regulators (Figures 1B-1D).*” Tyr64 and
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Amino Acid Change
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List of the Germline CDC42 Missense Mutations Identified in This Study

Nucleotide Change
c.191A>G

c.62T>C
C.68A>G

Table 1.
Exon

Arg66 are located on the surface of CDC42 and directly
participate in interactions with regulatory proteins and ef-
fectors. These changes were predicted to affect these inter-
actions and, as a consequence, the catalytic activity of
the GTPase and/or its capability to transduce signaling.
Similarly, Arg68 is embedded in the protein interior and
stabilizes the conformation of the switch II region via in-
tramolecular interactions with multiple residues (Ala59,
GIné61, and Glul00). The Arg-to-Gln change was assumed
to strongly destabilize the switch II loop and the interac-
tion with signaling partners. Group II included substitu-
tions involving residues located within (Alal59) or close
to (Cys81 and Ser83) the nucleotide-binding pocket
(Figures 1B, 1C, and 1E). Ala1l59 faces the guanine base
and replacement by valine was predicted to promote fast
GDP/GTP cycling, favoring a GEF-independent active,
GTP-bound state of the protein. A similar hyperactive
behavior has been reported in RAS proteins.”* " Similarly,
Ser83 binds to GIn116, which interacts with the guanine
base, predicting indirect perturbation of nucleotide bind-
ing properties of CDC42. Cys81 is an invariant residue
among RHO GTPases located in proximity of the phos-
phate-binding loop, and its substitution to phenylalanine
was expected to cause favorable hydrophobic interactions
with this loop, dislocation of Glyl12, and consequently
defective GTP hydrolysis. Finally, group III (CRIB muta-
tions) included variants at [le21, Tyr23, and Glu171, which
are exposed residues predicted to affect interactions
with effectors containing a CDC42/RAC-interacting
binding (CRIB) motif (Figures 1B, 1C, and 1F).*” Glu171
binds to Lys235 of WAS (WASP, hereafter) and plays a
major role in the electrostatic binding network stabilizing
the WASP-CDC42 association,’”*' which was predicted
to be disrupted by the Glu-to-Lys change. Tyr23 lies
at the CDC42 surface implicated in PAK1 binding and
stabilizes proper orientation of helix «5 mediating
WASP binding.**** Tle21 is located near the switch I re-
gion contributing to the hydrophobic pocket of helix «1
participating in WASP binding.”” The Ile-to-Thr substitu-
tion was predicted to perturb CDC42 binding to signaling
partners.

We assessed the effects of the disease-causing mutations
on CDC42 GTPase activity, GDP/GTP exchange, and
binding to effectors in vitro, using recombinant proteins.
The p.Tyr23Cys, p.Tyr64Cys, p.Arg66Gly, p.Arg68Gln,
p.Ser83Pro, p.Alal59Val, and p.Glul71Lys amino acid
substitutions were selected as representative of the three
mutation groups that were predicted to perturb differen-
tially CDC42 function. pGEX vectors were used for
bacterial overexpression of GST-tagged wild-type and
mutant CDC42 proteins, and the GTPase-binding domains
(GBD) of WASP (residues 154-321), PAK1 (residues 57—
141), FMNL2 (residues 1-379), and IQGAP1 (residues
863-1657) in E. coli BL21 (DE3). Proteins were purified af-
ter cleavage of the GST tag (Superdex 75 or 200, GE Health-
care).’! Nucleotide-free and fluorescent nucleotide-bound
CDC42 variants were prepared using alkaline phosphatase
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34.0
24.7
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0.6586
0.6280
0.8283
1.0179
0.0158

1 de novo, 1 familial

de rovo
de rove
de nove
de novo
de novo

10
12, 13-15

4,5
6,7

I
1

switch 11
switch II

pd
B4
NBP
CBR

p-A1g66Gly
p-Arg68Gln
p.Cys81Phe
p.Ser83Pro
p.Alal59Val
p-Glul71Lys

c.196A>G
c.203G>A
c.247T>C
c476C>T
C511G>A"

€.242G>T
databases EXAC and GnomAD. All variants were predicted to be “deleterious” by Combined Annotation Dependent Depletion (CADD) v.1.3, Database for Nonsynonymous SNPs’ Functional Predictions (dbNSFP) Support

Vector Machine (SVM) v.3.0, and REVEL algorithms.'® '® All changes satisfied the necessary criteria to be classified as pathogenic according to the American College of Medical Genetics guidelines.'” Abbreviations: NBP,

nucleotide binding pocket; CBR, CRIB motif binding region.
5This change affects transcript variant 1 (GenBank: NM_001791.3) and isoform 1 (GenBank: NP_001782.1), while it does not affect transcript variant 2 (GenBank: NM_044472.2) and isoform 2 (GenBank: NP_426359.1). The

two isoforms have the same amino acid length but are characterized by a different C terminus.

Nucleotide numbering reflects cDNA numbering with 1 corresponding to the A of the ATG translation initiation codon in the CDC42 reference sequence (GenBank: NM_001791.3). No variants were reported in the public

Scores > 0 (MetaSVM), > 15 (CADDphred) or > 0.5 (REVEL) predict that the sequence change has a significant impact on protein structure and function.
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Figure 1. Location of Disease-Causing CDC42 Mutations and Their Structural Impact

(A) Secondary structure elements (= helices and p strands), conserved motifs critical for tight guanine nucleotide binding and hydrolysis
(G1-GS5), and position of the identified disease-causing CDC42 mutations are illustrated.

(B) Variant residues are assigned to three groups according to their position in the context of CDC42 structure (PDB: 2QRZ): group [ or
switch mutations (Tyr64, Arg66, and Argé8) are part of the switch II loop; group II or pocket mutations (Cys81, Ser83, and Alal59) are
located in the vicinity of nucleotide binding pocket; and group III or CRIB mutations (Ile21, Tyr23, and Glul71) are far outside of the
major interaction sites of CDC42 with GTP/GDP and involve exposed residues located in or close to regions of the protein mediating
binding to effectors containing a CRIB motif.

(C) The position of the mutant residues relative to CDC42 interactions is illustrated by overlaying three different crystal structures of
CDC42 in complex with ARHGAP1 (p50°**) (PDB: 1GRN), ITSN (PDB: 1KI1), and WAS (WASP) (PDB: 1CEE). Residues in reciprocal vi-
cinity up to 4 A were considered as part of binding interface. Residues of CDC42 mediating these interactions are shown in yellow.
(D) Group I mutations. Tyr64 and Arg66 are solvent-exposed residues and contribute to interactions with regulatory proteins and effec-
tors (left). Interaction of both residues with ARHGAP18 (PDB: 5¢2j) is shown as a representative for other interactions such as GEFs and
effectors (middle). The disease-causing amino acid changes are predicted to affect this interaction. Argé8 participates in stabilizing the
conformation of the switch I region via intramolecular interactions with Glu62 and Asp65 (right). The Arg-to-Gln change is predicted to
destabilizes the switch II loop that is crucial for the interaction with signaling partners.

(E) Group Il mutations. Cys81, Ser83, and Ala159 are in close vicinity of the phosphates (G1) and guanine base (G5) of bound GTP/GDP.
Their substitutions are predicted to directly or indirectly affect the nucleotide binding affinity and to shift the balance between inactive
and active CDC42 toward the latter.

(F) Group IIl mutations. Ile21, Tyr23, and Glul71 are part of a cavity on the CDC42 surface that accommodates the CRIB motif of bound
effector proteins (e.g., WASP) (left). Ile21 and Tyr23 are critical for hydrophobic interactions (middle) with these type of proteins, while
Glul71 contribute to binding mediating an electrostatic interaction (right).
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Figure 2. Assessment of the GTPase Activity, Nucleotide Exchange, and Binding to Effectors of Disease-Causing CDC42 Mutants
(A) Mean rate constants (kg values) of p50°*"-stimulated GTP hydrolysis. Grey bars indicate non-significant differences compared to
wild-type CDC42; blue bars indicate abolished/impaired GTP hydrolysis, which in turn results in an increased amount of active, GTP-
bound CDC42 and thus enhanced signal flow. Data were obtained from >4 independent experiments.

(B) Mean rate constants (kqns values) of the GEF-catalyzed release of labeled GDP (mantGDP). Grey bars indicate non-significant differ-
ences compared to wild-type CDC42; blue and magenta bars indicate increased or abolished nucleotide exchange, respectively. The
former is predicted to promote enhanced signaling, while the latter blocks CDC42 in its inactive state. Data were obtained from >4 in-
dependent experiments.

(C) CDC42 mutants variably affect binding to effectors. Dissociation constants (Ky) obtained for the interaction of CDC42 proteins with
PAK1, WASP, IQGAP1, and FMNL2 determined by fluorescence polarization. Data were collected from titration of increasing concentra-
tions of the respective effectors. They were obtained from >4 independent experiments and are illustrated as bar charts. Grey bars indi-
cate non-significant differences compared to wild-type CDC42; blue and magenta bars indicate increased or decreased binding affinity,
respectively.

(D) Scheme summarizing the functional dysregulation of disease-causing mutants on downstream signaling pathways and cellular pro-
cesses. ITSN1 is a specific GEF for CDC42 promoting the active state of the GTPase by catalyzing GDP release. p50“* negatively controls
CDC42 function by stimulating the GTP hydrolysis reaction. CDC42 interaction with PAK1, WASP, FMNL2, and IQGAP1 activates
signaling pathways controlling ditferent cellular processes. For each specific function, the blue and magenta arrows indicate the hyper-

active or defective behavior, respectively.

(Roche) and phosphodiesterase (Sigma Aldrich) at 4°C.*'**
First, GTPase activity was measured basally and following
ARHGAP1 (p5S0YAT hereafter) stimulation by fluorescent
experiments using tetramethylrhodamine (tamra-) GTP
as substrate with a Hi-Tech Scientific (SF-61) stopped-
flow instrument (Figures 2A and S2). The assays docu-
mented a variably increased basal GTP hydrolysis for
CDC42T)’r64Cys’ CDC42Arg68(}ln‘ and CDC42A13159V31, Each
of these mutants, however, exhibited robust GAP insensi-
tivity, showing respectively a 4,700-fold (CDC42"Y764Cys),
392-fold (CDC42"78%86I") and 366-fold (CDC42*12159Val)
reduction in GAP-stimulated GTPase activity, compared
to wild-type CDC42. A mildly decreased GAP-stimulated
GTP hydrolysis was documented for CDC42™™*¥ and
CDC42"8%6S By ysing the same experimental approach,
release of methylanthraniloyl (mant-) GDP was used to
assess the basal and GEF-catalyzed nucleotide exchange
reactions (Figures 2B and 53). The assays documented an
increase of GDP release for CDC42A13159Val and g slightly
increased nucleotide exchange for CDC42"78%8GIn and
CDC42%83° By contrast, p.Tyr64Cys resulted in an
almost completely abolished response to GEE. No sub-
stantial difference in GDP/GTP exchange behavior was
observed for the other mutants. Then, fluorescence exper-
iments were performed by using increasing amounts of the

CDC42 interacting domains of WASP, PAK1, FMNL2, and
IQGAP1 titrated to CDC42 proteins bound to mant-
GppNHp, a non-hydrolyzable GTP analog, to assess the
binding of mutants to four major CDC42 effectors and
evaluate their ability to transduce signaling (Figures 2C
and 54). Experiments were performed using a Fluoromax
4 fluorimeter in polarization mode, and the dissociation
constants (Kyq) were calculated by fitting the concentra-
tion-dependent binding curve using a quadratic ligand
binding equation. Interaction with WASP was completely
abolished in CDC42%"'7'Y* and markedly decreased
(21.6-fold) in CDC42™3%Y Decreased binding, albeit
to a milder degree, was documented for CDC42"868GIn
and CDC42™"* while CDC42%™ exhibited a
slightly increased binding. Binding to PAK1 was impaired
for CDC42"™¥"**%* and CDC42™"**™** and reduced for
CDC42M8%86In and  CDC429M71Lys Tyr64 and Arg66
contribute to CDC42 binding to FMNL2;*° consistently,
CDC42184Cs and CDC424%8%CY had impaired FMNL2
binding, with the latter also having defective interaction
with [IQGAP1. Impaired binding to FMNL2 was also
documented for CDC42'Y™2C¥s and CDC42Meo8GIn
the latter also exhibiting defective IQGAP1 binding.
By contrast, CDC42°M7IL¥s showed enhanced FMNL2
binding. Overall, biochemical characterization of CDC42
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mutants confirmed the heterogeneous clinical and struc-
tural impact of variants demonstrating a stabilized GTP-
bound conformation but defective interaction with all
tested partners for group I mutations, variable hyperactive
behavior for group Il mutations, and a diversified binding
to effectors for group III mutations (Figure 2D).

CDC42 is a master regulator of cell polarization and con-
trols cell migration and growth.”**” The impact of CDC42
mutations on polarized migration was assessed by an
in vitro wound-healing assay on fibronectin-coated wells
(Sigma-Aldrich) (Figures 3A and S5). Monolayers of NIH
3T3 cells (American Type Culture Collection) cultured
in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FCS, 2 mM L-glutamine,
and 10 U/mL penicillin/streptomycin (Sigma-Aldrich)
were transiently transfected using Fugene 6 (Roche) to ex-
press wild-type FLAG-tagged CDC42 isoform 1 (GenBank:
NP_001782.1) or each of the p.Tyr23Cys, p.Arg68Gln,
p.Ser83Pro, p.Alal59Val, and p.Glul71Lys mutants.
24 hr after transfection, cells were scratched and incubated
in low serum medium in the presence of thymidine
(Sigma-Aldrich) to inhibit cell proliferation. Cells that
had migrated in the wounded area were counted 4 and
7 hr after scratch (four fields per well). Comparable trans-
fection efficiency was verified by western blot analysis of
the protein lysates. Only cells expressing group Il mutants
exhibited enhanced wound closure ability compared to
cells expressing wild-type CDC42. Other tested mutants
failed to increase migration, suggesting loss of function
of this CDC42-mediated process, in line with defective
binding of these mutants to WASP, a mediator of polarized
migration.’® Mutants also affected cell proliferation differ-
entially (Figure 3A). CDC42M159Val and CDC425¢830
variably enhanced cell growth, while CDC42™23%* and
CDC42478%86In gignificantly impaired proliferation, indi-
cating a dominant-negative effect.

In Caenorhabditis elegans, CDC-42 controls early and
late developmental programs (see WormBook in Web Re-
sources), including vulval development,™ '' a process
that is regulated by LET-60/RAS-dependent and -indepen-
dent signals.*” To explore the impact of the disease-causing
CDC42 mutations in vivo, transgenic lines were generated
to conditionally express wild-type CDC-42 or a selected
subset of mutations for each mutation group (p.Tyr23Cys,
p.Arg68GlIn, p.Ser83Pro, p.Alal59Val, and p.Glul71Lys)
affecting residues conserved in the nematode ortholog
(Figure $6)."" The wild-type cdc-42 ¢cDNA (ORF clone
R07G3.1; ThermoScientific) was subcloned into the
pPD49.83 heat shock-inducible vector (gift of A. Fire, Stan-
ford University School of Medicine), and the generated
constructs were injected at 100 ng/uL. The pJM67 plasmid
(pelt-2::NLS::GFP) (gift from J.D. McGhee, University of
Calgary), which drives green fluorescent protein (GFP)
expression in intestinal cell nuclei, was used as co-injec-
tion marker (30 ng/uL). To analyze vulval induction and
morphogenesis, synchronized animals from at least three
independent lines for each construct were grown at 20°C

and heat-shocked (90 min at 33°C followed by 30 min at
30°C) at late L2/early L3 larval stages and scored for vulval
induction and morphogenesis from late L3 to mid L4
stages. The presence of a protruding vulva (Pvl phenotype),
multiple ectopic pseudovulvae (multivulva [Muv] pheno-
type), and lack of a vulva (vulvaless [Vul] phenotype) was
analyzed at the adult stage. Lines were scored in triplicate
experiments using a Nikon Eclipse 80i instrument equip-
ped with Nomarski differential interference contrast optics
and used for further analyses and crosses. After each cross,
the genotype of individual alleles was confirmed by direct
sequencing of the appropriate genomic region. Isogenic
animals that had lost the transgene were cloned separately
and used as controls in each experiment. Overexpression
of wild-type CDC-42 at the L2/L3 stage elicited a low-
penetrant Muv phenotype, exacerbated the Muv pheno-
type associated with a let-60 gain-of-function allele,
let-60(n1046) 1V, and partially rescued the Vul phenotype
of animals carrying a hypomorphic lef-23/EGFR allele,
let-23(sy1) 11, indicating LET-60/RAS signaling hyperactiva-
tion (Figures 3B and S7, Table $3). Compared to wild-type
CDC-42, group II mutations induced a more severe Muv
phenotype and more efficiently rescued the Vul phenotype
of let-23(sy1) animals, indicative of enhanced signal flow
through LET-60. Overexpression of wild-type CDC-42
also engendered aberrant vulva morphogenesis, gener-
ating a Pvl phenotype that was mediated, in part, by
WSP-1/WASP (Figures 3B and S7, Tables S3 and S4).
The same phenotype had previously been reported
in C. elegans lines expressing the RASopathy-causing
SHOC2%%% and RRAS“*P mutants.**** Like those ani-
mals, a variable proportion of CDC-42 hermaphrodites ex-
hibiting Pvl displayed egg-laying defects (Egl phenotype)
and accumulation of larvae inside the mother (Bag-of-
worms phenotype) (data not shown). Of note, this pheno-
type was markedly promoted by group II mutations in
a WASP-independent manner, indicating a gain-of-func-
tion effect of these changes. By contrast, CDC-42"Y23¢)
CDC-424686In and CDC-42%"171¥* significantly reduced
the Pvl phenotype, supporting a selective hypomorphic
behavior. Pvl was not modulated by wsp-1 RNAi in animals
expressing CDC-42""3% and CDC-425"171Ls and was
only slightly reduced in those expressing CDC-42486851n,
consistent with the biochemical data indicating an
abolished or strongly reduced binding to WASP of
those mutants, respectively. Nomarski observations of
L3 and L4 control larvae showed that only P6.p descen-
dants detached from the cuticle generating a single,
symmetric invagination; by contrast, a variable propor-
tion of larvae expressing wild-type and mutant CDC-42
displayed asymmetric and/or multiple invaginations
(Figure §7), which represent the earliest signs of the Pvl
and Muv phenotypes, respectively. Overall, the data indi-
cate that group Il mutations upregulate multiple signaling
pathways, including LET-60/RAS, while the other variants
behave as hypomorphic mutations on WASP-dependent
signaling.
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Figure 3. In Vitro and in Vivo Functional Characterization of CDC42 Mutations

(A) CDC42 mutations differentially impact polarized migration and cell proliferation. Wound-healing assays (above) and proliferation
assays (below) were performed using NIH 3T3 cells transiently transfected to express wild-type CDC42 or each of the indicated mutants.
Mean = SD densitometry values of three independent experiments are shown. The wound was generated 24 hr after transfection, and
migration in the wounded area was evaluated after 4 and 7 hr. Cells expressing exogenous wild-type CDC42 migrate more rapidly into
the scratched area than cells transfected with the empty vector (EV). Mutants differentially perturb polarized migration, with
CDC425™3Pr and CDC42*1219°V4! gyerexpression variably enhancing the wound closure ability of transfected cells compared to the
wild-type protein, whereas CDC42Y23%, CDC424%%86I and CDC425171 fai] to do that, supporting a gain-of-function and a
loss-of-function effect of these mutants, respectively. Cell proliferation was evaluated in transfected cells at the indicated time points
and quantified by manual counting using a Neubauer hemocytometer. The trypan blue dye exclusion test was used to consider viable
cells only. While the CDC42413159Val and CDC425¢™83P™ mutants variably enhance proliferation compared to cells expressing wild-type
CDC42, no effect on proliferation (CDC425M17115%) and reduced proliferation (CDC42™23% and CDC42278%85!M) js documented for the
other mutants, indicating a loss-of-function and a dominant-negative effect, respectively. Asterisks indicate significant differences
compared with wild-type CDC42 (*p < 0.05; **p < 0.01; Student’s t test).

(B) Consequences of CDC-42 expression on vulval development in C. elegans. Ectopic expression of wild-type CDC-42 at the L2/L3 stage
elicits a multivulva (Muv) phenotype (left, upper panel), and CDC-42 overexpression in a LET-23/EGFR hypomorphic background re-
duces the penetrance of the vulvaless (Vul) E)henotype (left, lower panel). Compared to animals expressing wild-type CDC-42, those ex-
pressing CDC-425830 and CDC-4242159Y4 show higher prevalence of the Muv phenotype and lower prevalence of the Vul phenotype,
indicating a gain-of-function role on LET-60/RAS signaling. Animals expressing the other tested CDC-42 mutants do not significantly
differ from those expressing wild-type CDC-42. Ectopic expression of wild-type CDC-42 at the early L3 stage elicits a protruding vulva
(Pvl) phenotype (right, upper panel). Animals expressing CDC-42%"%"" and CDC-42*"*'*"¥*! show a higher prevalence of the pheno-
type compared to worms expressing wild-type CDC-42, while a less penetrant phenotype was scored for animals expressing CDC-
4211230y CDC-4248686I o CDC-425"171 mutants. RNA interference (RNAi) experiments show that the Pvl phenotype associated
with overexpression of wild-type CDC-42 is mediated, in part, by WSP-1/WASP (right, lower panel). White and gray bars indicate the
penetrance of Pvl in non-interfered and interfered animals, respectively. Error bars indicate SEM of four independent experiments,
and asterisks specify significance differences between animals expressing CDC-42 mutants and those expressing wild-type CDC-42 or
between interfered and non-interfered nematodes (*p < 0.05; **p < 0.001; ***p < 0.0001; ***p < 0.00005; two-tailed Fisher’s exact
test). Comparisons between worms expressing wild-type CDC-42 and control animals are also shown. RNAi was performed by feeding
using HT115 E. coli bacteria expressing double stranded wsp-1 RNA (Ahringer’s C. elegans RNAi feeding library) and optimized to over-
come lethality. As a control of the efficiency of the modified RNAi protocol, let-60 RNAi experiments were performed on animals carrying
the let-60 gain-of-function allele 1046 (p.Gly13Glu), and the prevalence of the Muv phenotype was scored at a dissecting microscope
(Table S4).
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Figure 4. Facial Features of Individuals with Heterozygous CDC42 Mutations

(A-C) Subject 3 (p.Tyr64Cys) at age 2 years and 6 months (A) and 15 years (B and C) showing upslanted palpebral fissures, smooth phil-
trum, flaring alae nasi, thin upper vermilion, and wide mouth with widely spaced teeth.

(D) Subject 4 (p.Arg66Gly) at 15 years showing broad forehead and broad nasal bridge with bulbous nasal tip.

(E and F) Subject 6 (p.Arg68Gln) at 24 months (E) and 4 years (F) showing a prominent broad forehead, hypertelorism, long philtrum,
and thin upper vermilion.

(G and H) Subject 9 (p.Ser83Pro) at age 2 (G) and 6 (H) years showing prominent forehead, hypertelorism, wide mouth with cupid’s bow,
thin upper vermilion, and widely spaced teeth.

(Iand]) Subject 10 (p.Ser83Pro) at 13 (I) and 32 (J) years showing prominent forehead, wide nasal bridge, ptosis, flared nostrils, and wide
mouth with widely spaced teeth.

(K and L) Subject 11 (p.Ala159Val) at 2 years (K) and at 3 years and 7 months (L) showing very broad and prominent forehead, bulbous
nasal tip, flared nostrils, cupid’s bow, and downturned corners of the mouth.

(M-0) Subject 1 (p.Ile21Thr) at age 3 months (M), 2 years (N), and 10 years (O) showing synophrys, wide palpebral fissures, high and
narrow nasal bridge, bulbous nasal tip, wide mouth with downtumed corners, and mildly laterally prominent ears.

(P) Subject 2 (p.Tyr23Cys) at 14 years showing wide palpebral fissures, high nasal bridge with elevated nasal tip, short philtrum, and long
neck.

(Q) Subject 12 (p.Glul71Lys) at 12 years showing typical facial features of Noonan syndrome, including broad forehead, hypertelorism,
low-set ears, bulbous nasal tip, and flared nostrils.

(R) Subject 13 (p.Glul71Lys) showing ptosis, broad neck, and pectus deformity.

Note that individuals fitting the different mutation groups share some facial characteristics, and that intragroup variability is also
observed.

The cohort of individuals carrying heterozygous muta-
tions in CDC42 had an unusually broad spectrum of anom-
alies. Core clinical features included defective growth,
intellectual disability (ID), facial dysmorphism, hearing/
vision problems, cardiac malformations, immune, hema-
tologic, and lymphatic abnormalities, and brain malforma-
tions (Figures 4 and S8, Tables 55-57, Supplemental Note).
Correlating the functional impact of mutations on clinical
phenotypes observed in affected individuals permitted a
preliminary analysis of genotype-phenotype relationships
(Table 2). Individuals with group I mutations manifested
with ID, muscle tone abnormalities, and variable other

less common features, including cardiac defects. All
individuals within this group had thrombocytopenia,
similar to two previously reported individuals.””*' Individ-
uals with group II mutations manifested with strikingly
dysmorphic facial features: subject 11 (p.Alal59Val)
had marked hypertelorism, prominent forehead, bitem-
poral narrowing, and downslanting palpebral fissures
with coarse thick hair, resembling a RASopathy (Figures
4K and 4Ll). Features within the Noonan syndrome
phenotypic spectrum were observed in all affected
individuals from two unrelated families carrying the
¢.511G>A (p.Glul71Lys) change (subjects 12 to 15), with
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Table 2. Summary of the Clinical Features of CDC42 Mutation-Positive Subjects
Mutation group Group | Group Il Group 1l
Number of individuals 5 4 6

Amino acid substitutions

p-Tyr64Cys, p.Arg66Gly,

p.Cys81Phe, p.Ser83Pro, p11e21Thr, p.Tyr23Cys,

p-Arg68GIn p-Alal59Val p.Glul71Lys

Growth

Prenatal - weight at birth < 2 SD 1/4 2/4 1/4

Prenatal - OFC at birth < 2 SD 1/3 1/2 1/2

Postnatal — weight < 2 SD 4/5 2/3 1/4

Postnatal - OFC < 2 SD 3/5 2/4 3/4

Postnatal — growth deficiency 3/5 4/4 4/6
Intellectual disability 5/5 4/4 2/6
Seizures 1/4 2/4 1/6
MRI brain anomalies” 4/4 4/4 1/2
Tone anomalies 3/4 2/4 2/6
Optic atrophy 1/4 0/4 2/6
Endocrine anomalies 2/4 1/4 1/5
Facial dysmurphism" 4/5 4/4 6/6
Pectus deformity 1/5 0/4 4/5
Scoliosis/vertebral anomalies 2/5 1/4 2/6
Camptodacyly 1/s 2/4 1/5
Cardiac anomalies 3/5 2/4 2/5
GU anomalies 2/5 2/4 1/6
Lymphatic anomalies 1/5 1/4 0/6
Recurrent infections 4/5 3/4 1/6
Platelet anomalies (thrombocytopenia, macrothrombocytes) 4/4 1/3 0/5

Abbreviations: OFC, occipito-frontal circumference; SD, standard deviation; GU, genitourinary. Detailed phenotypic description of subjects is reported in the Sup-

plemental Note and Table S5.
“For details regarding brain MRI features, see Figure S8 and Table S7.
PFor details regarding the facial features, see Table S6.

a particularly striking gestalt of this disorder occurring in
subject 12 (Figure 4Q). Notably, brain malformations
occurred in all groups, and four individuals manifested
with cerebellar-posterior fossa abnormalities. Subjects 8
and 11 (with group II mutations) had a large cerebellum
with evidence of posterior fossa crowding and cere-
bellar tonsillar ectopia, features commonly reported in
RASopathies.*® It should be noted that notwithstanding
the occurrence of a clinical overlap within each mutation
group, intra-group phenotypic variability was observed,
which would suggest a specific impact of individual muta-
tions on developmental processes.

While traditionally CDC42 has been functionally linked
to remodeling of the actin cytoskeletal architecture,”
its role in controlling intracellular signaling has recently
been broadened.'® Such complex modulatory function
is accomplished by interactions with a wide array of
signaling partners functioning in distinct signal cascades.
Cdc42 loss of function is embryonic lethal, and its targeted

deletion has been shown to disrupt cell fate decision, dif-
ferentiation, and function of multiple cell lineages as
well as tissue homeostasis.”” Here, we report that domi-
nantly acting mutations differentially perturb CDC42
function and cause clinically heterogeneous phenotypes
affecting development and growth. Group | mutations
associated with impaired binding to regulators and effec-
tors cause a syndromic form of thrombocytopenia, while
the variably hyperactive group Il mutations are associated
with a variable developmental disorder characterized by
striking dysmorphic features, and one specific amino acid
change among the group III mutations, which affects
only one of the two CDC42 isoforms and specifically im-
pairs binding to WASP, results in an overall milder clinical
phenotype that phenocopies Noonan syndrome.'*
Neoonan syndrome, the most common and clinically
variable among the RASopathies, is caused by dysregulated
signaling through RAS and the MAPK cascade. This
disorder and its clinically related phenotypes result from
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heterozygous germline mutations affecting RAS genes or
genes coding proteins functioning as RAS effectors, regula-
tors of RAS function, or more generally as modulators of
RAS-MAPK signaling.'® More recently, the family of genes
implicated in RASopathies has been extended to include
LZTRI (MIM: 600574), RITI (MIM: 609591), and RRAS
(MIM: 165090), which encode for signal transducers
whose direct link to the RAS and the MAPK cascade had
not previously been appreciated.’*”*! While it is possible
that functional dysregulation of these proteins may
impact RAS signaling directly or indirectly, these findings
raise also the possibility that other pathways may
contribute to disease pathogenesis. The present in vivo
data provide evidence for enhanced signaling through
RAS for group II mutations, indicating that upregulated
CDC42 function is able to perturb signal flow through
RAS; however, no effect on RAS-mediated signaling was
inferred for the p.Glul71Lys change, here identified to
be associated with a phenotype resembling Noonan syn-
drome. While it is possible that the used in vivo model
failed in providing informative data for the specific effect
of CDC425171¥ gn RAS signaling, our finding suggests
that other processes, including aberrant cytoskeletal
rearrangement, may represent a previously unappreciated
aspect contributing to disease pathogenesis in Noonan
syndrome. Consistent with this possibility, SOSI,
SHOC2, and RRAS function has been linked to cell migra-
tion and other cellular processes strictly dependent on
cytoskeletal rearrangement.””>* Further studies are thus
required to specifically address the impact of dysregulated
CDC42 function on RAS signaling as well as on the cellular
and developmental processes that are altered in Noonan
syndrome.

Overall, the present work links different classes of
dominantly acting mutations of CDC42, a master regu-
lator of actin cytoskeleton and major node in intracellular
signaling, to a heterogeneous set of developmental and
multi-system phenotypes, demonstrating the critical
requirement of proper CDC42 function in a large array of
developmental processes. This study also exemplifies cur-
rent challenges in syndrome delineation in the post-WES
era and emphasizes the relevance of functional profiling
in syndrome recognition and delineation.
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Hemophagocytic lymphohistiocytosis (HLH) is characterized by immune dysregulation due to inadequate restraint of
overactivated immune cells and is associated with a variable clinical spectrum having overlap with more common
pathophysiologies. HLH is difficult to diagnose and can be part of inflammatory syndromes. Here, we identify a novel
hematological/autoinflammatory condition (NOCARH syndrome) in four unrelated patients with superimposable features,
including neonatal-onset cytopenia with dyshematopoiesis, autoinflammation, rash, and HLH. Patients shared the same de novo
(DC42 mutation (Chr1:22417990C>T, p.R186C) and altered hematopoietic compartment, immune dysregulation, and
inflammation. CDC42 mutations had been associated with syndromic neurodevelopmental disorders. In vitro and in vivo assays
documented unique effects of p.R186C on CDC42 localization and function, correlating with the distinctiveness of the trait.
Emapalumab was critical to the survival of one patient, who underwent successful bone marrow transplantation. Early
recognition of the disorder and establishment of treatment followed by bone marrow transplant are important to survival.
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Introduction

The diagnosis and delineation of novel genetic syndromes is
often difficult given the limited availability of patients, genetic
heterogeneity, and clinical variability. Hemophagocytic lym-
phohistiocytosis (HLH) has recently been characterized as a
clinical syndrome with hyperinflammation driven by excessive
activation and expansion of macrophages and CD8* T lympho-
cytes (Jordan et al., 2011; Rosado and Kim, 2013). Typical features
include persistent high fever, liver involvement, splenomegaly,
intravascular activation of coagulation associated with pancy-
topenia, and usually an increase in ferritin. Although this syn-
drome is clinically unique, the mechanisms underlying this
disorder are diverse (Sepulveda and de Saint Basile, 2017; Chinn
et al., 2018). Mutations leading to defective cytotoxicity by
natural killer (NK) and CD8* T lymphocytes are the typical cause
of monogenic HLH, typically termed primary HLH. However, a
markedly higher number of patients present with HLH in the
absence of genetically defective cytotoxicity in the context of
infections, rheumatic inflammatory diseases and malignancy.
HLH in its various forms, both in children and adults, is in-
variably fatal if untreated.

Cell division cycle 42 (CDC42) is a member of the Ras-
homologous (Rho) GTPase family functioning as a signaling
node controlling a number of cellular processes, including
adhesion, migration, polarity, cell cycle, and proliferation
(Zhou et al., 2013; Baschieri et al., 2014). CDC42 functions as a
molecular switch by cycling between a guanosine 5'-
triphosphate (GTP)-bound (active) and a guanosine diphos-
phate (GDP)-bound (inactive) state. Two CDC42 isoforms
have been characterized. While isoform 1 is ubiquitously ex-
pressed, isoform 2 is primarily found in the brain. CDC42
function is controlled by three different classes of regulators:
guanine nucleotide exchange factors (GEFs), GTPase-
activating proteins (GAPs), and guanine nucleotide dissocia-
tion inhibitors (Dvorsky and Ahmadian, 2004). The GTPase
primarily acts through its spatial and temporal localized in-
teraction with multiple downstream effectors, such as IQGAPI,
p2l-activated kinase (PAK), and Wiskott-Aldrich syndrome
protein (WASP). Reversible localization of CDC42 at the cyto-
plasmic leaflet of the plasma membrane and other intracellular
membranes is regulated by Rho GDP-dissociation inhibitor
(RhoGDI) and IQGAPl. The former controls the dynamic
membrane-cytoplasm shuttling of the GTPase (Gibson and
Wilson-Delfosse, 2001; Gibson et al., 2004), while the latter
promotes CDC42 translocation from the Golgi apparatus to the
plasma membrane (Swart-Mataraza et al., 2002). These regu-
latory events play a crucial role in controlling CDC42 function,
cytoskeletal rearrangement, cell polarity, and migration. No-
tably, altered binding of CDC42 to IQGAPI induces multiple
leading edge formation and aberrant multipolarized morphol-
ogy (Fukata et al., 2002). Actin rearrangements and cell mi-
gration are also promoted by CDC42 interaction with its
effector, WASP, a critical actin regulator and mediator of NK
cell cytotoxicity (Orange et al., 2002; Ridley et al., 2003). Fi-
nally, CDC42 function requires posttranslational processing
at the C-terminus, including prenylation at Cys'®® (geranyl-
geranylation, most commonly) followed by proteolytic cleavage
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of the last three residues and carboxyl-methylation (Aicart-
Ramos et al., 2011).

We and others recently identified germline heterozygous
mutations in CDC42 as the event underlying a remarkably het-
erogeneous collection of neurodevelopmental phenotypes
(Takenouchi et al., 2015; Martinelli et al., 2018). Core clinical
features of these traits include variable growth dysregulation;
facial dysmorphism; intellectual disability; cardiac defects; im-
munological, hematological, and lymphatic abnormalities; and
brain malformations. Mutations were found to variably disrupt
CDC42 function by altering the switch between the active and
inactive states of the GTPase and/or affecting its interaction
with effectors (Martinelli et al., 2018). As a result, multiple cel-
lular and developmental processes were differentially perturbed.
Remarkably, the biochemical and functional characterization of
mutations allowed the identification of genotype-phenotype re-
lationships, suggesting a link between the specific impact of in-
dividual mutation class and its phenotypic expression (Martinelli
et al., 2018). Mutations were documented to behave either as
activating or inactivating, with the latter specifically associated
with thrombocytopenia. Multisystem/organ involvement oc-
curred in all groups.

Using whole-exome sequencing/whole-genome sequenc-
ing (WES/WGS) coupled to biochemical and functional vali-
dation, we describe a novel hematological and autoinflammatory
phenotype in four unrelated patients caused by the same de
novo missense mutation of CDC42 (NM_001791, c.556C>T,
p-R186C). The disease differs considerably from those previ-
ously associated with CDC42 mutations and is characterized
by neonatal onset of pancytopenia, autoinflammation, rash,
and episodes of HLH (NOCARH). Through in silico, in vitro,
and in vivo analyses, we describe the mechanism by which
this specific amino acid change affects CDC42 function, in-
tracellular signaling, and cellular and developmental pro-
cesses. Finally, we provide a clinical delineation of this
disorder and document the clinical response to IFN-y and IL-
1B neutralization and hematopoietic stem cell transplantation
(HSCT).

Results

Clinical features of patients

The four unrelated patients included in the study showed a
superimposable previously unrecognized multisystem disease
characterized by neonatal onset of pancytopenia, persistent fe-
ver, skin rash, hepatosplenomegaly, and persistently elevated
inflammatory markers in the absence of any evidence of neu-
rodevelopmental involvement (Tables 1, S1, and S2; and Fig. 1 A).
A suspicion of neonatal-onset multisystem inflammatory disease
in three of the four patients led to treatment with IL-1 inhibitors
with incomplete improvement of fever and rash, but not cyto-
penia. In all cases, high chronic doses of glucocorticoids were
required to treat inflammation. All patients developed HLH,
which was fatal in three subjects. Based on the shared features,
we propose the term of NOCARH syndrome for this trait. A
detailed description of the patients’ clinical history is provided
in the Materials and methods.
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Table 1. Features of patients sharing the de novo missense (D42
¢.556C>T (p.R186C) mutation

Pt1 Pt2 Pt3 Pta
Outcome and status  Alive, 6 yr Dead, 6 mo Dead, 1.5 yr Dead, 4.5mo
Fever + + + +
Skin rash + + + +
Facial dysmorphism - - - -
Failure to thrive + + + +
Hepatomegaly + + + +
Splenomegaly + + + -
CNS inflammatory + = , 2
disease?
Gastrointestinal + + + +
symptoms®
Cardiac abnormalities - - = 2
HLHe + + + R
Anemiad + + * ¥
Thrombocytopenia? ~ + + + +
Neutropenia® + + + +
Monocytopenia + + N/A N/A
Acute-phase + + + +
response
BM dysplasia + + + +
Qther notable +F - - 48
features

CNS, central nervous system; N/A, not applicable.

Pt 1, three episodes at age 2 yr with generalized seizures and white and gray
matter lesions in MRI; Pt 3, increased CSF protein and MRI with
leptomeningitis.

bPt 1, diarrhea, intestinal bleeding at age 11 mo, and intestinal infarction at
age 5 yr; Pt 2, chronic diarrhea; Pt 3, small intestine inflammation; Pt 4,
severe, unremitting enterocolitis from birth and diarrhea with intestinal
bleedings and infarctions.

Pt 1, four episodes; Pt 2, a single episode leading to death; Pt 3, died of
secondary HLH after transplant; Pt 4, four episodes.

dpt 1, constant transfusion requirement until age 2 yr; Pt 2, intermittent
transfusion requirement during flares; Pt 3, transfusion dependent; Pt 4,
transfusion dependent.

Pt 1, Pt 2, and Pt 3, profound neutropenia; Pt 4, mild neutropenia.
fSuspected trigonocephaly.

&Very small thymus; arthritis.

Genetic studies

Two patients (patient 1 [Pt 1] and Pt 3) were enrolled in the
Undiagnosed Disease Programs at the Ospedale Pediatrico
Bambino Gesu and Baylor-Hopkins Center for Mendelian Ge-
nomics (CMG) at Baylor College of Medicine and the NK cell
Evaluation and Research Program at Baylor and Columbia Uni-
versity. Using a trio-based WES strategy, a de novo missense
CDC42 change (NM_001791, Chrl:22417990, ¢.556C>T, p.R186C)
affecting an isoform 1-specific exon was identified as the only
candidate variant underlying the disorder in both subjects (Ta-
ble S3). Occurrence of mutations in genes known to be associated
with HLH or other immunological and hematologic disorders was
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excluded. Similarly, there was no other rare substantively
damaging variant shared by the two patients. The missense
mutation had not previously been reported in the Exome Ag-
gregation Consortium/Genome Aggregation Database (gno-
mAD) and was predicted to be damaging by in silico tools
(Combined Annotation-Dependent Depletion [CADD] v1.3: 24.5,
and Mendelian clinically applicable pathogenicity [M-CAP]
v1.3: 0.0531). Based on this finding, a third patient (Pt 2) having
clinical features resembling those of the two previously studied
subjects underwent Sanger sequencing for the relevant CDC42
coding portion, revealing heterozygosity for the same ¢.556C>T
transition, which was validated to occur as a de novo event.
Finally, through networking, a fourth patient (Pt 4) sharing a
similar clinical phenotype, and the same de novo CDC42 mu-
tation was identified. In this case, the mutation was revealed by
WGS using a trio-based strategy (Table $3), which excluded the
occurrence of functionally and clinically relevant variants in
HLH- and autoinflammation-related genes.

Biochemical and functional studies

To explore the functional consequence of the identified missense
change, we initially assessed CDC42 levels in primary fibroblasts
(Pt 1 and Pt 2) and HEK-293T cells transiently expressing the
FLAG-tagged CDC42 mutant. In primary fibroblasts, the protein
was expressed to similar levels without any apparent acceler-
ated degradation (Fig. 1 B). Similarly, no reduction in the level of
the mutant was observed in transfected cells. These data sug-
gested that the disease-associated missense change does not
significantly decrease CDC42 synthesis/stability, pointing to a
specific perturbing effect on protein function.

Compared with the previously identified variants of CDC42
underlying neurodevelopmental disorders (Takenouchi et al.,
2015; Martinelli et al., 2018), the p.R186C amino acid substitu-
tion occurs in a unique region at the C-terminus, within the
hypervariable region (Fig. 1 C). Specifically, Arg!® lies in
proximity of Cys'®8, which serves as substrate site for CDC42
prenylation. This irreversible posttranslational modification is
required for proper CDC42 subcellular localization and function.
To assess a possible effect of the p.R186C substitution on CDC42
prenylation, mass spectrometry (MS) analysis of the purified
CDC42 mutant was performed, revealing proper C-terminal
processing and lipid incorporation (Fig. 1 D), excluding the
possibility of a defective or aberrant CDC42 posttranslational
processing. Structural studies indicate that Arg!®® is located far
from the GDP/GTP-binding pocket and major regions control-
ling CDC42 interaction with positive and negative regulators
(switch regions I and II; Phillips et al., 2008). Consistently,
fluorescence-based cell-free assays showed that replacement of
Arg!® by cysteine did not have a significant impact on either
CDC42 basal and GEF-catalyzed GDP/GTP exchange activity or
basal and GAP-stimulated GTPase activity of the protein
(Fig. 1 E).

Arg's® is a solvent-exposed residue located at the surface of
CDC42 in one of the two major sites of binding to RhoGDI
(Hoffman et al, 2000; Fig. 2 A). The residue stabilizes the
geranylgeranyl-mediated CDC42-RhoGDI interaction. This in-
teraction has a key role in the control of CDC42 function, as it
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Figure 1. Clinical features of patients carrying the c.556C>T change (p.R186C) in CDC42, and biochemical profiling of the disease-causing mutant. (A)
Skin findings of the affected subjects. (B) CDC42 levels in Pt 1 (n = 3, normalized intensity relative to HDs; **, P < 0.0, unpaired t test) and Pt 2 (n = 2) primary
fibroblasts and HEK-293T cells (n = 2) expressing FLAG-tagged WT and mutant CDC42 or an empty vector (EV). (C) CDC42 domain organization indicating key
functional regions and locations of residues affected by disease-causing variants. The two CDC42 isoforms are shown. Isoform 1 is ubiquitously expressed,
while isoform 2 is brain restricted. The missense variants affecting E171 and R186 only affect isoform 1, while mutations affecting the other residues involve
both isoforms. (D) p.R186C does not affect CDC42 posttranslational processing. MS analysis of WT and R186C CDC42 proteins shows a strong peak at 24,539
daltons and 24,486 daltons, respectively, indicating that CDC42R8¢C is properly processed at the C-terminus. Da, daltons. (E) p.R186C does not affect CDC42
GTPase activity and nucleotide exchange behavior. GTPase activity and nucleotide exchange reaction in CDC42R'C (right) are compared with WT CDC42 (left).
kobs values (observed dissociation constant) are reported (bottom). Representative polarization curves are shown (n = 4-6). MW, molecular weight; SAK/L,

serine-alanine-lysine/leucine motif.

negatively regulates stable binding of the GTPase to the cyto-
plasmic leaflet of membranes and modulates CDC42 trafficking
(Gibson and Wilson-Delfosse, 2001; Gibson et al., 2004). Based
on the predicted disruptive effect of the Arg-to-Cys substitution
on RhoGDI binding (Fig. 2 A), pull-down assays were performed
to confirm defective interaction between the CDC42 mutant and
RhoGDI (Fig. 2 B). The impaired binding of prenylated
CDC42R186C protein to RhoGDI was also demonstrated by surface
plasmon resonance (SPR) analysis (Fig. 2 C). These data strongly
suggest a perturbation of proper subcellular localization and
trafficking of CDC42 as a major event contributing to patho-
genesis. Notably, since other residues previously reported to be
mutated in CDC42-related neurodevelopmental disorders are
located at the interacting surface of the second major site of the
GTPase mediating binding to RhoGDI, with a subset of them
directly involved in RhoGDI binding (Fig. 2 A), the defective
binding of CDC42 to RhoGDI likely does not represent a dis-
tinctive impairment of the CDC42R!®¢C mutant. This was con-
firmed by pull-down assays using a panel of bacterially
expressed mutants to assess the impact of amino acid sub-
stitutions in regions far from the C-terminal tail on RhoGDI
binding, which consistently with the structural data suggest that
other missense changes variably impact CDC42 binding to
RhoGDI (data not shown).

GTP-bound CDC42 activates multiple downstream signaling
pathways by interacting with a variety of effectors (Dvorsky and
Ahmadian, 2004; Nouri et al., 2017). We assessed the capability
of the CDC42R18C mutant to transduce signals by measuring its
direct binding to major effectors, including WASP, PAKI, and
IQGAPL. Glutathione S-transferase (GST) pull-down assays
coupled to immunoblotting demonstrated a decreased effector
binding of the mutant protein compared with WT CDC42, witha
significantly diminished binding to WASP and a dramatically
reduced interaction with IQGAP1 (Fig. 2 D). Given the estab-
lished role of RhoGDI and IQGAPI in the control of the dynamic
redistribution of CDC42 within cells, we analyzed the possible
disruption of the subcellular localization of the CDC42R!86C
protein by using complementary cellular models. Depending on
the cellular context and stimuli, CDC42 localizes to the cyto-
plasmic leaflet of multiple compartments, vesicles, and plasma
membrane and partly the cytoplasm (Valdés-Mora and Lacal,
2011). Surprisingly, a constitutive cis/medial-Golgi-restricted
localization of CDC42F!8¢€ was observed in the totality of COS-
1 cells ectopically expressing the mutant protein (Fig. 3 A). On
the other hand, a similar Golgi-specific targeting was not
observed for a representative panel of previously identified
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disease-associated CDC42 mutants (e.g., p.Y23C, p.R68Q,
p.S83P, p.A159V, and p.E171K; Martinelli et al., 2018), sup-
porting the unique consequence of the p.R186C change on
CDC42 subcellular distribution. This distinctive localization
was observed in a disease-relevant cellular model, the YTS NK
cell line, generated by CRISPR/Cas9 technology to express the
mutant allele in the homozygous state (Fig. 3 B). Consistent
with these findings, an enriched Golgi localization was also
observed in the heterozygous primary fibroblasts obtained
from Pt 1 (Fig. 3 C).

We investigated the consequences of altered CDC42 locali-
zation and function on major cellular processes controlled by
CDC42, including proliferation, polarized migration, and cyto-
skeletal rearrangement. In vitro proliferation of CD34* cells
from Pt 1 assessed in response to KIT ligand (KITLG) or a growth
factor mixture (KITLG, FLT3L, thrombopoietin, and IL3) re-
vealed a specific unresponsiveness to KITLG, suggesting a se-
lective hematopoietic proliferation signaling defect (Fig. 4 A).
Defective proliferation was also observed in fibroblasts derived
from Pt 1 and Pt 2, and NIH-3T3 cells transiently transfected to
overexpress the CDC42 mutant (Fig. 4 B). Notably, Pt 1 fibro-
blasts and NIH-3T3 cells overexpressing the mutant protein also
showed reduced polarized migration (Fig. 4 C). Consistently,
defective chemotaxis toward C-X-C motif chemokine 12
(CXCL12) was observed in Pt 1 purified bone marrow (BM)
CD34" cells, peripheral blood mononuclear cells (PBMCs), as
well as in the homozygous CDC42R86C YTS NK cell line (Fig. 4 C).
CDC42 is critical for cytoskeletal rearrangement primarily
through the formation of filopodia, an F-actin-based structure
contributing to cell adhesion, polarization, and migration
(Etienne-Manneville, 2004; Mattila and Lappalainen, 2008;
Jacquemet et al., 2015). Thus, imaging of filopodial pattern and
cell polarization was performed in serum-stimulated fibroblasts
from Pt 1. A higher number of cells with filopodia and an ab-
errantly polarized morphology compared with control cells was
observed. In particular, aberrant polarization consisted of mul-
tiple lateral F-actin flat protruding edges (multipolar cells), in
contrast with the front-rear canonical polarization (Fig. 4 D).
Interestingly, in a cytolytic immunological synapse model on
glass surface utilizing higher resolution imaging, a lower num-
ber of filopodia was detected in the mutant YTS cells, with a
higher proportion of these cells retracting when activated on
a CD18/28 surface (Fig. 4 E). Together, these data documented a
variable perturbation of diverse cell-specific processes mediated
by remodeling of the actin architecture, including cell polarity
and migration.
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Figure 2. p.R186C affects CDC42 binding to RhoGDI, IQGAP1, and WASP. (A) Structure of CDC42 complexed with RhoGDI. Visualization of residues
affected in human disease (left). Arg'®® has a unique localization within the hypervariable region. Arg!®® is surrounded by Asp!°, Thr'*?, Tyr'44, and Glu'®* of
RhoGDI (within 4 A; right middle panel). p.R186C is predicted to disrupt the interaction between the hypervariable region of CDC42 and RhoGDI (right lower
panel). (B) Pull-down (PD) assays showing RhoGDI interaction of prenylated WT and mutant CDC42. Binding of GST-fused RhoGDI to CDC42 proteins was
analyzed by WB documenting defective CDC42R1%5C binding. A representative image is shown (n = 2). (C) SPR analysis of the RhoGDI-CDC42 interaction.
Immobilized GST-tagged RhoGDI was titrated with increasing concentrations of WT (red) and R186C (black) CDC425C proteins. No binding for the mutant
protein was observed. RU, response unit (n = 1). (D) Representative W8 visualizing pull-down of overexpressed FLAG-tagged WT and R186C CDC42 from COS-
7 cell lysates by GST-fused effector proteins IQGAP1, PAK1, and WASP. The same amount of cell lysate was used as a loading control (tCDC42). Bar charts
indicate the relative levels of GTP-bound WT and R186C CDC42 normalized to the levels of total CDC42. A strongly reduced and decreased binding of
CDC42R1EC to [QGAPL and WASP was documented, respectively (mean + SD, n = 3 independent experiments; *, P < 0.05; ****, P < 0.0001, one-way ANOVA
with Sidak's multiple comparison test). n.s., not significant; MW, molecular weight.

Relative levels of
CDC42-GTP

HILH occurring in infants and young children is generally clinical assessments of immune cell function (Fig. 5 A). The
associated with defects in immune regulation, including func- homozygous CDC42R'86C YTS cell line was used as an immune
tion of NK cells (Henter et al., 2007). We observed a slightly to  cell model to directly study the impact of the mutant on NK
markedly reduced NK cell activity in Pt 2 and Pt 3 through cytotoxicity. Chromium release assay against MHC class
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Figure 3. p.R186C leads to aberrant subcellular localization of CDC42. (A) CDC42R'8C shows a Golgi apparatus-restricted localization. Immunofluo-
rescence staining of FLAG-tagged CDC42 proteins (green) and GM130 (red), a marker of cis/medial-Golgi apparatus, in COS1 cells transiently transfected with
mock DNA (empty vector [EV]), WT CDC42, or mutant alleles carrying different disease-causing mutations (Y23C, R68Q, S83P, A159V, E171K, and R186C).
Composite colocalization images are shown in the right panels with nuclei in blue. At least 200 FLAG-tagged CDC42-expressing cells were analyzed for each
sample. Representative image of three independent repeats. Scale bar, 20 um (applicable to all other images shown). (B) Subcellular localization of CDC42 in
YTS NK cell lines homozygous for the p.R186C mutation. CDC42%185C was found to be predominantly localized to the Golgi apparatus with reduced cytoplasmic
signal. CDC42 signal intensity within the Golgi apparatus was quantified using giantin as a Golgi-specific marker relative to the cytoplasm and presented as a
ratio. Representative images of three independent repeats are shown. The graph shows the mean + SD of three independent experiments with n = 38 cells for
WT and n = 35 cells for R186C; **, P < 0.01, unpaired two-tailed t test. Scale bar, 10 pm (applicable to all images shown). (C) Immunofluorescence staining of
CDC42 (green), GM130 (red), and nuclei (blue) in primary fibroblasts expressing WT CDC42 (HD) or heterozygous for p.R186C (Pt 1). Visual composite co-
localization images are shown in the merge panels. Colocalization (orange/yellow overlay) of CDC42 and cis-Golgi is detected in mutant CDC42-expressing
cells. Images refer to representative pictures of three independent experiments. Using GM130 as a mask for cis/medial-Golgi, CDC42 fluorescence intensity was
quantified as the ratio of Golgi to whole-cell staining using Image| software (mean + SD, n = 3; ** P < 0.0, unpaired two-tailed t test). Scale bar, 20 um
(applicable to all images shown).
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Figure 4. p.R186C is associated with defects in proliferation, migration, and formation of actin-based structures. (A) Proliferation of BM CD34+ cells
from Pt 1in response to stem cell factor (SCF/KITLG) or a cytokine mixture (MIX; n = 1). (B) Proliferation of primary fibroblasts from Pt 1(n = 3) and Pt 2 (n = 3)
at indicated time points of culture, and NIH-3T3 cells transiently expressing WT or mutant CDC42 or an empty vector (EV). (C) Migration assays of primary
fibroblasts from Pt 1 (n = 3), transfected NIH-3T3 cells (n = 3; ¥, P < 0.05; **, P < 0.0; ****, P < 0.0001, two-way ANOVA with Sidak’s multiple comparisons),
purified BM CD34* sorted cells (n = 1), PBMCs (n = 2), and a YTS CRISPR/Cas9-modified cell line (n = 3; ****, P < 0.0001, unpaired two-tailed t test; mean + SEM
for CD34*/PBMCs and mean + SD for NK cells, NIH-3T3 cell line, and primary fibroblasts). Migration was assayed using a wound-healing assay on primary
fibroblasts and transfected NIH-3T3 cells and directed migration toward chemoattractant CXCL12 in BM CD34* cells, PBMCs, and YTS NK cells. Decreased
directed migration of all tested cell types was observed. Fl, fold increase of migratory cells. (D) Cytoskeletal rearrangements of cells expressing CDC42R186C,
Multipolarization and filopodia in primary fibroblasts from Pt 1 (n = 3) compared with fibroblasts from an HD. Immunofluorescence staining of CDC42 (red),
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F-actin (green), and nuclei (blue) in cells stimulated 3 h with 20% serum. In HD fibroblasts, CDC42 localizes to the front leading edge, whereas in Pt 1 fibroblasts,
the protein mostly localizes to the perinuclear area. On the right of the panel, quantification of multipolar cells and number of cells with short and long filopodia
length are shown. Cells bearing multiple F-actin flat protruding edges (butterfly shaped) were considered multipolar. While HD fibroblasts polarize showing a
front (leading edge), a large proportion of Pt 1 fibroblasts show multiple protruding edges. Filopodia twofold longer than nuclei diameter were considered long
filopodia. Filopodial length and number were notably increased in fibroblasts, suggesting a disruption of CDC42-dependent actin architecture. Scale bar, 20 pm
(applicable to all images shown). (E) Filopodia dynamics of the YTS cells on an activating CD18/CD28 surface. Filopodia were imaged using SIM-TIRF mi-
croscopy with representative images showing decreased filopodia count (mean + SD, n = 3; **, P < 0.01, unpaired two-tailed t test with Welch'’s correction) in

cells expressing CDC427'85C, Scale bar, 10 um (applicable to all images shown). n.s., not significant.

I-negative 721.221 target cells demonstrated reduced cytotoxic
function in the mutant cell line through a cell-intrinsic defect
(Fig. 5 B). The reduction in cytotoxic function was in part due to
a reduction in the ability to form conjugates with target cells
(Fig. 5 C) and impaired migration (Fig. 4 C). Consistent with the
observed altered filopodia structure and number, these find-
ings suggest that immune dysfunction in the patients is likely
linked to actin dysregulation (Sinai et al., 2010).

The unique behavior of the CDC42®86C mutant was also
validated in vivo. In Caenorhabditis elegans, CDC-42 controls a
number of developmental programs, including vulval develop-
ment (Reiner and Lundquist, 2018). Our previous studies
documented that CDC42 mutations differentially perturb vulval
induction and morphogenesis, with some amino acid changes
up-regulating multiple signaling pathways, including those
mediated by LET-60/rat sarcoma (RAS), and others behaving as
hypomorphic mutations on WSP-1/WASP-dependent signaling
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(Martinelli et al., 2018). In particular, overexpression of WT cdc-
42 at early/mid larval stage 3 (L3) was shown to induce the
formation of a single protrusion at the site of the vulva (pro-
truding vulva [Pvl] phenotype) in a WSP-1-dependent manner.
Ectopic expression of the WT protein also elicited a low pene-
trant multivulva (Muv) phenotype and partially rescued the
vulvaless (Vul) phenotype of nematodes carrying a hypomor-
phic let-23/EGFR allele, demonstrating hyperactivation of signal
flow through LET-60 and the MAPK cascade. Compared with
WT CDC-42, the K186C (homologue of R186C) mutant induced a
less penetrant Pvl phenotype and less efficiently rescued the Vul
phenotype, indicating a hypomorphic effect of this mutation on
both LET-60/RAS and WSP-1/WASP signaling pathways (Fig. 6,
A and B; and Table S4).

Collectively, the in vitro and in vivo biochemical and func-
tional data consistently indicate a unique impact of the identi-
fied disease-causing p.R186C change on CDC42 subcellular
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Figure 5. p.R186C is associated with impaired NK cell cytotoxic function. (A) Assessment of NK cell cytotoxicity in Pt 2 and 3. Using NK cell cytotoxicity
assays, Pt 2 at diagnosis had a decreased cytotoxic function compared with an HD at the shown E/T ratios at time points 2 h and 3 h. For Pt 3 at diagnosis, NK
cells were stimulated with IL-2, and cytotoxicity was also decreased. (B) Functional characterization of YTS NK cell model. Standard Cr-51 release assay of YTS
NK cell lines against 721.221 target cells. The mutant cell line showed a significant decrease in cytotoxicity (pooled mean + SD, n = 3 independent repeats each
with triplicates; ***, P < 0.001, Mann-Whitney U test). (C) Co-culture conjugation assay of YTS NK cell lines against 721.221 target cells. Compared with
parental YTS NK cells, a reduced ability of the YTS NK cells expressing the mutant allele to form conjugates with 721.221 target cells was also observed. A
representative figure is shown (n = 4).
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Figure 6. p.R186C affects C. elegans vulval development. (A) Hypomorphic effect of the mutation on pathways controlling C. elegans vulval development.
Compared with WT CDC-42, the K186C mutant induces a less penetrant Pvl phenotype and less efficiently rescues the Vul phenotype of animals carrying a
hypomorphic let-23/EGFR allele, indicating a hypomorphic behavior on multiple signaling pathways. The R68Q and A159V mutants, representative of group |
(substitutions characterized by impaired binding to regulators and effectors) and group 1l (gain-of-function changes) mutations, respectively, are shown for
comparison. Error bars indicate SEM of three independent experiments. Asterisks specify significant differences between animals expressing WT CDC-42 and
those expressing the empty vector (EV) or the let-23(sy1) allele (*, P < 0.05; ***, P < 1.2e-6; two-tailed Fisher’s exact test), and between animals expressing WT
and mutant CDC-42 (*, P < 0.05 [Muv] or P < 0.005 [Pvl and Vul]; **, P < 0.00002 [Pvl] or P < 3.2e-6 [Vul]). Number of animals are reported in Table S4.

(B) Representative images of C. elegans phenotypes. Scale bars, 20 um.

localization and function, which likely underlies the distinc-
tiveness of the trait.

Clinical profiling of NOCARH syndrome

The four unrelated patients sharing the same de nove missense
CDC42 mutation (p.R186C) showed a similar multisystem in-
flammatory disease characterized by pancytopenia, fever, skin
rash, hepatosplenomegaly, and persistently elevated inflamma-
tory markers. Differently from what had previously been re-
ported for other CDC42 mutations (Martinelli et al., 2018), no
neurodevelopmental involvement was observed. In these pa-
tients, Wiskott-Aldrich syndrome, idiopathic myelofibrosis,
dyskeratosis congenita, and classical immunodeficiency were
rapidly excluded based on established clinical, biochemical, and
genetic diagnostic criteria. Treatment with IL-1 inhibitors par-
tially improved fever and rash, and high chronic doses of glu-
cocorticoids were required to treat inflammation. Fatal HLH
developed in three cases.

Trilineage dyshematopoiesis was observed in BM with
prevalence of early differentiation elements, and decreased
clonogenic progenitor content having altered clonogenicity was
documented (Fig. 7 and Table S5). This indicates that the
p.R186C substitution in CDC42 affects hematopoiesis, ultimately
altering BM composition.

Since typical autoinflammatory features were present, we
investigated IL-1B8 production. Increased IL-1p secretion was
measured via ex vivo spontaneous IL-1f release from un-
stimulated BM mononuclear cells as well as high levels of IL-
1B in BM supernatants and plasma (Fig. 8, A and B). This finding
demonstrates that IL-1B overproduction is likely responsible for

Lam et al.
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part of the phenotype, particularly the observed features
typically associated with IL-1B-driven inflammasopathies
(i.e., fever, rash and elevated acute phase proteins; Harapas
et al, 2018). Remarkably, patients showed strikingly in-
creased production of IL-18. This was demonstrated by a 300-
fold higher ex vivo spontaneous IL-18 release from unstimulated
BM mononuclear cells and by levels of IL-18 in BM supernatant
and plasma that were ~1,000-fold higher than those of healthy
donors (HDs; Fig. 8, A and B). Stimulation of BM mononuclear
cells with LPS or LPS plus ATP did not increase further IL-18
production as compared with unstimulated cells, suggesting the
presence of constitutive maximal activation of IL-18 processing
and release in the patient’s marrow. In contrast, no ex vivoe
spontaneous IL-6 release from unstimulated BM mononuclear
cells was observed (Fig. 8 A), and circulating IL-6 levels in Pt
1and Pt 2 were comparable to those observed in healthy subjects
(data not shown). Importantly, IL-18 is a potent costimulator of
IFN-y production (Okamura et al., 1995), and IFN-y appears to be
a common mediator of all forms of HLH (Grom et al., 2016).
Consistently, IFN-y levels were increased in patients, particu-
larly during HLH episodes. In multiple samples available from Pt
1, we observed that elevated IFN-y levels were strictly correlated
(r = 0.82) with elevated levels of CXCL9 (Fig. 8 C), a chemokine
specifically induced by IFN-y that has been proposed as bio-
marker of HLH (Bracaglia et al., 2017). CXCL9 levels were strictly
correlated with levels of ferritin (r = 0.82), which is the most
typical marker of HLH activity. In line with the finding that IL-18
alone is not sufficient to induce IFN-y, we did not find a signif-
icant correlation between IL-18 and IFN-y or ferritin levels
(Fig. 8 C). Accordingly, in Pt 2, high IFN-y levels were also
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Figure 7. p.R186C leads to disruption of certain hematopoietic compartments. (A) Flow cytometric analysis of monocyte and dendritic cell (DC) im-
munophenotype on whole lysed peripheral blood of Pt 1(n = 1) and Pt 2 (n = 1) showing a severe reduction of monocytes and myeloid dendritic cells. Upper
plots (Pt 1 and Pt 2) from left to right: after elimination of debris, we gated on CD14 or CD14, CD19, 7AAD SSC'* cells to identify monocytes. In the CD14-
SSC¥ population, we gated on CD11c* cells for dendritic cell identification in Pt 1. In the CD14-CD19-7AAD- SSC'°% population, we gated on CD1c, CD141, or
€D303 to distinct the dendritic cell major subtypes (MDC1, type 1 myeloid dendritic cell; MDC2, type 2 myeloid dendritic cell; PDC, plasmacytoid dendritic cell)
in Pt 2. Numbers within the plots show the frequency of monocytes and dendritic cells in the total events displayed. SSC-A, SSC-area; FSC-A, FSC-area. (B) The
ring chart shows absolute counts of distinct hematopoietic subpopulations on total CD45" cells (indicated in the legend) in BM of pediatric HDs (n = 6) and Pt 1.
The stacked bar graph on the left is a zoom on the absolute count of hematopoietic stem and progenitor cell subtypes within the LIN-CD34* compartment.
PreB/NK, B and NK cell progenitor; CMP, common myeloid progenitor; ETP, early T progenitor; GMP, granulocyte/monocyte progenitor; iPMN, immature
polymorphonucleated cell; MEP, megakaryocyte/erythrocyte progenitor; MLP multi-lymphoid progenitor; MPP, multi-potent progenitor; NKt, NK T cell; PMN,

polymorphonucleated cell.

associated with high CXCL9 and ferritin levels (Table S1). In
addition, serum IL-6 levels were measured, and persistent
elevation was not detected (Fig. 8 A). Notably, in Pt 1, the
last severe HLH episode not responding to repeated gluco-
corticoid pulses, cyclosporine A, and high-dose anakinra
(10 mg/kg/d) was successfully treated with emapalumab, a
monoclonal antibody targeting IFN-y. Altogether, these
data show that the R186C change in CDC42 leads eventually
to activation of the IFN-y pathway through overproduction
of IL-18, which has been demonstrated to be associated with
secondary HLH development in the context of auto-
inflammatory diseases (Canna et al., 2014; Weiss et al.,
2018).

Lam et al.
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The surviving patient (Pt 1) underwent allogeneic HSCT from
his HLA-haploidentical father after selective depletion of aff
T cells and CD19* cells from the graft for preventing occurrence
of graft-versus-host disease and Epstein-barr virus-related
posttransplant lymphoproliferative disease, respectively
(Locatelli et al., 2017). The conditioning regimen used treosulfan,
thiotepa, and fludarabine. To avoid HLH flares, the patient was
given emapalumab and anakinra until days +28 and +100 after
HSCT, respectively. Neutrophil and platelet recovery occurred
on days +18 and +12 after HSCT; successful engraftment of donor
hematopoiesis was associated with normalization of IL-1p and IL-
18 production (Fig. 8 B). No inflammatory or HLH flare has been
observed up to day +210.
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Discussion leading to a perturbation of hematopoiesis, immune func-

Here, we characterize a previously unrecognized and dis-
tinctive hematological/autoinflammatory disorder due to a
specific missense mutation of CDC42 (p.R186C). By using
complementary biochemical and functional analyses, we
provide evidence that the disease-causing amino acid sub-
stitution has unique consequences on CDC42 function,
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tion, and inflammatory response. We also provide a first
characterization of the clinical profile of the associated
phenotype and propose the acronym of NOCARH syndrome
to highlight the major features of the condition, including
neonatal onset of cytopenia, autoinflammation, rash, and
episodes of HLH.
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CDC42 codes for a small GTPase of the Rho family controlling
multiple signaling pathways regulating cell polarity and migra-
tion, endocytosis, and cell cycle progression by cycling between
an active (GTP-bound) and an inactive (GDP-bound) state
(Etienne-Manneville and Hall, 2002; Etienne-Manneville,
2004). Recently, a number of missense mutations in this gene
have been associated with developmental traits characterized by
an unusually broad spectrum of anomalies, with core clinical
features including defective growth, intellectual disability, brain
malformations, facial dysmorphism, hearing/vision problems,
cardiac malformations, and immune and hematologic and lym-
phatic defects (Takenouchi et al., 2015; Martinelli et al., 2018).
Genotype-phenotype correlations were identified and linked to
a variable functional impact of mutations, suggesting specific
consequences of individual mutations on cellular processes
controlling development. In contrast to those phenotypes, NOCARH
syndrome is a hematological and autoinflammatory condition with
no major involvement of other systems, which is in line with the
documented peculiar functional consequences of the p.R186C
change on protein function.

Our immunophenotype and clonogenic data are consistent
with previous findings showing that controlled inactivation of
CDC42 in BM cells results in altered frequency and distribution
of hematopoietic stem cells, decreased abundance of long-term
hematopoietic stem cells, and occurrence of myeloid and ery-
throid developmental defects, as well as functional defects in
engraftment, migration, and BM retention (Yang etal., 2007a,b).
Notably, present findings confirm the key role of the GTPase in
controlling processes implicated in hematopoietic stem and
progenitor cell fate and behavior.

Based on structural modeling and biochemical and cellular
testing, we predicted and confirmed the mutated protein to have
impaired interaction with known regulators and effectors, in-
cluding RhoGDI, IQGAPI1, and WASP, leading to aberrant sub-
cellular localization, actin cytoskeleton rearrangement, and
reduced migration. CDC42 mislocalization data are consistent
with the physiological role played by RhoGDI and IQGAPI, key
mediators of membrane cycling of CDC42 (Gibson and Wilson-
Delfosse, 2001; Swart-Mataraza et al., 2002; Gibson et al., 2004).
The observation that cells expressing the p.R186C variant un-
dergo deep cytoskeletal rearrangements leading to multiple
leading edges is congruous to findings by Fukata et al. (2002)
showing that cells expressing IQGAP1 mutants defective in
CDC42 binding display aberrant multipolar morphology. This
supports the notion that the IQGAP1-CDC42 interaction is cru-
cial to cell polarization and migration. Notably, the finding that
CDC42 aberrant localization and trafficking is coupled to altered
polarization and migration is in line with the relevant role
played by CDC42 at the Golgi and the leading edge in the control
of cell polarity (Baschieri et al., 2014). Compositional and func-
tional assessment revealed impaired proliferation and polarized
migration, further emphasizing the requirement of proper
CDC42 function in these processes (Martinelli et al., 2018). No-
tably, although we were unable to identify a specific CDC42
functional perturbation associated with the p.R186C change as
causally linked to the complex phenotype of NOCARH syn-
drome, this mutant seems unique in its mislocalization, which
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suggests this is a key factor in the pathogenesis for this uniquely
presenting disease.

Our findings indicate that aberrant CDC42 function can in-
volve components of hyperinflammation and immune impair-
ment in NK cells, contributing to the HLH phenotype observed
in NOCARH. The underlying pathogenetic mechanism of the
p.R186C mutation in the context of anemia and thrombocyto-
penia has yet to be determined, suggesting a context-dependent
effect on specific blood cell compartments. Future studies in-
volving murine models carrying the heterozygous mutation
would be needed to assess the effect on hematopoiesis in a
similar context to that of our patients.

Several mutations in genes with a role in actin cytoskeleton
remodeling of immune cells have been demonstrated to be in-
volved in the pathogenesis of hematological/autoinflammatory
diseases, underlining the importance of the actin cytoskeleton in
modulating inflammatory responses. Indeed, mutations in the
actin-binding protein cofilin (CFL]; Seeland et al., 2018), WAS
(Li et al., 2017), DOCKS8 (Dasouki et al., 2011), and ARPCIB
(Brigida et al., 2018), as well as in RAC2, a Rho GTPase struc-
turally and functionally related to CDC42 (Caye et al., 2015; Hsu
et al., 2019), cause abnormal migration, proliferation, and/or
differentiation of lymphoid and/or myeloid cells and are asso-
ciated with features of autoinflammation. Moreover, aberrant
actin depolymerization due to an inactivating mutation of the
actin-depolymerizing cofactor Wdrl has been demonstrated to
cause in mice an autoinflammatory disease characterized by
spontaneous autoinflammation, thrombocytopenia, and neu-
trophilia (Kim et al., 2015). In these mice, the autoinflammatory
phenotype is IL-18, but not IL-18, dependent and is driven by
activation of the pyrin inflammasome. In our study, we could
not investigate the exact molecular mechanism involved in the
overproduction of IL-18 and the role of CDC42 in inflammasome
regulation. However, the spontaneous release of IL-18 by BM
mononuclear cells, associated with high IL-18 circulating levels,
has been exclusively described in patients carrying mutations in
the NLRC4 protein (Canna et al., 2014) who present with re-
current episodes of HLH. Moreover, it is well known that in-
activation of RhoA GTPases by many bacterial toxins is sensed
by the inflammasome (Jamilloux et al., 2018). Interestingly,
IQGAP1 has also been described as a novel regulator of caspase-
1 in macrophages infected with Yersinia pestis (Chung et al.,
2014). Based on the above-mentioned observations regarding
the connection between the actin cytoskeleton and inflamma-
tion, we propose the term “inflammatory actinopathies” to
group these diseases, including NOCARH, differently from ac-
tinopathies with neurological and myologic features.

In conclusion, NOCARH is an autoinflammatory disease at
high risk for HLH, similarly to what has been observed for the
disorder caused by NLRC4 gain-of-function mutations (Canna
et al., 2014; Romberg et al., 2014). Given the observed auto-
inflammation associated with markedly elevated IL-18 levels, the
mechanism is most likely associated with the role of IL-18 as a
costimulus for IFN-y production. The characteristic inflamma-
tion in two patients in conjunction with elevated IL-18 levels
support IL-18 as a disease biomarker for diagnosing NOCARH
and potentially related syndromes of dysregulated CDC42
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function that involve inflammation. One patient survived se-
vere HLH, and this appears to have been dependent on timely
therapeutic neutralization of IL-1 and IFN-y. Early recognition
and establishment of treatment for NOCARH, based on the
unique association of early-onset trilinear cytopenia and au-
toinflammation, are crucial to prevent multiorgan failure and
subsequent death.

Materials and methods

Detailed clinical history of patients

Pt1

Pt 1is a 6-yr-old Caucasian girl born from healthy unrelated
parents with no family history of genetic disease. At birth, she
presented with persistent high fever; erythematous skin lesions
of the face, trunk, and limbs; a large abdomen because of he-
patosplenomegaly (spleen diameter, 6.4 cm); and suspected
trigonocephaly (Table 1). Laboratory tests showed an increase in
inflammatory markers and a severe trilinear cytopenia requir-
ing frequent red blood cell and platelet transfusions during the
first year of life. BM biopsy at disease onset revealed fibrosis
with trilineage dyshematopoiesis (prevalence of early differen-
tiation elements in erythroid and myeloid lineage, dysmorphic
and reduced megakaryocytes, increased lymphocytes, and
abundant CD68* histiocytes with focal or absent phagocytosis;
Tables S1and S2). Given the partial clinical overlap with chronic
infantile neurological cutaneous articular syndrome-neonatal-
onset multisystem inflammatory disease (CINCA-NOMID), she
was started on glucocorticoids and daily therapy with anakinra,
with improvement of fever and rash, but no effect on cytopenia.
Failure to thrive was present. Treatment with G-CSF was started
with partial response. Recurrence of inflammatory symptoms
following tapering and/or discontinuation of glucocorticoids
was observed. At age of 11 mo, she presented with recurrent
episodes of intestinal bleeding, associated with persistent/
chronic diarrhea. Meckel's diverticulum was excluded. At 2 yr
and 6 mo, she presented with three episodes of generalized
seizures followed by hypotonia, hypersomnia, and transient
hemiparesis requiring in one case admission to an intensive care
unit. Magnetic resonance imaging (MRI) performed during the
first episode showed lesions suggestive of inflammatory central
nervous system involvement; during the third episode, the MRI
showed one additional lesion of the brainstem. CSF was sterile,
CSF white blood cells were 18/mmc, and no hemophagocytic
cells were detected. All the episodes were treated with a high
dose of i.v. glucocorticoid with good response; therapy with
levetiracetam was started. At the age of 5 yr, because of in-
complete control of the inflammatory state, anakinra was
switched to canakinumab. Starting from 5 yr of age, she devel-
oped four episodes of full-blown HLH, fulfilling the HLH-2004
diagnostic criteria. All episodes were treated with high dose of
i.v. glucocorticoids and cyclosporine-A with resolution in all
cases except one. The last episode was severe and associated
with massive intestinal ischemia and necrosis requiring surgical
resection and consequent ileocolostomy. This episode was un-
responsive to high-dose glucocorticoids and IL-1 inhibition.
Treatment with emapalumab, an anti-IFN-y antibody, was
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added with rapid resolution of the episode. At age of 6 yr, the
patient underwent allogeneic HSCT from her HLA-
haploidentical father after a selective depletion of af T cells
and CD19* cells from the graft. The conditioning regimen con-
sisted of a combination of treosulfan, thiotepa, and fludarabine.
To avoid flares of HLH, the patient was given emapalumab and
anakinra until days +28 and +100 after the allograft, respec-
tively. Neutrophil and platelet recovery occurred on days +18
and +12 after HSCT. Normalization of the acute phase response
and no inflammatory or HLH flare have been observed up to
day +210.

Pt 2

Pt 2 was a male born from Caucasian healthy unrelated parents.
Since the first day of life, he presented with persistent fever,
skin rash, mild hepatosplenomegaly, failure to thrive, increase
in inflammatory markers, and trilinear pancytopenia that re-
quired red blood cell and platelet transfusions. Extensive mi-
crobiological screening revealed a positive IgM titer for
parvovirus B19, with B19 parvovirus PCR negative on whole
blood. At age 57 d, he was first seen at one of our centers
transferred from another hospital. He presented with failure to
thrive (height and weight below the fifth percentile), persistent
fever, skin rash, mild hepatosplenomegaly, and chronic diarrhea
and positive blood stool. Inflammatory bowel disease was sus-
pected, and temporary parenteral nutrition started. Laboratory
tests showed elevated acute-phase reactants and severe trilinear
cytopenia requiring recurrent red blood cells and platelet
transfusions. BM biopsy revealed dyshematopoiesis and some
lymphohistiocytic aggregates without significant hemophago-
cytosis. The disease course was characterized by a persistent
inflammatory state despite several treatment attempts with
glucocorticoids, antibiotics, high doses of i.v. immunoglobulins,
and cyclosporine-A. Suspecting an autoinflammatory condition,
treatment with anakinra was also started with only partial im-
provement of the clinical and laboratory parameters. At age 7
mo, he developed severe HLH with multiorgan failure that
rapidly progressed to death. Extensive immunological workup
showed severe monocytopenia and reduction of plasmacytoid,
myeloid dendritic cells, neutropenia, increased central memory
CD4* cells with reduced naive and recent thymic emigrant CD31*
cells, increased regulatory T cells with high memory phenotype,
and increased switched B cell memory cells, plasma cells, and
autoreactive B cells associated with reduced transitional B cells
(Table S2).

Pt3

Pt 3 was a female born from nonconsanguineous Caucasian
parents with no family history of inherited diseases. At birth,
she presented with generalized rash, intermittent cytopenia
(leukopenia, thrombocytopenia, and anemia requiring trans-
fusions), and generalized lymphadenopathy. Hepatospleno-
megaly, nutritional problems, and stagnant growth were also
noted within the first few months after birth. The anemia was
profound and required several red blood cell transfusions. At age
3 mo, the condition was thought to be CINCA-NOMID, and
treatment with anakinra was started, which was temporarily
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effective for rash and overall inflammation, but not cytopenia.
Treatment was stopped due to respiratory infections and no
clear effect of the treatment. 6 mo later, she started treatment
per modified HLH-2004 protocol with steroids and weekly
etoposide-phosphate over 8 wk. No neurological deficits were
noted, but the patient declined over time, requiring increasing
erythrocyte and thrombocyte transfusions. She was then
transferred to another hospital, and for the first few weeks, she
was stable, but she developed signs of an HLH relapse with
increased hepatosplenomegaly, high ferritin, high trigly-
cerides, bicytopenia, and a florid rash. Histologically, hemo-
phagocytosis was not detected. She also developed breathing
difficulties of unknown origin. She was commenced on a
modified HLH-2004 protocol with the addition of antithymo-
cyte globulin, infliximab, and anakinra. There was some clin-
ical response on this treatment and a decision to opt for a stem
cell transplant was made. While she was being investigated and
prepared for transplant, she continuously deteriorated; she was
treated with two courses of alemtuzumab in this time period.
She received a CD3/CDI19-depleted haploidentical transplant
and died 4 d later.

Pt 4

Pt 4 was a boy born in week 34 to nonconsanguineous parents
from a Christian minority originating from the Middle East with
a history of thalassemia minor and familial cardiomyopathy. The
patient was small for gestational age and presented at birth with
bloody diarrhea, cholestasis, ascites, and a generalized rash. He
had an unusually small thymus for his age. The patient also
rapidly developed additional symptoms, including stiff/con-
tracted joints, high fever, highly elevated inflammatory mark-
ers, intermittent cytopenia (thrombocytopenia and anemia
requiring transfusions), hepatomegaly, and diatheses (bleeding
from the mucosas; Table 1). At 2 wk of age, an extensive workup
was initiated. Investigations excluded known gut, liver, and
metabolic diseases. Immunological investigations slightly low-
ered number of T cells with prevalence of naive T cells. Results
of functional tests of NK/T cells and degranulation ability were
normal. Serum IL-6 and IL-18 was remarkably high on repeated
occasions. An autoinflammatory condition in combination with
a primary immunodeficiency was suspected. The patient was
treated with high dose glucocorticoids and anakinra. Because of
insufficient response tocilizumab was also added. This intensive
antiinflammatory treatment was effective for some of the rash,
ascites, cholestasis, as well as intermittently for overall inflam-
mation and cytopenia. The patient needed supportive treatment
in the intensive care unit on six separate occasions, four of
which were due to macrophage activation syndrome-HLH epi-
sodes, likely triggered by infection.

Severe gastrointestinal symptoms and unexplained mucosal
bleedings persisted. The patient continued to have watery di-
arrhea. Gastroduodenal endoscopy showed severe inflammation
with ongoing bleeding. Biopsies of the duodenum showed acute
and chronic inflaimmation with ulcers. In connection with co-
lonoscopy, the patient suffered a perforation and needed sur-
gery. Since no matched related SCT donor was available, a
search for an unrelated matched donor was initiated; however,
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his conditions were too unstable with no signs of remission, and
HSCT was considered too risky. Because of the symptoms of
agonizing pain and high levels of anxiety, and in the presence of
no response to treatments, the antiinflammatory therapies were
gradually stopped, and the patient was transferred to another
hospital for palliative care, where he died at 4.5 mo of age.

Mutation analyses

This study was approved by the Ospedale Pediatrico Bambino
Gesu and Baylor College of Medicine Ethical Committees. Clin-
ical data and DNA specimens from the subjects included in the
study were collected following procedures in accordance with
the ethical standards of the declaration of Helsinki protocols and
approved by the review boards of all involved institutions, with
signed informed consents from the participating subjects/fam-
ilies (study protocol for Pt 1 and 3: “Genome Sequencing to
Elucidate the Causes and Mechanisms of Mendelian Genetic
Disorders” [H-29697] of Baylor College of Medicine; study pro-
tocol for Pt 1 and 2: 1702_OPBG_2018).

Pt1

Exome capture was performed using SureSelect AllExon
v5+UTR (Agilent) and sequenced on a HiSeq platform (Illumina).
WES data were processed and analyzed using an in-house-
implemented pipeline as previously described (Flex et al., 2016;
Stray-Pedersen et al., 2017; Bauer et al., 2018). Briefly, reads were
aligned to human genome build GRCh37/UCSC hgl9, and variants
were quality filtered according to the Genome Analysis Toolkit's
2016 best practices, annotated, and filtered against public
(dbSNP150 and gnomAD V.2.0.1) and in-house (>1,300 population-
matched exomes) databases to retain private and rare (unknown
frequency or minor allele frequency <0.1%) variants located in
exons with any effect on the coding sequence (CDS) and within
splice site regions. Functional annotation of variants was performed
using SnpEff v.4.3 and dbNSFP V.2.9, and functional impact was
analyzed by CADD v.1.3 and M-CAP v.1.0.(Cingolani et al., 2012; Liu
et al,, 2013; Kircher et al,, 2014; Jagadeesh et al., 2016). Average
coverage was 91x and 20x for =86% of the target. Among
127,405 high-quality variants, 14,224 affect either the CDS or splice
sites, while 338 have low or unknown frequencies according to the
aforementioned frequency thresholds. For sequencing statistics, see
Table S3. Relevant variants and the de novo origin of the ¢.556C>T
change were validated by Sanger sequencing.

Pt 2

Mutation analysis was performed by Sanger sequencing using
DNA obtained from circulating leukocytes. Primer pairs are
available upon request.

Pt3

Initial mutation analysis was performed by Sanger sequencing
(and Baylor College of Medicine CMA v9.1), which was negative
for NLRP3, ILIRN, LPIN2, NOD2, MEFV, TNFRSFIA, PSTPIP1, MVK,
and PSMBS. The patient was identified in a shared CMG database
at Baylor College of Medicine by searching for rare, likely
damaging variants (using the Exome Aggregation Consortium
and CADD) in CDC42 in a cohort of unsolved immunodeficiency
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probands. On further study, patient had underwent trio-based
WES in Norway, revealing the presence of the de novo ¢.556C>T
change in CDC42, and proband-only WES was repeated at Baylor
College of Medicine. Sanger sequencing of proband and parents
was then performed, confirming the presence of a de novo
variant (Table S3).

Pt4

Blood samples from the patient and his parents were obtained
with informed consent according to the Declaration of Helsinki.
The study was approved by the Regional Ethics Review Board in
Stockholm, Sweden. DNA samples were subjected to trio-based
WGS with a TruSeq DNA PCR-free protocol followed by se-
quencing on an Illumina HiSeq X machine with an average
coverage of 34x. Sequencing reads were analyzed with the
pipeline SpeedSeq. In brief, reads were mapped to the human
genome build GRCh37 with Burrows-Wheeler aligner, while
calling of single-nucleotide and structural variants was per-
formed, respectively, with FreeBayes and Lumpy. No mutations
were identified in HLH/autoinflammation-related genes. The
genomic region spanning CDC42 was visualized with the Inte-
grative Genomics Viewer, indicating a de novo ¢.556C>T muta-
tion, which was validated by Sanger sequencing (Table S3).

MS

WT CDC42 from TNAOQ38 insect cells were dissolved in 50%
(vol/vol) acetonitrile and 0.2% (vol/vol) formic acid at a final
concentration of 2 mg/ml. Proteins were subjected to a C4 HPLC
column (MassPrep Online Desalting Cartridge, dimensions 2.1 x
10 mm; Waters) equilibrated with 20% (vol/vol) acetonitrile and
0.1% (vol/vol) formic acid. For HPLC separation, the following
conditions were used: HPLC-system U300 series (Agilent
Technology), a flow rate of 500 ul/min; eluent A, 0.1% (vol/vol)
formic acid in water; eluent B, 0.1% (vol/vol) formic acid in
acetonitrile; gradient conditions, 20% B for 0.5 min, linear
gradient up to 60% B in 1.5 min, linear gradient up to 90% B in
0.5 min, 90% B for 0.5 min, and reequilibration of the column.
The HPLC system was coupled on-line to an ion trap mass
spectrometer (VelosPro; ThermoFisher Scientific) equipped
with an electrospray ionization source. Full spectra were ac-
quired using a mass-to-charge range of 700-2,000. Obtained
spectra were deconvoluted using the program package Promass
(ThermoFisher Scientific). Masses obtained from the respective
spectra are described with respect to calculated molecular
weights (CH3, methyl group; Ic, insect cells; GG, geranylgeranyl
moiety).

Constructs and proteins for biochemical analysis

pGEX vectors were used for bacterial overexpression of
CDC42WT, CDC42R'8¢C, RhoGDI-1, p50GAP, ITSNl, WASP
(GTPase-binding domain), PAK1 (GTPase-binding domain), and
IQGAP1 (863-1,657). All proteins were isolated as GST fusion
proteins in Escherichia coli BL21 (DE3) purified after cleavage of
the GST tag via gel filtration (Superdex 75 or 200; Pharmacia).
Nucleotide-free and fluorescent nucleotide-bound CDC42 were
prepared using alkaline phosphatase (Roche) and phosphodies-
terase (Sigma-Aldrich) at 4°C as described. Fluorescent nucleotide
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was methylanthraniloyl (mant-) GppNHp (guanosine 5'-
B,y-imidotriphosphate), a nonhydrolysable GTP analogue. All
proteins were analyzed by SDS-PAGE and stored at -80°C. The
GTPase assay and nucleotide exchange reaction were performed
with a Hi-Tech Scientific (SF-61) stopped-flow instrument. The
release of fluorescently labeled GDP (mantGDP) was measured
basally and with the catalytic GEF domain of ITSNL Hydrolysis
of tamraGTP was measured basally and following stimulation
with the catalytic GAP domain of ARHGAPI (p5S0GAP). The ex-
citation wavelengths were 543 nm and 362 nm for tamraGTP and
mantGDP, respectively. Fluorescence experiments were per-
formed in a Fluoromax 4 fluorimeter in polarization mode. Hu-
man WT and mutant CDC42 were subcloned into pFastBacHTB
vector (Invitrogen) and fused with an N-terminal hexa-histidine
(6xHis) tag and transformed into DHIOBAC strain for insect cell
purification.

Fluorescence assays

The GTPase assay and nucleotide exchange reaction were per-
formed with a Hi-Tech Scientific (SF-61) stopped-flow instru-
ment. The excitation wavelengths were 543 nm and 362 nm for
tamraGTP (Jena Bioscience) and mantGDP (Jena Bioscience),
respectively. For the GTPase assay, equal volumes (600 pl) of
0.2 pM CDC42-tamraGTP and 10 pM of p50GAP in 30 mM Tris/
HCl, pH 7.5, 10 mM K,HPO,/KH,PO,, 5 mM MgCl,, and 3 mM
dithiothreitol at 25°C were rapidly mixed and transferred to a
fluorescence detection cell within seconds. For the nucleotide
exchange reaction, 0.2 pM CDC42-mantGDP and 40 pM GDP +
10 uM ITSN1 were used.

Structural analysis

To elucidate the impact of substituted arginine to cysteine at
residue 186, the protein-protein interaction between CDC42 and
RhoGDI-1 (PDB: 1DOA) was analyzed. Residues in vicinity <4 A
were considered as part of binding interface of Arg'®®. Analysis
and illustrations were made using the PyMOL molecular viewer.

SPR

A Biacore X100 instrument (GE Healthcare) was used in a single-
cycle mode to analyze the kinetics of interaction between WT or
R186C CDC42%C with RhoGDI. SPR experiments were performed
at 25°C in HBS-P+ running buffer (10 mM HEPES pH 7.4, 0.15 M
NaCl, 0.05% [vol/vol] surfactant P20; GE Healthcare). GST
capturing method was used to immobilized GST antibody on the
surface of CM5 chip. 4 uM GST-GDI (5 pl/min) in HBS-P buffer
injects for the period of 180 s in order to immobilized GST-GDI
over the chip surface. Regeneration of the chip performed using
10 mM glycine, pH 3.0, at the end of each experiment. WT and
R186C CDC425¢ were injected in 0.06-1 M concentrations with
twofold increase in each injection step. Final curve was fitted in
a 1:1 binding model.

Cell lines and cultures

Dermal mutant fibroblasts were obtained from patients, and
HEK-293T, COS-1, and NIH-3T3 cell lines and primary control
dermal fibroblasts were obtained from American Type Culture
Collection and grown in high-glucose DMEM supplemented
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with 10% FCS, 2 mM L-glutamine, and 10 U/ml penicillin/
streptomycin (all from Sigma-Aldrich). YTS cells, a subclone of
the YT cell line, were cultured in R10 composed of RPMI-1640
supplemented with 10% FBS (Premium; Atlanta Biologicals),
2 mM L-glutamine (ThermoFisher Scientific), 1 mM sodium
pyruvate (ThermoFisher Scientific), 1% MEM nonessential
amino acid (100x; ThermoFisher Scientific), 10 mM Hepes
(ThermoFisher Scientific), and 1% penicillin/streptomycin (Ther-
moFisher Scientific).

Plasmids for CDC42 expression in HEK-293T, COS-1, and
NIH-3T3 cell lines

WT human CDC42 isoform 1 (NP_001782.1) was cloned into a
pcDNA3-FLAG backbone using PCR and standard cloning
methods via BamHI and EcoRI digestion. Mutant constructs
carrying the R186C change were generated by site-directed
mutagenesis using the QuikChange XL kit (Agilent Technolo-
gies) and verified by direct sequencing. Each of the FLAG-tagged
CDC42 protein expression constructs or the empty vector was
transfected using Fugene 6 (Roche). 24 h after transfection, cells
were assayed for cell growth or processed for wound healing
assays, immunofluorescence, or immunoprecipitation analysis.
Transfection efficiency was verified by Western blot (WB)
analysis of the protein lysate.

Pull-down of CDC42 variants from COS-7 cell lysates

COS-7 cells were transfected with pcDNA3.1-Flag plasmids
containing WT and R186C CDC42 and transiently overexpressed
for 48 h. 10 ug of each plasmid was used for transfection of the
COS-7 cells (900,000 cells per 10-cm Petri dish). Empty vector
was used as control. 20 pl TurboFect transfection reagent
(ThermoFisher Scientific) was added to the plasmids and incu-
bated for 20 min at room temperature before adding it to the
cells. Medium was changed after 4 h, and cells were incubated
for 48 h. Cells were lysed in an ice-cold buffer containing 50 mM
Tris/HCl, pH 7.4, 100 mM NaCl, 2 mM MgCl,, 1% Igepal Ca-630,
10% glycerol, 20 mM [-glycerolphosphate, 1 mM NazVO,, and
one tablet EDTA-free protease inhibitor (Roche). Cell lysates
were incubated with glutathione beads coupled to GST-effector
proteins for 30 min at 4°C. Beads were washed five times, heated
in 1x Laemmli buffer at 95°C for 10 min, and subjected to SDS-
PAGE for immunoblot analysis. WB was performed using an
anti-FLAG antibody (F3165, M2; Sigma-Aldrich) and anti-
GAPDH antibody (21185, clone 14C10; Cell Signaling
Technology).

Polarized migration

Polarized migration of primary fibroblasts and NIH-3T3 cells on
fibronectin-coated wells (10 pg/ml; Sigma-Aldrich) were eval-
uated by wound-healing assays. Monolayers of cells were
scratched with a 200-pl micropipette tip and incubated in low-
serum medium (2% FBS in DMEM high glucose without Phenol
red, 2 mM L-glutamine, and 1% penicillin/streptomycin; all
purchased from Sigma-Aldrich) in the presence of thymidine (10
mM, T1895; Sigma-Aldrich) to inhibit cell proliferation. Images
were acquired at different time points using a Nikon Eclipse
TS100 microscope, a Nikon Plan Fluor 10x/0.13 objective, and a
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Nikon Coolpix 990 digital camera. Cells that had migrated in the
wounded area were counted in four fields per well, and the fold
increase of migratory cells was evaluated after scratch at the
time points indicated.

Proliferation and viability

Proliferation and viability of transiently transfected NIH-3T3
cells and primary fibroblasts were quantified by manual
counting using a Neubauer hemocytometer. Cell viability was
detected by the exclusion of trypan blue dye (5 mg/ml in PBS,
ECB4004L; Euroclone). Cells were counted at different time
points by phase contrast using a Leitz Ortholux II microscope
and a Leitz 10x/0.13 objective.

Immunofluorescence analysis of primary fibroblasts and

COS-1 cells

Cells were washed in PBS, fixed (4% paraformaldehyde [PFA],
20 min, room temperature), washed twice, treated for free
aldehydes quenching (50 mM NH,CI, 10 min at room tem-
perature), and washed again. After 5-min permeabilization
with 0.5% Triton X-100 in PBS, cells were blocked for 30 min
with 2% FBS and 1% BSA in PBS. Then, cells were sequentially
incubated with primary and secondary antibodies 1.5 h at
37°C, 1:500 mouse anti-FLAG (F-1804; Sigma-Aldrich) or 1:50
mouse anti-CDC42 (SC8401; Santa Cruz); 30 min at room
temperature, 1:100 goat anti mouse Alexa Fluor 488 (A11017;
ThermoFisher Scientific); 30 min room temperature, 1:50
rabbit anti-GM130 (PA1-077; ThermoFisher Scientific); and
30 min at room temperature, 1:100 goat anti-rabbit Alexa
Fluor 568 (A11011; ThermoFisher Scientific). All antibodies
were diluted in 0.5% BSA and 0.1% saponin in PBS. Unbound
antibodies were removed after each incubation by three
washes with washing buffer (0.2% BSA in PBS). After a 30-
min incubation with phalloidin-Alexa Fluor 647 (Life Tech-
nologies), coverslips were washed and then mounted on glass
slides with 5 pg/ml Hoechst33342 (Life Technologies) nuclear
dye in antifade reagent (ThermoFisher Scientific) and ana-
lyzed. Imaging was performed on an Olympus FV1000 using
excitation spectral laser lines at 405, 488, and 633 nm. Signals
from different fluorescent probes were taken in sequential
scanning mode. Images were captured using Olympus Fluo-
View Viewer Software. Golgi localization of CDC42 in primary
fibroblasts was quantitated using GM130 as a mask for cis/
medial-Golgi, and CDC42 fluorescence intensity was quanti-
fied as the ratio of Golgi to whole-cell staining by using Image]
software. Multipolar and filopodia-bearing cells were deter-
mined (blinded to sample information) by manually counting
in FluoView Viewer 2200 cells from 210 randomly chosen
images. Cells having multiple F-actin flat protruding edges
(butterfly shaped) were considered multipolar, while cells
showing a front (leading edge) and a rear were considered
unipolar. To calculate the average filopodial length, the dis-
tance from the cell base to the tip was determined. Actin
protrusions <1 pm were not considered as filopodia. Filopodia
measured as twofold longer than nuclei diameter were con-
sidered long filopodia, while the remaining filopodia were
considered short.
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CRISPR cell line production

The immortalized YTS human NK cell line was used as the model
for immune function. In collaboration with the Cell Based Assay
Screening Service at Baylor College of Medicine, a homozygous
knock-in of the ¢.556C>T/p.R186C mutation was placed into
chromosome 1, isoform 1 of CDC42. Briefly, guide RNAs were
screened in 293T cells for editing efficiency. Each guide RNA
was incorporated into an all-in-one vector encoding Cas9
and eGFP.

A single-stranded donor oligonucleotide template (antisense;
5'-GAATGTATTTGACGAAGCAATATTGGCTGCCCTGGAGCC
TCCAGAACCGAAAAAGTCCTGCAGGTGTGTGCTGCTATGAAC
ATCTCTCCAGAGCCCTTTCTGCACAGCTGGTGTCGGC-3')  was
synthesized incorporating the desired mutation, a silent muta-
tion encoding for the Sbfl restriction site, and another mutation
to reduce Cas9 recutting. Constructs were transfected into the
parental YTS cell line (Neon electroporator, 1,400 V/10 ms/three
pulses, 2.5e6 YTS cells). Cells were sorted based on eGFP 48 h
later and plated by limiting dilution. Clones were screened based
on genomic extraction and Shfl digestion and then sequenced
using Sanger sequencing of the targeted region for verification.
Clones were expanded in R10 medium and then underwent re-
peat Sanger sequencing for the presence of the CDC42 mutation
and for the lack of off-site mutagenesis at GBA3, a known
pseudogene of CDC42. A single clone was used for all YTS ex-
periments presented.

YTS fixed-cell immunofluorescence confocal microscopy

YTS cells were washed once with complete R10 and resuspended
to a final concentration of 1e6/ml in complete R10. 200,000 cells
were plated onto a poly-lysine-coated slide and incubated at
37°C for 20 min for adherence. After incubation, cells were
gently washed three times with PBS and fixed and permeabilized
with BD cytofix/cytoperm (554655; BD Biosciences) for 20 min
at room temperature. All subsequent washes and antibody in-
cubations are done with PBS-S (PBS + 1% BSA + 0.1% saponin).
Cells were incubated with anti-CDC42 (1:300, 187643; Abcam)
for 1 h at room temperature followed by goat anti-rabbit Alexa
Fluor 568 (1:300, Al11011; ThermoFisher Scientific) for 1 h.
Lastly, cells were incubated with phalloidin-Alexa Fluor 647
(1:100, A22287; ThermoFisher Scientific) and anti-giantin
Alexa Fluor 488 (1:200, #908701/Polyl9087; BioLegend) for
1 h. After washing, cells were mounted with Prolong Diamond
(P36970; ThermoFisher Scientific) to a #1.5 coverslip and al-
lowed to cure for 24 h before sealing with nail varnish. Imaging
was done using Metamorph on a Zeiss Axio Observer CSU-X
confocal microscope with a 63x/1.4 NA objective. Colocalization
was conducted in Image] software where a segmentation mask
was created around the Golgi apparatus (using giantin
thresholding) and cell membrane (using CDC42 thresholding)
and average intensity signal within the Golgi and the cytoplasm
were measured. The ratios between the signal within the Golgi
and the cytoplasm were calculated.

SIM-TIRF microscopy and filopodial analysis
A Lab-Tek II 8-well chambered #1.5 coverglass (#155409; Nunc)
was coated with 5 wg/ml anti-CD18 (IB4, single batch) and 5 p.g/ml
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anti-CD28.2 (LEAF anti-CD28.2, 302923; BioLegend) and incu-
bated for =30 min at 37°C. YTS cells were resuspended in R10
without FBS and phenol red (imaging media) and resuspended in
imaging media at ~50,000 cells/150 ul (0.33e6/ml). 50,000 YTS
cells plated in 150 pl imaging media and incubated at 37°C for
exactly 20 min. After, cells were immediately fixed with 4% PFA
for 20 min at room temperature. Cell were then washed once
with PBS and permeabilized with 0.1% Triton X-100 in PBS for
10 min at room temperature. After three additional PBS washes,
cells were stained with phalloidin-Alexa Fluor 568 (1:50, A12380;
ThermoFisher Scientific) for 21 h and cells were imaged there-
after without buffer exchange. Imaging was done on a GE Del-
taVision OMX-SR microscope under structured illumination
microscopy-total internal reflection fluorescence (SIM-TIRF)
mode using a 60x/1.42 PlanApoN objective and a pco.edge 4.2
camera. Images were then reconstructed in GE Softworx using
experimentally measured OTF files. Filopodia were manually
counted for cells that spread onto the surface on ImageJ. Cells
with retraction fibers and not filopodia were omitted from
calculation.

Immune cytotoxicity assay for NK cell lines and Pt 2 and Pt 3
For the NK cell line, a chromium-based assay was used. For Pt 2,
the DELFIA cytotoxicity assay was used as described below. For
Pt 3, a flow cytometric-based cytotoxicity assay was performed
similarly to that previously described (Bryceson et al., 2009;
Valiathan et al, 2012). Target cells (721.221) were incubated
with 100 pCi of 5'Cr (sodium chromate in normal saline,
NEZ030005MC; PerkinElmer) for 1 h at 37°C, washed three
times in complete R10, and resuspended in complete R10 at a
final concentration of 10° cells/ml. Unlabeled effector YTS cells
were washed once in complete R10 and resuspended to a final
concentration of 10¢/ml. 105 (200 ul) effector cells were plated
into the first well of a 96-well, round-bottomed polystyrene
tissue culture-treated plate and serially diluted 1:2, except for
the spontaneous and total lysis control wells, which contain
only target cells. 10* *'Cr signal from the LumaPlate was read
using a TopCount NXT (PerkinElmer) at the conditions indi-
cated by the manufacturer. Percent lysis is calculated as:
[(TopCount measured cpm - spontaneously released cpm)/
(total cpm - spontaneously released cpm)] x 100. Total cpm was
derived from a target containing well that was lysed with 1%
IGEPAL (13021; Sigma-Aldrich) in water.

The DELFIA cytotoxicity assay is based on loading cells with
an acetoxymethyl ester of a fluorescence enhancing ligand. After
the ligand has penetrated the cell membrane the ester bonds are
hydrolyzed within the cell to form a hydrophilic ligand, which
no longer passes through the membrane. After cytolysis, the
released ligand is introduced to a europium solution to form a
fluorescent chelate. The measured signal correlates directly with
the amount of lysed cells. 100 pl of loaded target cells (5,000
cells) is pipetted into a round-bottomed sterile plate, and 100 pl
effector cells of varying cell concentration is added. An E/T ratio
from 6:1 to 100:1 is commonly used for NK cells. Additional wells
containing only target cells are plated for detection of back-
ground, spontaneous release, and maximum release. Cells are
then incubated 2 and 3 h in a humidified 5% CO, atmosphere at
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37°C. After incubation, the plate is centrifuged for 5 min at
500 xg. 20 pl the supernatant is transferred to a flat-bottomed
plate with 200 pl Eu solution, the plate is shaken at 250 rpm for
15 min, and fluorescence is measured. Percent lysis is calculated
as: [(TopCount measured cpm - spontaneously released cpm)/
(total cpm - spontaneously released cpm)] x 100. To measure
spontaneous release, incubate the target cells (100 pl) with
100 pl of medium instead of effector cells. After centrifugation,
transfer 20 pl of the supernatant to the flat-bottomed plate and
add 200 pl Eu solution. Shake for 15 min and measure. To
measure maximum release, incubate the target cells (100 pl)
with 100 pl of medium supplemented with 10 pl of lysis buffer.
After centrifugation, transfer 20 ul of the supernatant to the flat-
bottomed plate and add 200 pl Eu solution. Shake for 15 min and
measure.

Transwell migration assay for immune cells

A standard Boyden chamber assay was used. Corning trans-
well polycarbonate membrane cell culture inserts (6.5 mm, 5-
pm pore polycarbonate, 3421; Corning) were coated overnight
with 10 pg/ml fibronectin in PBS at 4°C. YTS cells were
washed once using complete R10 and resuspended to a final
concentration of 2-4e6 cells/ml. 600 ul of complete R10 sup-
plemented with 100 ng/ml SDF1a/CXCLI2 (300-284; Pepro-
tech) chemoattractant was plated into a 24-well tissue
culture-treated plate. Fibronectin was removed from the
transwell, and the transwell was placed into the wells con-
taining CXCL12-supplemented media. 100 pl (200,000-
400,000 cells) YTS cells were plated onto the upper chamber of
the transwell. The cells were incubated at 37°C for 4 h. After
incubation, the cells were counted by measuring the volume in
the lower chamber and counting the number of events at me-
dium speed for 1 min on an LSR Fortessa Flow Cytometer. The
live events were gated for based on forward scatter (FSC) and
side scatter (SSC) and used for the migration measurement. The
percent migration was calculated as the number of cells that
migrated into the lower chamber divided by the number of cells
in a control well (input cell count) containing the same number
of cells but no transwell.

Immune conjugation assay

YTS NK cells and 721.221 target cells were washed once with
complete R10. YTS cells were then resuspended in PBS at 1e6/ml
and incubated with efluor 450 (#65-0842-85; 1:1,000, 10 min,
and 37°C; eBioscience). 721.221 cells were resuspended in PBS at
1e6/ml and incubated with Cell Trace CFSE (#C34554; 1:2,000,
10 min, and 37°C). Both labeled cells were then washed once
with complete R10 and counted. Labeled YTS cells were re-
suspended to 1e6/ml and labeled 721.221 cells resuspended to
2e6/ml in complete R10. Cells were then combined at an E/T
ratio of 1:2 (100,000 YTS cells:200,000 721.221 cells) and incu-
bated at 37°C for 0, 5, 10, 30, and 60 min. The conjugation re-
action was stopped by vortexing for 3 s and fixed with 4% PFA in
PBS for 210 min before acquisition. Cells were then counted on a
BD LSR Fortessa flow cytometer and gated based on negative and
single-positive control cells. At least 20,000 live cells were
counted based on FSC/SSC gating. Percent conjugation was
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calculated as: (double-positive cells)/(single-positive eFluor
450/YTS cells + double-positive cells) x 100.

Peripheral blood immunophenotype

All flow cytometric analyses were performed on EDTA blood
samples within 24 h of venipuncture. After red blood cell
lysis with ammonium chloride, lymphocytes were washed,
resuspended in PBS, and stained with the following mouse anti-
human antibodies to identify T and B cell subsets: CD45RA APC-
H7 (clone T6D11; Miltenyi Biotec), CD3 PerCP (clone BW264/56;
Miltenyi Biotec), CCR7 PE (clone 3D12; eBioscience), CD4 APC
(clone OKT4; Becton Dickinson), CD8 PE-Cy7 (clone RPA-TS;
Becton Dickinson), CD19 PE-CY7 (clone SJ25CI; Becton Dick-
inson), CD16 PE (clone 3G8), CD56 PE, CD27 FITC (clone M-T271,
Becton Dickinson), TCR a-beta APC (clone T10B9; Becton Dick-
inson), TCR gamma-delta FITC (11F3; Miltenyi Biotec), CD21 PE
(clone B-ly4; Becton Dickinson), CD24 PE (clone ML5; Becton
Dickinson), IgD FITC (clone 1A6-2; Becton Dickinson), Goat F(ab)
2 anti-Human IgM (u)-Alexa Fluor 647 (Jackson Immuno-
Research), and CD38 FITC (clone HIT2; Becton Dickinson). Cells
were incubated with the appropriate antibody cocktail for
30 min at 4°C and then washed with PBS and resuspended in
PBS for flow cytometric acquisition. At least 50,000 events were
acquired within the lymphogate. Data were acquired on a
FACSCanto II (Becton Dickinson) and analyzed with FlowJo
software (Tree Star).

Dendritic cell flow cytometric analysis

Dendritic cell analysis was performed with the Blood Dendritic
cell enumeration kit (#130-091-086; Miltenyi Biotec). This assay
is based on dendritic cell-specific surface antigens CD303
(BDCA-2), CD141 (BDCA-3), and CDlc (BDCA-1). Three distinct
dendritic cell subsets were identified in whole blood: plasma-
cytoid dendritic cells as CD303* (FITC clone: ACl44, BDCA-2),
type 1 myeloid dendritic cells (MDC1s) as CDlc* (PE clone: AD5-
8E7, BDCA-1), and type 2 myeloid dendritic cells (MDC2s) as
CD141* (APC clone: Ad4-14H12, BDCA-3) surface expression.
Gate exclusion for CD19, CD14, and dead cells was performed.
After 10 min of incubation in ice with the mix of antibodies, red
blood cells were lysed. Cells were washed with PBS, fixed with
1% PFA for 10 min, acquired with a FACSCanto II (Becton
Dickinson), and analyzed with Flow]Jo software (Tree Star Inc.;
version 8.8.6). At least 10° total events were acquired.

Clinical flow cytometry for BM analysis/composition

The detailed protocol for whole BM staining has been previously
reported (Basso-Ricci et al,, 2017). In brief, Precision Count
beads (BioLegend) were added to 100 pl of P1 BM sample to allow
absolute quantification of hematopoietic cell subsets, and red
blood cell lysis was performed. The lysed sample was labeled
with fluorescent antibodies for CD3-BV605, CD56-PE-Cy5, CD14-
BV510, CD61/41-PE-Cy7, CD135-PE, CD34-BV421, CD45RA-APC-
Cy7 (BioLegend), CD33-BB515, CD66b-BB515, CD38-BUV737,
CD45-BUV395, CD90-APC, CD10-BV786, CDIlc-BV650, CD19-
APCR700, CD7-PE-Cy5.5, and CD71-BV711 (BD Biosciences).
Titration assays were performed to assess the best antibody
concentration. After surface marking, the cells were incubated
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with PI (BioLegend) to stain dead cells. All samples were ac-
quired using a BD LSR Fortessa (BD Bioscience) flow cytometer
after calibration with SPHERO rainbow calibration particles
(Spherotech), and raw data were collected using BD FACSDIVA
software. The data were subsequently analyzed with FlowJo
software, and the graphical output was automatically generated
using GraphPad Prism.

Functional characterization of proliferation and migration of
CD34" cells

Purification of CD34* cells was performed by two steps of im-
munomagnetic selection (CD34" microbeads, 130-097-047; Mil-
tenyi Biotec). For proliferation, 10* BM CD34* cells were
stimulated with stem cell factor (SCF; 100 ng/ml) or a growth
factor mixture (SCF 300 ng/ml, thrombopoietin 100 ng/ml, IL3
60 ng/ml). Proliferation was evaluated at day 5 of stimulation by
16 h liquid scintillation counting of 3H-thymidine (Amersham
Biosciences). The stimulation index was calculated as the ratio
between stimulated and nonstimulated cells. For the transwell
migration assay, 0.5 x 10® peripheral blood lymphocytes or 0.5 x
10* BM CD34" cells were seeded on a transwell chambers in
presence of SDF1-a/CXCL12 (100 ng/ml; Peprotech). Migration
was assessed after 3 h. To evaluate clonogenic potential of
CDC42" cells, 2 x 10° BM mononuclear cells as well as 10° BM
CD34" cells were plated in Methocult medium (H4434; Stemcell
Technologies), and the number of colony-forming units per cell
was scored at day 14 to determine number and type of colonies.

BM mononuclear cells stimulation and

cytokine measurements

BM mononuclear cells were isolated from HD (n = 3) and Pt BM
and were left unstimulated or stimulated with LPS (10 pg/ml)
for 5 h, with or without the addition of ATP (1 mM) for an ad-
ditional hour. Secreted cytokines were measured by in condi-
tioned media. Plasma and supernatant levels of IFNy, CXCL9,
and IL-6 were assessed using enzyme-linked immunosorbent
assays with human Duoset ELISA kits, and IL-18 plasma levels
were measured using the high-sensitivity quantikine ELISA kit
(all purchased from R&D Systems). Plasma IL-18 levels were
measured using an ELISA kit obtained from MBL.

C. elegans studies

WT cdc-42 cDNA (open reading frame clone R07G3.1; Thermo-
Fisher Scientific) was cloned into the pPD49.83 heat shock-
inducible vector (a kind gift of Andrew Fire, Stanford University,
Stanford, CA). The ¢.556_558AAG>TGT trinucleotide substitu-
tion (p.K186C corresponding to human p.R186C) was introduced
by site-directed mutagenesis (Stratagene). Germline transfor-
mation and genetic crosses were performed using standard
techniques. Constructs were injected at a concentration of
100 ng/ml. The pJM67 plasmid (pelt-2::NLS::GFP; 30 ng/ml) was
used as coinjection marker. To explore vulval defects, synchro-
nized animals from three independent lines for each construct
were grown at 20°C and heat shocked (33°C, 90 min followed by
30°C, 30 min) in parallel at the early (Muv and Vul) or mid (Pvl)
L3 larval stages. Adults were scored blindly at a Leica MZIOF
dissecting microscope to check for the presence of Pvl phenotype,
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multiple ectopic pseudovulvae (Muv phenotype) and lack of a
vulva (Vul phenotype). After each cross, the genotype was con-
firmed by Sanger sequencing. Isogenic worms that had lost the
transgene were cloned separately and used as controls. Micros-
copy observations were performed with a Nikon Eclipse 80i in-
strument equipped with Nomarski differential interference
contrast optics on live animals mounted on 2% agarose pads
containing 10 mM sodium azide as anesthetic. The N2 (Bristol)
and PS21 (let-23(sy1), let-23/EGFR hypomorphic allele) strains
were provided by the Caenorhabditis Genetics Center, which is
funded by the National Institutes of Health Office of Research
Infrastructure Programs (P40 0D010440).

Statistical analyses

Data are represented as means + SD or SEM where indicated.
Statistical analyses were conducted in GraphPad Prism. WB of
patient CDC42 expression intensity measurements and protein
localization intensity measurements were analyzed with the
Student’s t test. GTPase function assays were analyzed using a
Student’s t test. For variance analysis in pull-down assays, an
ordinary one-way ANOVA was performed using the Sidak’s
multiple comparison test. Proliferation assays were analyzed
using either a two-way ANOVA with Dunnett’s multiple com-
parisons for patient fibroblasts. Migration assays were assessed
using a Student’s t test (for YTS NK cell and primary fibroblasts)
or a two-way ANOVA with Tukey’s multiple comparisons (for
NIH-3T3 cells). Multipolarity cell counts, filopodia number, and
filopodia length were assessed using a Welch's t test. NK cell
cytotoxicity was assessed using the Mann-Whitney U test of
three pooled replicates. NK cell conjugation was assessed usinga
Welch's t test. For C. elegans studies, P values were calculated
using two-tailed Fisher’s exact test. All remaining assays were
performed with n of <2. Statistical significance is indicated with
asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001)
for all tests except two-tailed Fisher’s exact test (¥, P < 0.005;
* P < 0.00002, ** P < 1.2e7¢).

Online supplemental material

Table S1 reports clinical laboratory data for Pt 1 and Pt 2. Table
S2 shows the hematological and immunological profiles of Pt1-3.
Table S3 provide WES/WGS metrics and data output. Table 54
reports on the vulval phenotypes in transgenic C. elegans ex-
pressing WT CDC-42 or the K186C, R68Q, and A159V disease-
causing mutants. Table S5 reports on the clonogenic assay of BM
cells from Pt 1.
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Abstract

For the discovery of novel chemical matter, in general endowed with bioactivity strategies may be
particularly efficient that combine previous insight about biological relevance, e.g. natural product
(NP) structure, with methods that enable efficient coverage of chemical space, such as fragment based
design. We describe the de novo combination of different 5-membered NP-derived N-heteroatom
fragments to structurally unprecedented “pseudo natural products” in an efficient complexity-
generating and enantioselective one-pot synthesis sequence. The pseudo NPs inherit characteristic
elements of NP structure but occupy areas of chemical space not covered by NP-derived chemotypes,
and may have novel biological targets. Investigation of the pseudo-NPs in unbiased phenotypic assays
and target identification led to the discovery of the first small-molecule ligand of the RHO GDP-
dissociation inhibitorl (RHOGDI1), termed Rhonin. Rhonin inhibits binding of the RHOGDI1 chaperone
to GDP-bound Rho GTPases, induces activation of the GTPases and inhibits signal transduction through

a non-canonical Hedgehog (Hh) pathway.
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Introduction

The discovery of novel chemical matter, in general endowed with bioactivity and biological
relevance is at the heart of chemical biology. Such compound classes may have new biological targets
and modes of action, and, therefore, their bioactivity will best be evaluated in unbiased target-agnostic

phenotypic assays, followed by target identification and validation.[1-3]

Strategies for the design of such novel compound classes can draw from previous insight about
biological relevance of compound classes as for instance gained by Biology Oriented Synthesis (BIOS).
In BIOS, complex natural product (NP) scaffolds are reduced to less complex, synthetically better
accessible structures retaining the characteristic properties of the guiding NPs.[4] However, BIOS
covers only a small fraction of natural product-like chemical space and arrives at compound classes
that often retain the kind of bioactivity of the guiding NPs. These limitations can be overcome by the
design and synthesis of “pseudo-natural products”.[5] In pseudo-NPs natural product fragments that
represent NP structure and properties[6] are combined de novo to unprecedented NP-inspired
compound classes not accessible by known biosynthesis pathways. Pseudo-NPs inherit characteristic
NP structure and properties but go beyond the chemical space explored by nature and, therefore,

promise to have unexpected bioactivity and targets.

Five-membered N-heterocycles are defining structural units of numerous natural products with
diverse bioactivity. Thus, succinimides occur for instance in the haterumaimides, which have antitumor
activity[7], and the fungal metabolite hirsutellone, which is active against Mycobacterium tuberculosis
(Figure 1a).[8] Pyrrolines are characteristic structural elements of eudistomin alkaloids with calmodulin
antagonist activity (Figure 1a)[9] and the tobacco alkaloid myosmine[10] (Figure 1a). Pyrrolidines occur
as isolated scaffolds in various structurally simple alkaloids like nicotine or fused to other scaffolds in
structurally more complex alkaloids, such as dendrobine (Figure 1a). In addition, in the nicotin receptor

agonist epibatidine two pyrrolidines are fused in a bicyclic [2.2.1] arrangement (Figure 1a).

In light of this diverse occurrence of five-membered N-heterocycles in NPs we designed and
synthesized a pseudo-NP collection which combines these fragments in novel, different connectivities.
Phenotypic investigation of bioactivity and target identification led to the discovery of the novel
Hedgehog pathway inhibitor Rhonin. Rhonin is the first small-molecule ligand of the RHO GDP-
dissociation inhibitorl (RHOGDI1), and inhibits binding of this chaperone to GDP-bound Rho GTPases.

Its discovery establishes a link between RHOGDI1 and the Hh pathway.
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Results
Establishment of a tandem catalysis sequence

For the synthesis of a pseudo-NP collection we considered to combine 5-membered N-heterocycle
fragments in a complexity-generating manner and by different connectivities (Figure 1b), i.e. such that
(i) the fragments do not share atoms and are linked via one bond (monopodal connection; green
bonds, Figure 1b), (ii) they share two atoms linked via a common bond (edge fusion; red bonds, Figure
1b) or they may be linked in a bicyclic arrangement sharing three atoms and two bonds (bridge fusion;
magenta bonds, Figure 1b). Thereby related but different pseudo-NPs could be synthesized based on

a limited set of fragments.

It was planned to initially construct pyrrolidines by means of an enantioselective dipolar
cycloaddition of azomethine ylides with maleimides. This would yield an edge-fused pyrrolidine-
succinimide pseudo-NP class, i. e. 3. Subsequent oxidation of the pyrrolidine to an imine would give
rise to a succinimide-pyrroline combination 4 which can undergo further transformations. The imine
could be converted to a new azomethine ylide which might react with maleimides in a second 1,3-
dipolar cycloaddition to yield a double fused pseudo-NP class 5 combining two succinimides with a
bicyclic azabicyclo[2.2.1] scaffold characteristic for epibatidine. Nucleophilic addition to maleimides
will generate a pseudo-NP class 6 containing two fragments linked by an edge fusion to a second
succinimide fragment via a monopodal connection. Finally, conjugate addition to different o,f3-
unsaturated electrophiles would yield pseudo-NPs 7 in which a succinimide and a pyrrolidine are

combined. The side chain may contain additional natural product fragments.

By means of this divergent synthesis approach several different pseudo-NP types would be
accessible efficiently making use of a unified strategy. This synthesis strategy offers several attractive
features. The metal-catalyzed 1,3-dipolar cycloaddition and the subsequent regio- and chemoselective
oxidation could potentially be coupled in a novel tandem catalytic approach in which the metal catalyst
used for the cycloaddition could be employed in combination with an oxidizing agent. Such tandem
catalysis sequences combining two or more mechanistically distinct chemical reactions are considered
to be particularly attractive, since they enable expedient generation of molecular complexity and
efficiency of the reaction sequence.[11] Hitherto Al-pyrrolines have been synthesized by means of
cycloaddition of Miinchnones to electron-deficient alkenes.[12,13] Thus, the tandem catalysis strategy

outlined in Figure 1b also represents a novel method for the synthesis of this compound class.

In order to identify suitable reaction conditions for the tandem catalysis sequence, azomethine
ylide 2a (Figure 2a; R? = 4-Br) was reacted with N-methylmaleimide 1a (R'= Me) in CH)Cl, in the
presence of Cu(CHsCN)sPFs as catalyst and (R)-Fesulphos [(Rp)-2-(tert-butylthio)-1-

(diphenylphosphino)ferrocene)] as chiral ligand for the 1,3-dipolar cycloaddition.[14][15] Subsequent
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addition of TBHP as terminal oxidant for the Cu(l) catalyzed oxidation gratifyingly yielded the desired
pyrroline 4a (Figure 1b; R* = Me, R? = 4-Br) in good vield (82%) and with complete regio- and
chemoselectivity. Combination of these two steps with the envisaged additional cycloaddition and
conjugate addition required careful optimization of the reaction conditions (see Supplementary
Information for details). After substantial experimentation, use of 1.5 equivalents of each EtsN and
maleimide in CH)Cl, was best for the formation of Michael addition products 6. The double
cycloaddition to tricyclic products 5 proceeded best in the presence of 0.5 equiv of DBU in THF. In
CH.Cl; and in the presence of DBU, instead nucleophilic addition to acyclic Michael acceptors occurred

and products 7 were obtained (see Supplementary Information for details).
Synthesis of a pseudo-NP collection.

The successful identification of conditions for the selective formation of the three envisaged
compound classes enabled the assembly of a pseudo-NP collection. In the synthesis of double
cycloadducts 5 (Figure 2a, conditions A) the aromatic ring of the azomethine ylides 2 can be varied
(Figure 2a, 5a-5d). Electron-donating and -accepting substituents on the phenyl ring were well
tolerated and gave the cycloadducts 5a-d in good yields and with generally excellent enantioselectivity
(see Figure 2a). In addition, both aryl and alkyl maleimides could be successfully employed in the

reaction in different order and combination (Figure 23, 5e, 5f).

Under the conditions identified for the Michael addition to unsaturated cyclic electrophiles a
variety of azomethine ylide precursors embodying electron-donating or —withdrawing substituents
gave the corresponding products 6 in excellent yield and with high diastereo- and enantioselectivity
(Figure 2a, 6a-6e) and independent of the electronic nature and the position of the substituents on the
phenyl ring in the dipole. Acyclic electrophiles like chalcone and different vinyl- and ethynyl ketones
gave the corresponding products 7 in good yields and with high ee (Figure 2a, 7a-7h). Notably, in the
case of styrylvinylketone, a single regioisomer 7d was obtained in 72% yield. Ethynyl-phenyl ketone

yielded the E-isomer 7f in 71% yield.

The relative configuration of the cycloadducts was unambiguouly assigned by means of a crystal
structure obtained for rac-6a. By means of VCD spectroscopy, the absolute configuration of the major
diastereomer of 7a was determined as (5)-7a. For 7h a crystal structure analysis established the E-
configuration (see the Supplementary Information for details). Since the diastereoselectivity of the last
functionalization is determined by the two stereocenters established in the first cycloaddition, the
absolute configuration of all other compounds was assigned by analogy. For a mechanistic proposal to
rationalize the observed direction and level of stereochemical induction see Supplementary Scheme

S1.
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These results demonstrate that the synthesis strategy efficiently yields a pseudo NP collection
including the formation of three stereocenters and a tetrasubstituted carbon atom, in a highly efficient

one pot reaction.

Cheminformatic analysis

The chemical space occupied by the new pseudo-NPs was analyzed by employing the natural-
product score (NP-score) distribution[16] as measure. Since the majority of the collection is defined by
pyrrolines fused to succinimides, the NP-score was calculated for the sub-library defined by this
scaffold and compared with both the score calculated for NPs in ChEMBL[17] and the score calculated
for marketed and experimental drugs listed in DrugBank.[18] The pyrroline-derived pseudo-NPs display
a narrow distribution in a region of the NP-Score graph which is sparsely covered by NPs (Figure 2b).
The fact that the combination of NP-derived fragments yields compounds with properties diverging
from NPs may be counterintuitive. However, the fragment combination generated here is not
encountered in nature, such that the NP-score distribution of these pseudo-NPs should be different to
NPs themselves. Comparison to the set of compounds in DrugBank which represent approved and
experimental drugs, demonstrates that the pseudo-NPs display NP-scores in an area populated by
synthetically accessible biologically relevant molecules. However, an additional analysis of the
principal moments of inertia (PMI)[19], used as a measure of molecular shape, revealed that the
pseudo-NPs described here have a high degree of three-dimensionality (Figure 2c) compared to typical
synthetically accessible compound collections.[20] Further analysis using “Lipinski-Ro5” criteria
showed that only 42 % of the newly synthesized collection is included within the limits of drug-like
space (Figure 2d), indicating that de novo combinations of NP-derived fragments may result in
compound collections with enhanced biological relevance even when deviating from established

metrics.

The analysis indicates that the succinimide-pyrroline pseudo-NPs may occupy a previously not
accessible fraction of NP-inspired chemical space, reflecting the fact that they are not obtainable via
current biosynthetic pathways. This novel scaffold may be endowed by design with advantageous
physiochemical properties, as the pseudo-NP collection displays a NP-score distribution closer to the
region occupied by approved drugs, even if the majority of the collection falls outside the limits of

“Lipinski-Ro5” space.
Biological evaluation of the pseudo NP collection

Investigation of biological activity of the pseudo NP collection in several cell-based assays
monitoring modulation of autophagy, Wnt signaling, reactive oxygen species (ROS) induction, Notch

signaling, and Hedgehog (Hh) signaling revealed that the pyrroline-derived compounds are potent and
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selective inhibitors of Hh pathway-dependent osteogenesis in pluripotent mouse mesenchymal
C3H/10T1/2 cells (see Supplementary Table S6). Despite the limited number of compounds, trends for
structure-activity correlation became apparent. Thus, extension of the ketone part of the most potent
hit 7a, e. g. by introduction of an extra methylene group and by a fluorine in to the phenyl ring (Figure
2a, compare 7a and 7c) or introduction of a para-Br substituent into the aryl ketone part of 7a (to yield
7i; Supplementary Table S6, compare data for 7a and 7i) abolished activity. A phenyl group is not
required in the electrophile for activity, since methyl-vinyl ketone yielded active compound 7b (Figure
2a and Supplementary Table S6, 7b). However, in the presence of a phenyl group derived either from
the aryl ketone part or the aryl-vinyl part of the electrophile, activity is higher (compare 7b to 7a, 7f
and 7d). All active cycloadducts were derived from N-methyl maleimide. If the methyl group was
replaced by a phenyl substituent, activity was lost (compare 7b and 7e). The configuration of the
stereocenter generated in the final conjugate addition to yield 7a has only minor impact on the
bioactivity (Supplementary Table S6, compare 7a, 7a-epi2). The most potent compound 7a (Figure 3a;
ultimately termed Rhonin, see below) showed an ICso value of 1.60 + 0.15 pM in the orthogonal GLI-
dependent reporter gene assay in Sonic hedgehog (Shh)-LIGHT2 cells (see Supplementary Table S6 and
Figure 3b) and was selected for in-depth biological characterization. Rhonin dose dependently
suppressed the expression of the Hh target genes Ptchl and Glil to approx. 20 % (Figure 3c), thus

confirming Hh pathway inhibition.

Most Hh pathway inhibitors target the seven pass transmembrane protein Smoothened (SMO) and
often affect SMO ciliary localization[21]. However, Rhonin did not displace the SMO binder BODIPY-
cyclopamine from SMO (Figure 3d and Supplementary Figure S1). In addition, Rhonin did not affect
localization of SMO to cilia as indicated by the co-localization of acetylated tubulin (as a ciliary marker)

and SMO (Figure 3e). These findings indicate that Rhonin acts downstream of SMO.
Rhonin targets RHOGDI1

For target identification, affinity probes 8 and 9 (Figure 4a) were synthesized based on the
structure-activity relationship. The corresponding Boc protected analogue of 8 retained significant Hh
pathway inhibiting activity (S10a, 1Cso = 12.0 £ 1.2 puM, Supplementary Table S6), whereas the Boc-
protected analogue of 9 was inactive (S10b, Supplementary Table S6). After immobilization of the
probes and affinity-based target enrichment (pulldown), label-free quantification of proteins that
selectively bound to the active probe 8 as compared to the control probe 9 indicated RHO GDP-
dissociation inhibitor 1 (RHOGDI1), Filamin-B and Filamin-C as potential targets (Supplementary Table
S7). Subsequent immunoblotting after the pulldown confirmed the selective enrichment of RHOGDI1
but not of Filamin-B and Filamin-C (Figures 4b and 4c and Supplementary Figure S2) such that RHOGDI1

was further evaluated as target.
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RHOGDI1 is a chaperone for geranylgeranylated (GerGer) proteins, in particular the RHO
GTPases.[22] The major fraction (90 - 95%) of prenylated RHO GTPases are maintained in stable soluble
state in the cytosol by RHOGDI1 [23]. Rhonin directly binds to RHOGDI1 as demonstrated for the
fluorescent Rhonin derivative 10 which displays a dissociation constant (Kq4) of 7.2 uM (Figures 4d and
4e). RHOGDI1 can extract GDP-bound inactive RHO GTPases from membranes and sequesters them in
the cytosol. In an in vitro liposome sedimentation assay,[24] addition of RHOGDI1 to liposomes loaded
with prenylated GDP-bound RAC1 resulted in extraction of RAC1, i.e., RAC1 was detected in the soluble
fraction (Figure 4f). However, in the presence of Rhonin and RHOGDI1, RAC1 remained bound to the
liposomes, i.e., RAC1 was detected in the insoluble fraction. This finding indicates that Rhonin inhibits
the extraction of RAC1 by RHOGDI1. The structurally similar Rhonin analog 7c (Figure 2a), which did
not inhibit Hh signaling, also did not inhibit extraction of RAC1 from liposomes (Figure 4f). Similar
results were obtained in a liposome flotation assay[25] (Supplementary Figures S3a and S3b). In
addition to RAC1, Rhonin also inhibited the RHOGDI1-mediated extraction of RHOA and CDC42 (Figure
4f). Rhonin slowed down the extraction of geranylgeranylated RAC1 by RHOGDI1 in an surface plasmon
resonance (SPR) setup using immobilized synthetic PI(4,5)P,-rich liposomes loaded with
geranylgeranylated GDP-bound RAC1, whereas the inactive derivative 7c did not. (Supplementary
Figures S3c-S3e). These results suggest that Rhonin may directly modulate the RHOGDI1-RAC1
interaction. Whereas non-prenylated TAMRA-GDP-RAC1 bound to RHOGDI1 with a K4 of 14 uM, which
is in agreement with previous reports,[26] in the presence of Rhonin the Ky value for the RHOGDI1-
RAC1 interaction increased to 134 uM, which indicates that Rhonin does interfere with RHOGDI1-
RAC1-GDP complex formation (Supplementary Figures S3f and S3g).

To gain insight into the binding site for Rhonin on RHOGDI1, competition between fluorescent
derivative 10 and prenylated RAC1 was monitored. Addition of prenylated RAC1 to a pre-formed 10-
RHOGDI1 complex reduced fluorescence polarization, indicating displacement of 10 from RHOGDI1
(Figure 4g). However, non-prenylated RAC1 could not displace the ligand. Moreover, Rhonin failed to
compete with fluorescein-labelled atorvastatin for binding to the prenyl-binding pocket of
PDES, indicating a specificity of Rhonin towards RHOGDI1 (Supplementary Figure S3h). These results
show that Hh-pathway inhibitor 7a targets RHOGDI1 and inhibits its RHO GTPase binding activity most
likely by binding to the geranylgeranyl binding site of RHOGDI1. Hence, the compound was termed

Rhonin.

RHOGDI is a negative regulator of Hh signaling

To examine the role of RHOGDI1 in Hh signaling we depleted RHOGDI1. Knockdown of RHOGDI1 by
two different small interfering RNAs (knockdown efficiency siRNA-1:88 %; siRNA-2: 64 %, (Figure 5a))
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and simultaneous activation of the Hh pathway increased Hh pathway activity and the levels of the Hh
target genes Ptchl and Glil (Figure 5b). By analogy, purmorphamine-mediated osteoblast
differentiation was increased upon RHOGDI1 depletion (Figure 5¢ and Supplementary Figure S4a).
Conversely, RHOGDI1 overexpression decreased Hh pathway activity (Figure 5d and Supplementary

Figure S4b). These results indicate that, in principle, RHOGDI1 is a negative regulator of Hh signaling.

Graded RHOGDI1 depletion by siRNA-1 and siRNA-2 also led to graded loss of Hh inhibitory activity
of Rhonin, since the compound had no (for siRNA-1) or only a weaker (for siRNA-2) influence on Hh
target gene expression (Figure 5b and Supplementary Figure S5). This graded loss in Rhonin activity
correlates with the knockdown levels reached by the employed siRNAs and is a strong evidence that

Rhonin inhibits Hh signaling by targeting RHOGDI1.

Rhonin activates RHO GTPases by inhibiting RHOGDI1

Since RHOGDI1 is a negative regulator of RHO GTPases, it is to be expected that an inhibitor of
RHOGDI1 should positively affect the activity of RHO GTPases. Depletion of RHOGDI1 lowered the total
level of RHOA and increased the level of RHOA-GTP by two fold (Figure 6a and 6b), which is in
agreement with previous reports.[23] Stimulation of Hh signaling with purmorphamine slightly
increased the RHOA-GTP level. Notably, in the presence or absence of purmorphamine, treatment with
Rhonin led to increased levels of GTP-bound RHOA. This finding indicates that RHOGDI1 inhibition by
Rhonin phenocopies RHOGDI1 depletion. A similar trend was observed for knock down of RAC1 and

CDC42 (Figure 6b).

RHO GTPases regulate formation of the actin cytoskeleton in fibroblasts and endothelial cells.[27]
Serum starvation inhibits RHO GTPases and leads to disruption of the actin cytoskeleton (Figure
6c).[28,29] Treatment of serum-starved cells with Rhonin for 24 h resulted in a dense network of actin
stress fibers. The onset of stress fiber formation was observed as early as 2 h after treatment with
Rhonin, indicating activation of RHOA (and most likely RHO associated kinase, ROCK). Interference with
RHOGDI1 function should alter the subcellular localization of RHO GTPases.[23] Indeed, treatment with
Rhonin led to a shift of the three RHO GTPases from the cytosolic to the heavy membrane fraction with
the strongest influence on RHOA (Figure 6d and 6e and Supplementary Figure S6). The heavy
membrane fraction contains the plasma membrane and the rough endoplasmic reticulum (rER). Thus,
upon treatment with Rhonin the amount of RHO GTPases at the plasma membrane increases, i.e. the
site of RHO-GTPase activation. Alternatively, the GTPases are mislocalized and trapped at the rER, thus
preventing their activation. These findings show that Rhonin leads to activation and change in the

subcellular localization of RHO GTPases.
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Discussion

Efficient strategies for the discovery of new bioactive compounds with novel chemotypes may best
build on established biological relevance of compound classes and their underlying scaffolds. In
particular, natural product (NP) structure and activity have provided inspiration [4] for strategies like
Biology Oriented Synthesis [30,31] and natural product ring-distortion and modification [32,33].
However, NP-related compound collections usually represent only focused areas of chemical space,
and, most likely also of biological target space. Thus, strategies that enable efficient and wider
coverage of biologically relevant, NP-related chemical space, like fragment-based design, are highly

desirable and in high demand.

Application of fragment-based design to the synthesis of NP-inspired compound collections, calls
for de novo combinations of NP fragments.[6] The resulting novel compound classes will inherit
characteristic NP-structure, properties and relevance but go beyond the chemical space explored by
nature because they will not be accessible by known biosynthesis pathways. Thus, they may he
regarded as “pseudo natural products”.[5] This term has been previously used by Suga et al., [34,35] to
describe cyclopeptides synthesized in vitro, as well as by Oshima et al. [36,37] to characterize hybrid
compounds obtained by biosynthetic pathway interception. Due to the unprecedented combination
of NP fragments pseudo-NPs may have unexpected and novel targets which may not be related to the
bioactivity of the guiding NPs. Hence their bioactivity should be analyzed in unbiased, target-agnostic

phenotypic assays to widely cover biological target space.

We validate the “pseudo natural product” concept by the design, synthesis and evaluation of a
compound collection that combines five-membered N-heterocycles (i.e. pyrrolidines, pyrrolines and
succinimides) characteristic for NP classes with different structure and different biosynthetic origin, in

novel arrangements and with different connectivities.

Cheminformatic analysis, employing the NP-score as measure for NP-likeness, indicated that the
pyrroline-derived pseudo-NPs occupy an area of chemical space previously not accessible to and,
therefore, only sparsely covered by NPs. Rather the pseudo-NPs display NP scores characteristic for
drug-like compound classes, such that they may be endowed by design with advantageous

physiochemical properties.

The novel pseudo-NP Rhonin proved to be an inhibitor of Hh signaling. The Hh signaling pathway is
vital for organ development and body patterning during embryogenesis and its inappropriate
activation is linked to several types of cancers. SMO is the most druggable target in Hh signaling,
however, there is a need to impinge the pathway downstream of SMO due to recently discovered
drug-resistant mutations in SMO.[38] In addition, there are SMO-dependent and —independent non-

canonical Hh-pathways for which small molecule modulators have rarely been developed.[39,40] We
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demonstrate that Rhonin binds to RHOGDI1, which translates to displacement of RHOGDI1-bound RHO
GTPases results in enrichment of GTP-bound RHO GTPases in membranes and establishes a link
between RHOGDI1 and Hh signalling. The compound most likely directly binds into the prenyl binding
pocket. Efficient depletion of RHOGDI1 completely abolished the pathway inhibitory activity of Rhonin
and validates RHOGDI1 as the target protein with regard to Hh pathway inhibition. To the best of our
knowledge, no direct RHOGDI1 inhibitor has been described to date. The only reported small molecule
related to RHOGDI1 function is secramine A, which inhibits CDC42-mediated actin polymerization in a
RHOGDI1-dependent manner.[41] However, direct interaction between secramine A and RHOGDI1has

not been shown.

RHOGDI1 is a chaperone and negative regulator of the geranylgeranylated RHO GTPases RHOA,
RAC1 and CDC42[42] which regulate the actin cytoskeleton and, thus, processes like cell adhesion,
establishment of cell polarity and cell migration.[42] RHOGDI1 binds and buries the membrane-
anchoring geranylgeranyl moiety of the GTPases in a hydrophobic pocket and, thereby, increases their
solubility in the cytosol.[22] It extracts RHO GTPases from membranes and sequesters them in the
cytosol, thus preventing their activation at the target membrane.[22] In the absence of RHOGDI, the
cytosolic pool of the geranylgeranylated RHO GTPases, constituting 90-95% of total RHO GTPases, is
rapidly degraded by the proteasome, while the levels of membrane-bound GTP-bound RHO GTPases
increase.[43,44] However, these activated RHO GTPases may fail to properly localize to their target
membranes and accumulate at the endoplasmic reticulum , thus effectors may not be activated.[23]
As opposed to activation of all GTPases, in RHOGDI1”" mice activation of only RHOA but not RAC1 and
CDC42 was observed along with hyper-phosphorylation of myosin light chain.[45] Activation of only
RHOA was also evident in the detection of stress fiber formation upon RHOGDI knockdown in HUVEC
cells.[45] Interestingly, Rhonin increases the level of GTP-bound RHOA and induces stress fiber

formation, which is in line with increased activity of RHOA.[46)]

Direct involvement of RHOGDI1 in Hh pathway regulation has not been reported before. However,
RHO GTPases have been linked to Smo-dependent, non-canonical Hh signaling[39,40] (Supplementary
Figure S7a). SMO can signal through Ga; to activate RHOA and RAC1 and modulate the actin
cytoskeleton in a non-canonical fashion.[47-50] In addition, RHOA has been linked to GLI-mediated
transcription, however, the signal to RHOA was transmitted via by Gay; or Goys and did not include
SMO or SHH.[51,52] In hematopoietic stem cells, a constitutively active mutant of RAC1 induced higher
expression of GLI-2 and SHH. Conversely, dominant negative RAC1 decreased the expression of GLI-2
and SHH, therefore suggesting a GLI-dependent regulation of Hh signaling by RHO GTPases.[53]
Furthermore, IFT80 (Intraflagellar transport protein 80) deletion causes cilia defects and leads to
suppression of Hh-GLI signaling and osteablast differentiation while increasing Hh-SMO-Ga;-RHOA-

stress fiber signaling.[54] The resulting RHOA activation and its suppressive influence on Hh-induced
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osteogenesis was partially or fully reverted by RHOA or ROCK inhibition or by disrupting the actin
cytoskeleton.[54] Inhibition of actin assembly positively influences ciliogenesis,[54,55] and RHO
GTPases have also been linked to ciliogenesis, i.e. CDC42 restricts the frequency of ciliated cells and
axoneme length by recruiting the regulators of actin dynamics.[56] However, although depletion of
CDC42 increases axoneme length and ciliation, it suppresses canonical Hh signaling.[56] Thus, an
intricate interplay between RHO GTPases and GLI-mediated transcription exists and genetic or
pharmacological modulation of RHOGDI1 is expected to have a pleiotropic influence with not readily

predictable outcome with regard to osteogenesis and Hh-SMO-GLI signaling.

The non-canonical SMO-RHOA pathway suppresses the SMO-GLI pathway[54], and RHOGDI1
knockdown should positively modulate the SMO-GLI axis because the amount of GTP-bound RHO
GTPases will increase but downstream effectors may not be activated. Indeed, we observed increased
Hh-mediated osteogenesis upon depletion of RHOGDI1. However, knockdown of RHOGDI1 should also
impair CDC42-controlled ciliation that may negatively influence Hh-GLI-related processes. The
Goz/Gai-RHOA-GLI axis, if active during osteogenesis in the employed cell line, would likewise be
inhibited by RHOGDI1 depletion. We observe, most likely as net sum of all effects on RHO GTPases, an
increase in osteogenesis upon RHOGDI1 knockdown. Pathway perturbation and RHOGDI1 inhibition
by Rhonin have effects on Hh signaling opposite to RHOGDI1 depletion. Such divergence between
chemical and genetic perturbations has been observed before and, actually, may differentiate a
chemical-biological analysis form a genetic investigation.[57,58] Genetic knockout or knockdown
remove or reduce the target protein, whereas small molecules modulate individual binding sites or
functions. RHOGDI1 recognizes its target GTPases via two binding sites. While Rhonin affects binding

to the prenyl binding pocket, RHOGDI1 knockdown abolishes binding to both sites.

Our findings suggest that Rhonin influences canonical Hh signaling via a non-canonical route. They
are in agreement with a mode of action in which Rhonin binds to RHOGDI1, prevents the extraction of
RHO GTPases from membranes and, thereby, leads to increased pools of active, GTP-bound RHO
GTPases. Whether all three GTPases are activated or not, would depend on the employed system since
activity of RHO GTPases will depend on different factors, i.e. phosphorylation, ubiquitination, GEFs and
GAPs etc.[42]. Our data indicate that, in contrast to RHOGDI1 depletion, inhibition of RHOGDI1 with
Rhonin increases RHOA activity, thus causing stress fiber formation. Increased actin polymerization
has been linked to impaired cilia-related function[54,59] and may be the causal link between RHOA

activity and Hh-GLI pathway inhibition.
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Figure 2. Synthesis of a pseudo-NPs that occupy a distinct portion of chemical space. (a) Reaction
conditions: A) 1a-d (3 equiv), DBU (0.5 equiv), THF, rt; B) 1a-d (1.5 equiv), EtsN (1.5 equiv), DCM, rt; C)
1e (1.5 equiv), DBU (0.5 equiv), DCM, rt. ODA: Osteoblast differentiation assay. RGA: Reporter gene
assay. All ODA and RGA data are mean values of three independent experiments (n = 3) £ s.d. (b) NP-
likeness score comparison of NPs represented in ChEMBL (dashed curve), Drugbank (dotted curve) and
succinimide-pyrroline pseudo NPs (solid curve). (c) PMI plot for succinimide-pyrroline pseudo-NPs. (d)

ALogP vs MW plot of succinimide-pyrroline pseudo NPs.
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Figure 3. Rhonin inhibits GLI-dependent Hh signaling and acts downstream of SMO. (a) Structure of
Rhonin (7a). (b) Rhonin inhibits GLI-dependent reporter gene expression in Shh-LIGHT2 cells. Cells
were treated with 1.5 pM purmorphamine and different concentrations of the compound for 48 h.
Firefly (fluc) and Renilla luciferase (rluc) activities were determined and ratios of fluc/rluc signals were
calculated as a measure of Hh pathway activity. Nonlinear regression analysis was performed using a
four parameter fit. All data are mean values of three independent experiments (n = 3) + s.d. (c)
C3H/10T1/2 cells were treated with purmorphamine (1.5 uM) and different concentrations of Rhonin
or DMSO as a control for 48 h prior to isolation of total RNA. Following cDNA preparation, the relative
expression levels of Ptchl, Gli1 and Gapdh were determined by means of RT-qPCR. Expression levels
of Ptchl and Gli1 were normalized to the levels of Gapdh and were related to the value of
purmorphamine-treated cells (set to 100 %). Data are mean values of three independent experiments
(n = 3) £ s.d. (d) HEK293T cells were transiently transfected with SMO expressing plasmid or empty

vector. 48 h later cells were treated with BODIPY-cyclopamine (5 nM, green) followed by addition of
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10 uM of Rhonin or 5 uM vismodegib and DMSO as controls and incubation for 1 h. Cells were then
fixed and stained with DAPI to visualize the nuclei (blue). Scale bar: 20 um. (e) NIH/3T3 cells were
serum starved to induce ciliation and treated with 1.5 puM purmorphamine for 2 h followed by addition
of 2 pM vismodegib or 5 uM Rhonin, and further incubation for 12 h. Cells were then fixed and stained
with DAPI to visualize the nuclei (blue), SMO was stained with an anti-SMO antibody (red) and cilia
stained with an antibody against acetylated tubulin (Ac-tubulin, green). Insets: representative single

cilia. Scale bar: 10 um.
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Figure 4. Rhonin is a RHOGDI1 inhibitor. (a) Structure of the affinity probes 8 and 9. (b) Affinity-based
enrichment of RHOGDI1 by probe 8 as compared to probe 9. Active probe 8 and inactive probe 9 were
immobilized on NHS ester magnetic beads and exposed to NIH/3T3 lysates. Bound proteins were
eluted and analyzed by immunoblotting using a RHOGDI1-specific antibody. (c) Densitometric analysis
of (b) for quantification of RHOGDI1 enrichment. Data is representative for three biological replicates.
(d) Structure of the fluorescent Rhonin derivative 10. (e) Binding of the Rhonin derivative 10 to
RHOGDI1. Fluorescence polarization measurements were performed using 10 and titrating increasing
concentrations of RHOGDI1. Data is representative of three independent experiments. (f)
Displacement of prenylated GDP-bound RHO GTPases (RHOA, RAC1 and CDC42) from synthetic
liposomes by GST-RHOGDI1 in the presence or absence of 50 uM Rhonin or inactive derivative 7c was
determined using a liposome sedimentation assay. Data is representative of three independent
experiments. P: pellet; S: supernatant. (g) Competition of the Rhonin derivative 10 with RACL.
Fluorescence polarization measurements were performed by adding 2 uM prenylated RAC1 or non-
prenylated RACL into a mixture of 10 and 5 pM RHOGDI1. Data is representative of three independent

experiments.
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Figure 5. RHOGDI1 is a negative regulator of Hh signaling. (a) RHOGDI1 knockdown efficiency for
siRNA-1 and siRNA-2 as used in b and Supplementary Figure S4. (b) NIH/3T3 cells were transfected
with RHOGDI1 siRNA-1 or control siRNA. After 48 h cells were treated with purmorphamine (1.5 uM)
and different concentrations of Rhonin or DMSO as a control for 48 h before isolation of total RNA.
Following cDNA preparation, the relative expression levels of Ptch1, Gli1 and Gapdh were determined
by means of RT-qPCR. Expression levels of Ptch1 and Glil were normalized to the levels of Gapdh and
are depicted as percentage of gene expression in cells activated with purmorphamine (100 %). All data
are mean values of three independent experiments (n = 3) +s.d. (c) C3H/10T1/2 cells were transfected
with RHOGDI1 siRNA-1 and control siRNA. After 48 h the cells were treated with 1.5 pM
purmorphamine and DMSO and osteoblast differentiation was monitored after 96 h. The Hh pathway
activity in cells treated with purmorphamine and control siRNA was set to 100%. All data are mean

values of three independent experiments (n = 3) + s.d. See also Supplementary Figure 4a. (d)
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C3H/10T1/2 cells were transfected with 800 ng FLAG-RHOGDI1 plasmid or empty vector. After 24 h
the cells were treated with 1.5 uM purmorphamine and DMSO and osteoblast differentiation was
monitored after 72 h. The Hh pathway activity in cells that were transfected with the empty vector
and treated with purmorphamine was set to 100%. All data are mean values of three independent

experiments (n = 3) + s.d. See also Supplementary Figure 4b.
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Figure 6. Influence of Rhonin on RHO GTPases in cells. (a) GST pull-down of GTP-bound RHOA, RAC1
and CDC42 by GST-fused effector proteins. GST-fused effector proteins of RHOA (Rhotekin) or RAC1
and CDC42 (PAK) were employed to enrich the GTP-bound GTPases in NIH/3T3 cells after RHOGDI1
knockdown by siRNA-1 and non-targeting siRNA (NT) or treatment with DMSO, Rhonin or
purmeorphamine. Proteins were detected by means of immunoblotting using specific antibodies for
RHOA, RAC1 and CDC42. Data is representative of three independent experiments. (b) Densitometric
quantification of the relative levels of RHOA-GTP, RAC1-GTP and CDC42-GTP after normalization to the
total levels (t) of each GTPase and as compared to DMSO (set to 1). Data are mean values of three
independent experiments (n =3) £s.d. (c) NIH/3T3 cells were serum starved for 48 h to inactivate RHO
GTPases. Cells were then treated with DMSO or Rhonin for 24 h. Cells were fixed and stained with DAPI
and phalloidin-rhodamine to visualize the nuclei (blue) and actin filaments (grey), respectively. Images
are representative of three biological replicates. Scale bar: 10 um. (d and e) NIH/3T3 cells were treated
with DMSO (d) or Rhonin (e) and fractionated into six distinct fractions using ultracentrifugation. The
fractions were analyzed using antibodies for RHOA, RAC1, CDC42 and for specific markers of each
fraction including Na+/K+-ATPase (plasma membrane), EEA1 (endosomes), GAPDH (cytoplasm) and

histone H3 (nuclear fraction). Data are representative of three independent experiments.
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Online Methods
Chemistry
General information

Unless otherwise noted, all commercially available compounds were used as provided without
further purifications. Dry solvents (THF, toluene) were used as commercially available; CH,Cl; was
purified by the Solvent Purification System M-BRAUN Glovebox Technology SPS-800. Solvents for
chromatography were technical grade.

Analytical thin-layer chromatography (TLC) was performed on Merck silica gel aluminium plates
with F-254 indicator. Compounds were visualized by irradiation with UV light or potassium
permanganate staining. Column chromatography was performed using silica gel Merck 60 (particle size
0.040-0.063 mm). Solvent mixtures are understood as volume/volume.

'H-NMR and *C-NMR were recorded on a Bruker DRX400 (400 MHz), Bruker DRX500 (500 MHz)
and INOVA500 (500 MHz) using CDCl; or (CD3),SO as solvent. Data are reported in the following order:
chemical shift (8) values are reported in ppm with the solvent resonance as internal standard (CDCI3:
8 = 7.26 ppm for H, & = 77.16 ppm for *3C; (CD3),SO: & = 3.30 ppm for *H, & = 39.52 ppm for 3C);
multiplicities are indicated br s (broadened singlet), s (singlet), d (doublet), t (triplet), q (quartet) m
(multiplet); coupling constants (/) are given in Hertz (Hz).

High resolution mass spectra were recorded on a LTQ Orbitrap mass spectrometer coupled to an
Acceka HPLC-System (HPLC column: Hypersyl GOLD, 50 mm x 1 mm, particle size 1.9 um, ionization
method: electron spray ionization). Fourier transform infrared spectroscopy (FT-IR) spectra were
obtained with a Bruker Tensor 27 spectrometer (ATR, neat) and are reported in terms of frequency of
absorption (cm™). Optical rotations were measured in a Schmidt + Haensch Polartronic HH8
polarimeter. The enantiomeric excesses were determined by HPLC analysis using a chiral stationary
phase column (column: CHIRALCEL IC, eluent: (DCM/EtOH = 100/2) / iso-hexane). The chiral HPLC
methods were calibrated with the corresponding racemic mixtures. The ratio of diastereomers was
determined by 1H-NMR analysis. Chemical yields refer to pure isolated substances. Yields,
enantiomeric excesses, and diastereoselectivity are given in the tables.

The chemicals and solvents were purchased from the companies Sigma-Aldrich, Acros Organics,
ABCR and Alfa Aesar. (Rp)-2-(tert-Butylthio)-1-(diphenyl-phosphino)ferrocene (purity: 98%),
Tetrakis(acetonitrile)copper(l) hexafluorophosphate (purity; 97%) and Tetrakis(acetonitrile)copper(l)

tetrafluoroborate (purity: 97%) were purchased from Sigma-Aldrich.
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General procedures
GP-1: General Optimized Procedure for the formation for double cycloaddition product 5:

Cu(CH1CN)4PFg (5 mol%) and (R)-Fesulphos (5 mol%) was transferred to a dry reaction vial with a
stir bar and 0.5 mL of dry CH,Cl, was added and stirred for 10 mins at rt. Then, first maleimide 1 (1
equiv) and azomethine ylide 2 (1.05 equiv) was successively added followed by the addition of EtsN
(20 mol%). The reaction mixture was left to stir at 0°C till the completion (0.5 — 1h) as monitored by
TLC. After the completion of the cycloaddition, TBHP (70% ag. soln) (1.2 equiv) was added to the
reaction mixture and left to stir at rt till completion (monitored by TLC). Then, all the volatiles were
removed in vacuo and THF (1mL/0.1 mmol) was added to the reaction vial. To this solution, DBU (0.5
equiv) was added and finally, N-phenylmaleimide (3 equiv as solution in 0.5 mL THF) was added
dropwise and stirred at rt till completion. The crude reaction mixture was directly put on the column
and separated using EA/PE (40-80%) mixture. The products 5 are very weakly UV active but can be

visualized using KMnOj, stain.
GP-2: General Optimized Procedure for the formation for Michael Addition product 6 and 7:

Cu(CHsCN)4PFs (5 mol%) and (R)-Fesulphos (5 mol%) was transferred to a dry reaction vial with a
stir bar and 0.5 mL of dry CH,Cl; was added and stirred for 10 mins at rt. Then, maleimide 1 (1 equiv)
and azomethine ylide 2 (1.05 equiv) was successively added followed by the addition of EtsN (20 mol%).
The reaction mixture was left to stir at 0°C till the completion (0.5 — 1h) as monitored by TLC. After the
completion of the cycloaddition, TBHP (70% aq. soln) (1.2 equiv) was added to the reaction mixture
and left to stir at rt till completion (monitored by TLC). Finally to this solution, base and electrophile 1’
was added and stirred at rt till completion. The crude reaction mixture was directly put on the column
and separated using EA/PE (30-60%) mixture. The products 6/7 are UV active and can be visualized

under standard UV lamp.
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Biology
Materials

Dulbecco’s Modified Eagle’s medium (DMEM), L-glutamine,  sodium pyruvate,
penicillin/streptomycin, fetal bovine serum (FBS) and fetal calf serum (FCS) were obtained from PAN
Biotech, Germany. The chemiluminescent substrate CDP-Star was purchased from Roche, Switzerland.
Dual-Luciferase Reporter Assay System was obtained from Promega, USA. Anti-SMO rabbit Ab
(#ab38686) and anti-B-actin rabbit polyclonal Ab (#ab8227) were purchased from Abcam, USA. Anti-
N-acetylated tubulin mouse Ab (#T6793) was purchased from Sigma Aldrich, Germany. Anti-RHOGDI-
1 mouse Ab (#sc-373724) was purchased from Santa Cruz Biotechnology, USA. Anti-Filamin-B
polyclonal Ab (# PA5-21345) and anti-Filamin-C polyclonal Ab (# PA5-45573) were purchased from
Thermo Fisher Scientific, Germany. Phalloidin coupled to TRITC was obtained from Sigma, Germany.
Anti-rabbit-Alexa594 goat Ab (#A11012) and anti-mouse-Alexa488 donkey (#A21202) were purchased
from Invitrogen, Germany. Anti-mouse-IR800 donkey Ab (#926-32212) and anti-rabbit-IR680 onkey
(#926-68072) antibodies were obtained from LI-COR, Biosciences, USA. Anti Histone H3 rabbit Ab
(#9715), anti RhoA (67B9) Rabbit Ab (#2117), EEAL rabbit Ab (#2411), and Anti GAPDH (14C10)
Rabbit Ab (#2118 S) were purchased from Cell Signaling Technologies. Anti-CDC42 Clone 44/CDC42
(RUQ) mouse (# 610929) was purchased from Bioscience. Anti-Racl mouse Ab, clone 23A8 (# 05-389),
and Anti-Na+/K+ ATPase (o Subunit) mouse Ab (#A276) was purchased from Merk.

pGEN-mSMO, was a gift from Philip Beachy, Addgene plasmid # 37673, Addgene, USA.! pCMV3-N-
FLAG-mArhgdia (MG52485-NF) and pCMV3-N-Flag-NCV (CV016) were purchased from Sino Biologicals,
Beijing, China. pGEX-4T1-Rhotekin-HR1 (aa. 1-89) and pGEX-2TK-PAK1-RBD (aa 57-141) were used as
previously described [60]. SsiRNA duplexes (mouse Arhgdia (192662) sSiRNA 1 -
CGACUGACCUUGGUAUGCA, J-064240-05-0002; mouse Arhgdia (192662) SsiRNA 2 -
UCAAGUCGCGCUUCACAGA, J-064240-06-0002; non-targeting siRNA - UGGUUUACAUGUCGACUAA, D-
001810-01-05) were purchased from GE Healthcare Europe GmbH, Germany.

Cell lines

NIH/3T3 cells were obtained from DSMZ, Germany (DSMZ ACC 59) and were cultured in DMEM
(high glucose) supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine and 1 mM sodium
pyruvate. Shh-LIGHT2 cells (NIH/3T3 cells stably transfected with a Gli-responsive firefly luciferase
reporter plasmid and a pRL-TK constituitive Renilla luciferase expression vector)! were cultured in the
same culturing medium supplemented with 400 ug mI™ G418 and 150 ug ml™ Zeocin as selecting
agents. The murine osteoblasts C3H/10T1/2 (ATCC CCL-226) were obtained from ATCC, USA and were
cultured in DMEM (high glucose) supplemented with 10% heat-inactivated FCS, 6 mM L-glutamine,
1 mM sodium pyruvate. HEK293T cells (ATCC, England) were grown in DMEM containing 10% FBS,
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100 U ml™* penicillin and 0.1 mg ml™ streptomycin. All cell lines were maintained at 37 °C and 5% CO:
in a humidified atmosphere. All the cell lines were regularly assayed for mycoplasma and were
confirmed to be mycoplasma-free. Transfection of DNA constructs and siRNAs were performed using
Fugene HD (Promega), Lipofectamine® LTX (Invitrogen) and DharmaFECT™ (GE Healthcare)

transfection reagent according to the manufacturer’s directions.
Osteoblast differentiation assay

The osteoblast differentiation assay was performed by the Compound Management and Screening
Center (COMAS) in Dortmund, Germany. C3H/10T1/2 cells were seeded (800 per well) in white 384-
well plates. After incubation for 16 h, compounds or DMSO were added to a final concentration of 10
UM using the acoustic nanoliter dispenser ECHO 520 (Labcyte). One hour later, osteogenesis was
induced with 1.5 pM purmorphamine. Plates were incubated for 96 h at 37 °C and 5% CO,. Alkaline
phosphatase activity was measured by replacing the medium with 35 pL osteogenesis-lysis buffer (lysis
buffer: 100 mM Tris pH 9.5, 250 mM NacCl, 25 mM MgCl,, 1% Triton X-100, sterile filtered) containing
1:100 chemiluminescent substrate CDP-Star® (Promega) for one hour in the dark at 25 °C. The
luminescence was monitored using the Paradigm plate reader (Molecular Devices, USA). Dose-
response analyses were performed for all hit compounds using a three-fold dilution series starting
from a concentration of 30 uM. Half-maximal inhibitory concentrations (1Csp) were calculated using the

Quattro software suite (Quattro Research, Planegg, Germany).

The effect of test compounds on the viability of C3H/10T1/2 cells was determined by CellTiter-Glo
Luminescence cell viability assay (Promega). Cells were treated as described for the osteogenesis
assay prior to addition of the CellTiter-Glo® reagent according to manufacturer’s protocol. Compounds
causing at least a 50% reduction in the osteogenesis assay and retaining cell viability of at least 80%
were considered as hits. Dose-response analyses were performed for all hit compounds using a three-
fold dilution series starting from a concentration of 30 uM. Half-maximal inhibitory concentrations

(ICso) were calculated using the Quattro software suite (Quattro Research GmbH).
GLI-dependent reporter gene assay

Shh-LIGHT2 cells were seeded (2.5x10* per well) in 96-well plates. After incubation for 16 h,
medium was replaced by low serum-containing medium (0.5% FCS) supplemented with 1.5 pM
purmorphamine. One hour later, various concentrations of the compounds or DMSO as a control were
added and cells were further incubated for 48 h. Firefly and Renilla luciferase activities were
determined by means of the Dual-Luciferase” Reporter Assay System (Promega) according to the
manufacturer’s protocol and luminescence was measured using the Infinite® M200 plate reader

(Tecan, Austria).
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SMO binding assay

HEK293T cells were seeded (1.5x10* per well) on poly-D-lysine-coated coverslips placed in a 24-well
plate. 16 h later cells were transfected with the SMO expressing plasmid (pGEN-mSMO) using Fugene
HD (Promega) according to the manufacturer’s protocol. After 48 h of incubation at 37 °C, cells were
washed once with PBS and incubated further in fresh DMEM medium containing 0.5% FBS, 5 nM
BODIPY-cyclopamine and various concentrations of the test compounds or DMSO as a control. One
hour later cells were washed twice with PBS and fixed with 3% paraformaldehyde for 10 min at room
temperature and subsequently permeabilized with 0.1% (v/v) triton X-100 in PBS for 5 min at room
temperature. Cells were then stained with 1 pg/ml DAPI for 10 min and were mounted on glass slides
using Aqua Polymount (Polysciences Inc). Images were acquired on an Axiovert Observer Z1

microscope (Carl Zeiss, Germany) using a Plan-Apochromat 63x/1.40 Oil DIC M27 objective.

Additionally, SMO binding was confirmed by flow cytometry. HEK293T cells were seeded (3x10° per
well) in 6-well plate and transfected with the SMO expressing plasmid pGEN-mSMO as described
above. After 48 h of incubation the medium was replaced by DMEM containing 0.5% FBS, 5 nM
BODIPY-cyclopamine and various concentrations of the test compounds or DMSO as a control.
Following incubation for 5 h cells were washed once with PBS, detached using trypsin/EDTA
(0.05/0.02% (v/v) in PBS), and collected by centrifugation at 250 x g for 5 min at room temperature.
Cells were washed twice and then suspended in ice-cold PBS. Cell suspensions were subjected to flow
cytometry analysis employing the BD LSR Il Flow Cytometer (laser line: 488 nm, emission filter: 530/30)
to detect the presence of BODIPY. Data analysis was performed using the FlowJo software, version

7.6.5 (Tree Star Inc., USA).
Immunofluorescence

To detect ciliary localization of SMO, NIH/3T3 cells (3x10* per well) were seeded on coverslis in 24-
well plates and cultured for 16 h. Cells were then incubated for 12 h in DMEM containing 0.5% FCS to
induce ciliation followed by treatment with 1.5 uM purmorphamine and various concentrations of the
test compounds or DMSO as a control. 12 h later cells were washed with PBS followed by fixation in
4% ice-cold paraformaldehyde for 10 min. Permeabilization and blocking was performed with a
solution containing 0.1% Triton X-100 and 1% heat-inactivated horse serum in PBS for 30 min at room
temperature. Samples were then incubated with mouse anti-N-acetylated tubulin antibody (dilution
1:5000) as a marker for cilia and rabbit anti-SMO antibody (dilution 1:200) overnight at 4 °C followed
by washing and subsequent incubation with Alexa Fluor 594-conjugated goat anti-rabbit and Alexa
Fluor 488-conjugated donkey anti-mouse antibodies (1:500 dilutions) and DAPI (0.1 pg/mL) for 45 min

at room temperature. Coverslips were washed and mounted using Aqua Polymount (Polysciences Inc).
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Images were acquired with Axiovert Observer microscope Z1 (Carl Zeiss, Germany) using a Plan-

Apochromat 63x/1.40 Qil DIC M27 objective.

For stress fiber staining, NIH/3T3 cells were cultivated in medium containing 0.5 % FCS for 24 h.
Cells were then serum-starved for 24 h in serum-free medium to inactivate RHO GTPases. Cells were
then treated with DMSO or 20 pM Rhonin for 24 h and incubated at 37 °C. Cells were washed and fixed
with 3% paraformaldehyde for 10 min at room temperature and subsequently permeabilized with
0.1% (v/v) triton X-100 in PBS in 1x PBS for 5 min at room temperature. Cells were stained with
0.5pg/mL Phalloidin-TRITC and 1 pg/mL DAPI for 30 min and were mounted on glass slides using Aqua
Polymount (Polysciences Inc). Images were acquired on an Axiovert Observer Z1 microscope (Carl

Zeiss, Germany) using a Plan-Apochromat 63x/1.40 Oil DIC M27 objective.
Reverse transcription- quantitative PCR (RT-qPCR)

C3H10T1/2 cells were seeded (2 x 10* per well) in 24-well plates. 16 h later cells were treated with
1.5 uM purmorphamine and the test compounds or DMSO for 48 h. Total RNA was isolated using the
RNeasy mini kit (Qiagen) according to the manufacturer’s protocol. The concentration of purified RNA
was determined by means of the Nanodrop 2000. 500 ng total RNA was used to prepare
complementary DNA (cDNA) using QuantiTect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s protocol. The expression of Hh target genes Ptchl and Glil and the reference gene
Gapdh was determined by means of quantitative PCR using the QuantiFast SYBR Green PCR Kit
(Qiagen) and iQ 5 Real-Time PCR Detection System (Bio-Rad) and the following oligonuclectides: Ptch1:
5'-CTCTGGAGCAGATTTCCAAGG-3’ and 5-TGCCGCAGTTCTTTTGAATG-3', Gli1: 5
GGAAGTCCTATTCACGCCTTGA-3’ and 5'-CAACCTTCTTGCTCACACATGTAAG-3/, Gapdh: 5%
AGCCTCGTCCCGTAGACAAAAT-3" and 5'-CCGTGAGTGGAGTCATACTGGA-3". The expression levels of
Ptch1 and Glil were determined using the 272Ct method.?

Knockdown of RHOGDI1

Which cells were transiently transfected with RHOGDI1 siRNA-1 or siRNA-2 and non-targeting siRNA
using DharmaFECT™ reagent by employing the manufacturer’s protocol. Briefly, NIH/3T3 cells were
seeded in T25 cell culture flask. Upon reaching ca. 70 % confluence, cells were transiently transfected
with DharmaFECT™ transfection reagent. For the transfection, siRNAs and DharmaFECT™ transfection
reagent were independently mixed with Opti-MEM® serum-free media in low-binding tubes and
incubated for 5 min at room temperature. Subsequently, the lipid solution was added to the siRNA
solution in the ratio 1:1 and incubated for 20 min at room temperature. The corresponding lipid:siRNA
solution was diluted 1:5 with the respective cell culture medium and was added to cells , which were
seeded on the previous day, by replacing the old medium and incubated for 48 h at 37 °C. Cells were

detached and reseeded at 20,000 cells per well in 24-well plate for determining the target gene
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expression upon RHOGDI1 knockdown. Knockdown efficiency was determined by immunoblotting

using anti-RHOGDI1 specific antibodies.
Immunoblotting

Unless otherwise mentioned, the cells were lysed in 1X SDS buffer without bromophenol blue. The
resulting lysates were analyzed by DC Assay (Bio-Rad) for protein concentrations determination. The
cell lysates were then supplemented with bromophenol blue and boiled at 95 °C for 10 min. The
cooked proteins were loaded on 10% polyacrylamide gels and run at a constant voltage of 80 V for 15
min followed by 120 V for approximately 1.5 h. Protein were transferred on PVDF membrane using
semi-dry transfer at 25 V for 45 min. Membranes were washed and blocked in LI-COR blocking buffer
for 1 h at room temperature. The blocking buffer was replaced with fresh LI-COR blocking buffer
containing primary antibodies and incubated overnight at 4 °C. Membranes were washed with TBS-T
(3 x 5 min) and incubated with the secondary antibody in blocking buffer for one hour at room
temperature. Signals were visualized using Odyssey Fc imaging system (LI-COR Biosciences).
Quantification of band intensities was performed by densitometry of scanned signals with the aid of

image studio software (Version 4.0.21, LI-COR Biosciences, ©2014).
RHOGDI1 overexpression

C3H10T1/2 cells were transiently transfected with pCMV3-N-FLAG-mArhgdia or pCMV3-N-Flag-
NCV using Lipofectamine® LTX & PLUS ™ reagent according to manufacturer’s protocol. Briefly,
C3H10T1/2 cells were seeded in a T25 cell culture flask and incubated overnight at 37 °C and 5% CO..
For the transfection, plasmid DNA and PLUS reagent were diluted in Opti-MEM® medium and
incubated for 5 min at room temperature. Lipofectamine® LTX reagent was directly added to this
mixture and incubated for 30 min at room temperature. The DNA-lipid complex was added dropwise
to the cells in the flask and incubated for 24 h. Cell were then detached and reseeded at 5,000 cells
per well in 96-well plate for determining the effect of RHOGDI1 overexpression on osteoblast

differentiation as described above.
Cell lysate preparation for chemical proteomics

NIH/3T3 cells were grown to 90-95% confluence and were then detached using cell dissociation
solution for 5 min at 37 °C and 5% CO;. Cells were suspended in cell culture medium and pelleted by
centrifugation at 250 x g, 5 min at 4 °C. Cell pellets were then washed thrice with ice-cold PBS and
lysed in lysis buffer containing 50 mM PIPES, 50 mM NaCl, 5 mM MgCl;, 5 mM EGTA, 0.1 % NP40, 0.1
% Triton X-100, 0.1 % Tween®20, with freshly added 1 mM DTT, EDTA-free protease inhibitors
(Complete EDTA-free, Roche) and phosphatase inhibitors (PhosphoSTOP, Roche). To assure complete
cell lysis, the suspension was passed through 0.9 um and 0.45 pum cannula 10 times each and incubated

on ice for 40 min with intermittent vortexing every five minutes until a homogeneous mixture was
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obtained. The resulting homogenate was centrifuged at 18,000 x g for 30 min at 4 °C and the
supernatant was subsequently snap frozen in liquid nitrogen and stored at -80 °C. Total protein content

was determined by DC protein assay (Bio-Rad, Germany).
Affinity chromatography enrichment of compound-bound proteins

25 pL N-hydroxysuccinimide magnetic beads (GE Healthcare) were activated with 500 uL 1 mM HCI
for 1 min. HCl was replaced by 500 uL coupling buffer (0.15 M triethanolamine, 0.5 M NaCl, pH 8.3)
containing 10 puM of free amine affinity probes (S11a and S11b) and incubated for 2 h at room
temperature with overhead rotation. The residual active groups of N-hydroxysuccinimide magnetic
were quenched by alternating incubation with 500 uL block A buffer (0.5 M ethanolamine, 0.5 M NaCl,
pH 8.3) and block B buffer (0.1 M sodium aceate, 0.5 M NacCl, pH 4.0) for 5 min three times each. For
protein binding, the magnetic beads were equilibrated with 500 pL lysis buffer followed by incubation
with 500 pL lysate (protein concentration: 2 mg/mL) 2 h at 4 °C with overhead rotation. In order to
wash out non-specifically bound proteins, the beads were first washed with 500 pL lysis buffer
containing 25 mM MgCl, followed by three times washing with 500 pL PBS. Tryptic digestion of bead-
bound proteins was carried out in two stages. First, bound proteins were reduced by incubating the
beads with 50 pL reducing buffer (1 mM DTT, 8 M urea in 50 mM Tris (pH 7.5)) at 30 °C for 30 min with
shaking. Later, the reduced proteins were alkylated by addition of 5.5 pL alkylating solution (1 mM
DTT, 50 mM chloroacetamide, 8 M urea in 50 mM Tris pH 7.5) and further incubation in the dark at 30
°C for 30 min while shaking at 350 rpm. The reduced and alkylated proteins were digested by adding 1
pg LysC at 37 °C for 1 h while shaking at 350 rpm. The supernatant was transferred to a new tube and
the beads were further incubated with 50 mM Tris-HCI (pH 7.5) containing 1 pg trypsin at 37 °Cfor 1 h
while shaking at 350 rpm. Both supernatants were combined together and further digested by adding
2 pg trypsin for 16 h at 37 °C with continuous shaking. The enzymatic digestion was stopped by addition
of 2 uL proteomics grade trifluoroacetic acid (TFA). In order to purify the resulting peptides, STAGE tips
were prepared by loading the 200 puL microtips with two layers of C18 (octadecyl) disks. The tips with
C18 disks were activated by addition of 100 pL methanol. Furthermore, the tips were calibrated by
washing with 100 uL Buffer B (20% H»0 / 80% acetonitrile with 0.1% formic acid) and 100 pL Buffer A
(H20 with 0.1% formic acid). The peptide purification was achieved by passing the digestion solution
over the activated STAGE tips. Bound peptides were eluted twice using 20 uL Buffer B and the solvent

was evaporated by means of rotary speed vacuum evaporator.
Mass spectrometry and data evaluation

In order to analyse the tryptic peptides, the samples were purified by UltiMateTM 3000 RSLC nano
system (Dionex, Germany) and MS/MS analysis was carried out using Q Exactive™ HF Hybrid

Quadrupole-Orbitrap Mass Spectrometer equipped with a nano-spray source (Nanospray Flex lon
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Source, Thermo Scientific). Briefly, the tryptic peptides were solubilized in 20 uL 0.1% (v/v) TFA in water
and 3 uL were injected onto a pre-column cartridge (5 um, 100 A, 300 um ID * 5 mm, Dionex, Germany)
using 0.1% (v/v) TFA in water as eluent with a flow rate of 30 pL/min. Desalting was performed for 5
min with eluent flow through followed by back-flushing of the sample during the whole analysis from
the pre-column to the PepMap100 RSLC C18 nano-HPLC column (2 um, 100 A, 75 pum ID x 50 cm,
nanoViper, Dionex, Germany) using a linear gradient starting with 95% water containing 0.1% (v/v)
formic acid / 5% (v/v) acetonitrile containing 0.1% (v/v) formic acid and increasing to 70% water
containing 0.1% (v/v) formic acid / 30% (v/v) acetonitrile containing 0.1% (v/v) formic acid after 95 min
using a flow rate of 300 nL/min. The nano-HPLC was coupled to the Quadrupole-Orbitrap Mass
Spectrometer using a standard coated SilicaTip (ID 20 pm, Tip-ID 10 pM, New Objective, Woburn, MA,
USA), mass range of m/z 300 to 1650 was acquired with a resolution of 60000 for a full scan, followed
by up to ten high energy collision dissociation (HCD) MS/MS scans of the most intense at least doubly

charged ions with a resolution of 15000.

Data evaluation was performed using MaxQuant software® (v.1.5.3.30) including the Andromeda
search algorithm and searching the mouse reference proteome of the Uniprot database. Briefly, the
search was performed for full enzymatic trypsin cleavages allowing two miscleavages. For protein
maodifications carbamidomethylation was chosen as fixed and oxidation of methionine and acetylation
of the N-terminus as variable modifications. The mass accuracy for full mass spectra was set to 20 ppm
for the first and 4.5 ppm for the second search. The mass accuracy for MS/MS spectra was set to 20
ppm. The false discovery rates for peptide and protein identification were set to 1%. Relative
quantification of proteins was carried out using the label-free quantification algorithm implemented
in MaxQuant. Further data evaluation was performed using Perseus software* (v. 1.5.2.6). Proteins not
identified with at least two peptides in at least one of the samples and known contamination were
filtered off. Samples resulting from pulldown using the active probe were grouped together and those
from the pulldown using the inactive one as well. Label-free quantification (LFQ) intensities were
logarithmized (log2) and proteins, which were not three times quantified in at least one of the groups,
were filtered off. Missing values were imputed using small normal distributed values (width 0.3, down
shift 1.8) and a two sided t-test (sO = 1, FDR 0.05) was performed. Proteins which were statistically

significant enriched by the active probe compared to the inactive one were considered as hits.
Fluorescence polarization

The binding to Rhonin to RHOGDI1 was confirmed by fluorescence polarization experiments.
RHOGDI1 was titrated against 5 uM of the fluorescent Rhonin derivative 10 in buffer containing 20
mM Hepes, pH 7.4, 150 mM NacCl, 5 mM MgCl,, 3 mM DTT and incubated for 1 h. The change in

fluorescence polarization was monitored at an excitation / emission wavelength of 535 nm and 593
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nm, respectively. To understand the impact of geranylgeranyl moiety on the interaction of RHOGDI
and RAC1, 5 uM RHOGDI was added to 2 uM fluorescent Rhonin in buffer containing 20 mM HEPES,
pH 7.4, 150 mM NaCl, 5 mM MgCl,, 3 mM DTT, led to increase in anisotropy signal. 2 uM of prenylated/
or non-prenylated RAC1 were added in two independent experiments. Geranygeranylated RAC1
(GerGer-RAC1) was dissolved in a buffer containing 1% CHAPS and 0.5% sodium cholate.

To determine the effect of Rhonin on the binding of RHOGDI1 to non-prenylated RAC1-GDP,
fluorescence polarization measurements were performed by titrating 1 uM TAMRA-GDP-bound RAC1
with increasing concentrations of RHOGDI1 in the presence and absence of 50 uM Rhonin in buffer
containing 30 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1% DMSO. The change in the
fluorescence polarization was monitored at an excitation and emission wavelengths of 557 nm and

583 nm, respectively.

Competition-based fluorescence polarization were performed by titrating Rhonin with 30 nM
fluorescein-labelled atorvastatin and 60 nM His6e-tagged PDEGSin PBS buffer containing 0.05%
CHAPS,1% DMSO.

Liposome sedimentation assay

Liposomes were prepared by self-assembly of the lipids (500 pg) containing 20% (w/w)
phosphatidylethanolamine, 45% (w/w) phosphatidylcholine, 20% (w/w) phosphatidylserine,
10% (w/w) cholesterol, and 5% (w/w) phosphatidylinositol 4,5-bisphosphate. 1 pM. Liposome
assays were performed by mixing, sonicating (20 s with minimal power, 50% off and 50% on)
and extruding (0.2 uM filter) the lipids in 300 pl of a buffer, containing 20 mM HEPES-NaOH
pH 7.4, 50 mM NaCl, 3 mM DTT, 5 mM MgCl.. GerGer-RAC1-GDP was added to the
liposomes and incubated for 20 min on ice. 1.5 uM GST-RHOGDI-1 and the compounds or
DMSO were added to the liposome-GerGer-RAC1-GDP complex prior to incubation on ice for
30 min. The samples were centrifuged at 20,000 x g for 30 min at 4 °C. The resulting pellet and
supernatant fractions were collected and analyzed by immunoblotting. 10 pl of each sample
leaded on a SDS-PAGE gel for Western blotting. Specific antibodies were used to visualize
RAC1, CDC42 and RHOA.

Liposome flotation assay

10 uM of GerGer-RAC1-GDP was added to liposomes suspended in flotation assay buffer containing
20 mM HEPES-NaOH pH 7.4, 50 mM NaCl, 3 mM DTT, 5 mM MgCl2, and incubated for 20 min on ice.
The liposomes were prepared by using self-assembling the lipids (500 pg), containing 15% (w/w)
phosphatidylethanolamine, 0.5% (w/w) NBD-PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine,  triethylammonium  salt), 45%  (w/w)
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phosphatidylcholine, 20% (w/w) phosphatidylserine, 10% (w/w)cholesterol, and 5% (w/w)
phosphatidylinositol 4,5-bisphosphate. 15 uM of GST-RHOGDI-1 and compounds or DMSQO was added
to liposome-GerGer-RAC1-GDP complex and samples were further incubated on ice for 30 min. The
samples were added to 30% (w/v) sucrose solution. The resulting suspension was overlaid with protein
buffer containing 25% (w/v) sucrose and finally with 50 ul of buffer without sucrose. The resulting
samples were centrifuged at 140000 x g for 1 h at 4 °C. The upper liposome-containing phase (detected

by fluorescent NDB-PE) was collected and analyzed by immunoblotting.
Surface plasmon resonance (SPR)

Biacore® X100 instrument (Biacore, now GE Healthcare) was used to analyze the effect of Rhonin
on the GerGer-RAC1-GDP and RHOGDI-1 interaction. Liposomes suspended in SPR buffer (20 mM
HEPES, pH 7.4, 50 mM NaCl, 5 mM MgCI2, 3 mM DTT) were immobilized by injecting 0.5 mM liposomes
with flowrate of 5 uL/min on the surface of a Pioneer® L1 sensor chip (GE Healthcare) for the period
of 900 s, as indicated by a constant signal. Unbound liposomes were removed by passing the buffer
and 10 mM NaOH with flowrate of 5 uL/min for 30 s over the sensor chip. Buffer containing 15 pM
GerGer-RAC1-GDP was passed with flowrate of 5 uL/min over the immobilized liposomes to facilitate
the loading of GerGer-RAC1-GDP on to the liposomes. The effect of compounds on the association of
GerGer-RAC1-GDP with liposomes and the resulting dissociation of GerGer-RAC1 upon passing 25 uM

of RHOGDI-1 was monitored by the change in the response unit signal.
Protein expression and purification

Human Rhotekin HR1 (aa. 1-89) and human PAK1-RBD (aa. 57-141) encoded on pGEX vectors were
expressed over night as GST fusion proteins in E. coli BL21 (DE) after induction of 0.2 mM IPTG. These
RHO effectors were extracted by cell lysis performed by sonication of the cells. After centrifugation of
the cellular debris the supernatant was used to attach the GST-fused effector proteins to the GSH

Sepharose beads [60].

Insect cell purification system was used for expression and purification of prenylated proteins based
on an established protocol [61]. 5f9/or TNAO38 insect cells were grown to the level of 1.5x10° cells/ml
before they were transduced with Baculoviruses encoding genes related to the RHO GTPases. Cells
were resuspended in lysis buffer, containing 20 mM HEPES-NaOH pH 7.4, 150 mM NacCl, 2 mM B-
mercaptoethanol, 5 mM MgCl;, 0.1 mM GDP, 10 mM imidazole and the optimized detergents including
1% CHAPS and 0.5% sodium cholate [61]. Cells were lysed by sonication in ice. After centrifugation for
20 min in 20000 x g, supernatants were collected and loaded on a Ni-NTA column (Qiagen, Hilden,
Germany). The protein was eluted by passing a buffer containing 300 mM imidazole into the Ni-NTA
column. The eluted solution was further purified on an analytical Superdex 75 column (10/300 GL, GE-

Healthcare, Uppsala, Sweden) using 20 mM HEPES-NaOH pH 7.4, 150 mM NaCl, 3 mM DTT, 5 mM
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MgCl; and 0.5% (w/v) Na-cholate as buffer system. Non-prenylated RAC1 and human RHOGDI1 were

prepared from E. coli as a GST recombinant protein as described previously [61].
Pull down of active RHO GTPases

Pull-down of active (i.e., GTP-bound) RHO GTPases was performed by using GSH sepharose beads
(GE Healthcare, UK) from NIH/3T3 total cell lysates. NIH/3T3 cells were treated with DMSO,
purmorphamine and/or, Rhonin for 24 h or transfected with RHOGDI1 siRNA-1 or non-targeting siRNA.
RHO GTPases were obtained by lysis of 15 cm cell dishes with 500 pl Fish buffer (50 mM Tris/HCl pH
7.4, 100 mM Nacl, 2 mM MgCl,, 1% Igepal Ca-630, 10% glycerol, 20 mM beta-glyceolphosphate, 1 mM
sodium orthovanadate, cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche, Basel,
Switzerland)). GSH Sepharose beads were washed three times with 1 ml Fish buffer. Equal amounts of
bacterial lysates containing GST (negative control) or GST-fused effector proteins were added to the
GSH Sepharose beads and incubated at 4°C for 1 h followed by another three times washing with 1 ml
of Fish buffer. Thereafter, the total cell lysate obtained from one 15-cm dish was added to the GST
beads and incubated for 30 min at 4°C. Samples were washed three times with 1 ml Fish buffer.
Laemmli buffer was added into the samples before heat denaturation for 10 min at 95°C. The protein-
protein interaction was analyzed by SDS-PAGE and immunoblotting. Data were evaluated using
GraphPad Prism 6 software. For variance analysis ordinary one-way analysis of variance test was
performed using the Dunnett’s multiple comparison test. Results were considered significant with p <

0.05. (*(p <0.05), ** (p <0.01), *** (p <0.001), **** (p < 0.0001).
Sub-cellular fractionation

NIH/3T3 cells were treated with 10 uM Rhonin or DMSO for 24 h. The cells were collected from the
culture dishes by trypsinization and scraping out the cells. After centrifugation step, the pellet was
washed three times with PBS and was resuspended in a detergent-free lysis buffer containing 10 mM
Tris/HCI (pH 7.4), 10 mM NaCl, 0.5 mM MgCl,, and EDTA-free protease inhibitor. The total cell lysate
was centrifuged at 1200 x g for 5 min at 4 °C after homogenization by using an insulin syringe. The
supernatant was collected and further subjected to a 16,000 x g centrifugation to isolate the heavy
membrane pellet and cytoplasm and light membrane in the supernatant. The cytosolic supernatant
was divided into Light membrane and cytoplasm by applying 130,000 x g centrifugation for 90 minutes.
The nuclear pellet was resuspended in 250 mM sucrose solution containing 10 mM MgCl> which were
layered on top of an 880 mM sucrose cushion containing 0.5 mM MgCI2. Nuclear fraction was
centrifuged at 1,200 x g for 10 minutes to obtain the intact nuclear. The intact nuclear was
homogenized using a Balch homogenizer (clearance of 8 mm) and 8-10 up-and-down strokes and later
were separated to nucleoli and nucleoplasm fractions [62]. The nucleoplasm and nuclear membrane

were separated by centrifugation of nuclear fraction at 130,000 x g for 90 minutes. The resulting pellet
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contained the nuclear membrane and the supernatant contained the nucleoplasm fraction. All
subcellular fractionation steps were carried out at 4°C. Protein concentrations of all fractions were
determined by the Bradford assay and all fractions were mixed with 5x SDS-PAGE loading buffer. The
separated fractions were analyzed by specific marker for each fraction and the protein localization was

analyzed by applying immunoblotting.
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Summary

Aberrant activation of Rho guanine nucleotide exchange factors (RhoGEFs) is a chief mechanism
driving abnormal activation of their RhoGTPase targets in transformation and tumorigenesis.
Consequently, small molecule inhibitor of RhoGEF activities can be used as an anti-cancer drug. Here,
we used cellular, mouse, and humanized models of Rac-dependent BCR-ABL1-driven leukemia to
identify Vav3, the tyrosine phosphorylation—dependent RacGEF as the target of the small molecule
IODVA1. We show that IODVA1 binds tightly to Vav3, inhibits Rac activation and signaling, and
increases pro-apoptotic activity in BCR-ABL expressing cells only. Consistent with this mechanism of
action, Vav3-deficient leukemic cells and mouse models of BCR-ABL leukemia do not respond to
IODVAL. Importantly, IODVA1 eradicates leukemic propagating activity of TKl-resistant BCR-
ABL1(T315l) B-ALL cells after treatment withdrawal by decreasing Rac signaling in vivo. Cells
representing pediatric ALL patients are highly sensitive to IODVAL ex vivo. IODVA1 thus spearheads a

novel class of drugs that inhibits a RacGEF and holds promise as an anti-tumor therapeutic agent.

Keywords: Rac, RacGEF, Vav3, Philadelphia chromosome positive (Ph*), Ph-like, TKI-resistance, drug

discovery, small molecule inhibitor, Ras-driven cancer, leukemia, BCR-ABL, pediatric ALL.
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Introduction

RacGTPases (Racl, Rac2, Rac3, and RhoG) are tightly regulated signaling switches that mediate
inputs from various receptors and oncogenes to regulate growth, apoptosis, cell-cell and cell-matrix
interactions in response to growth factors such as EGF, PDGF, and HGF. Regulation of the actin
cytoskeleton, which plays a key role in cell shape, polarity, division, migration and metastasis, is a
major target of Rac, as it promotes membrane ruffling and formation of lamellipodia and circular dorsal
ruffles [1-6]. Rac also controls cell cycle progression and cell survival, integrin-mediated adhesion, and
is required for Ras transformation [7-11]. Furthermore, Rac is pivotal in most aggressive types of
leukemias [12-19]. Thus, Rac has been associated with pro-tumorigenic functions and linked to the
development of cancer. Moreover, it is characteristic of resistance to chemo-, radio-, and targeted-

therapies and associated with persistence of leukemic stem cell [2,20-27].

Reducing Rac activity specifically in cancer cells is desirable and is an active area of research.
Unfortunately, no small molecule inhibitor of Rac signaling is in clinical use despite the many efforts.
Rac activity is regulated by an intricate and well-orchestrated set of proteins comprised of guanine
nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine dissociation
inhibitors (GDIs). RacGEFs activate Rac by exchanging the bound GDP to GTP to initiate signaling while
GAPs deactivate Rac by increasing the rate of GTP hydrolysis to arrest signaling. GDIs extract Rac from
membranes, thereby preventing it from signaling. When active, Rac binds to and activates downstream
effectors such as the p21-activated kinases (PAKs), which in turn activate pro-survival pathways and
actin-regulating proteins. Rac regulators and effectors are themselves subject to tight regulation. For
example, Vav proteins (Vavl, Vav2, and Vav3) are multi-domain tyrosine phosphorylation—-dependent
RacGEFs. Phosphorylation of specific tyrosine residues releases an N-terminal autoinhibition
mechanism allowing Rac to access the Dbl-homology (DH) domain necessary for the GTP-exchange
reaction. Therefore, finding a small molecule inhibitor of Rac itself or its activator, such as the Vav
proteins, will provide an effective new strategy for treatment of malignancies with aberrant Rac

signaling.

In this study, we reveal the mechanism of action (MoA) of IODVA1, a 2-guanidinobenimidazole
derivative we identified as the active ingredient in NSC124205. Initial characterization of IODVA1
showed that it is not a kinase inhibitor but that it prevents lamellipodia and circular dorsal ruffle
formation at low concentrations and within minutes of cell exposure. It also decreases cell-cell and
cell-extra cellular matrix interactions and reduces growth of Ras-driven tumors [28]. These properties
and the specificity of IODVA1 to oncogene expressing cells hinted that it targets Rac activation. We
used in vitro and in vivo leukemic models of the chimeric BCR-ABL1 oncoprotein B-cell acute

lymphoblastic leukemia (Ph* B-ALL) to study the MoA of IODVA1. BCR-ABL1 B-ALL models are well-
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suited for our endeavor for several reasons. First, BCR-ABL B-ALL is a single-driver genetic model.
Expression of BCR-ABL, which has constitutive kinase activity is sufficient to promote the growth
advantage of leukemic cells. When expressed, BCR-ABL1 activates a variety of pathways including the
Ras-mitogen-activated kinase (MAPK) leading to abnormal cell proliferation, the Janus-activated
kinase (JAK)-STAT pathway leading to impaired transcriptional activity, and the phosphoinositide 3-
kinase (PI1-3K)/AKT pathway resulting in prolonged survival [29]. In addition, expression of p190- or
p210-BCR-ABL activates Rac signaling pathways to regulate leukemogenesis [16,30-32] and deleting
Rac2 or the combination of Racl and Rac2, impairs myeloid leukemogenesis induced by p210-BCR-ABL
expression in the hematopoietic stem and progenitor cell compartment [12,15]. Second, seemingly
complex pathways activated by BCR-ABL all depend on the deregulated kinase activity of BCR-ABL [33]
and ABL1-tyrosine kinase inhibitors (ABL1-TKIs), e.g. imatinib, are used as first-line therapy. Thus,
imatinib can be used as positive control to assess the efficacy of IODVAL. Third, despite their
tremendous success in treating B-ALL in the clinic, appearance of mechanisms of TKI-dependent and -
independent resistance limited their efficacy [34,35]. Thus, there is an unmet need for novel treatments

of patients with TKI-resistant leukemia and treatments that prevent leukemic-cell persistence.

Here, we show that IODVAL binds tightly and inhibits Vav3, consequently leading to the
deactivation of Rac and of its downstream signaling and to the induction of apoptosis in BCR-ABL
expressing cells only in vivo and in vitro. Further, we show that IODVA1 prolongates the survival of a
mouse model of TKI-resistance and reduces its leukemic burden long after treatment was withdrawn.
We also show that IODVAL is effective in decreasing proliferation and survival of relapsed and de novo
primary patient-derived cells. To the best of our knowledge, IODVA1 is the first inhibitor of a RhoGEF
with in vivo activity against xenograft mouse models of cancer. Our findings have direct implications
for overcoming TKl-resistance in the clinic and for treating cancers where Vav3 is a target, including

Ras-driven cancers.

Results

I0ODVAL1 specifically targets BCR-ABL B-ALL cells in vitro.

To confirm that IODVAL is specific for oncogene-expressing cells, we tested its efficacy on the
proliferation and survival of CD34" human peripheral blood mononuclear cells transduced with
retroviral bicistronic p190-BCR-ABL or Mieg3 empty vector [36]. As expected, expression of BCR-ABL
increased cell proliferation (Fig. 1a). Treatment with IODVA1 (101, 1 uM) decreased proliferation of
BCR-ABL- transformed cells, while proliferation of Mieg3 transduced cells was not affected. We then
assessed survival of p190-BCR-ABL-transformed CD34" cells in the presence of IODVAL by trypan blue

exclusion. The survival of p190-BCR-ABL expressing cells decreased in a dose-dependent manner to 60
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+16% (SD,N=3)at 1 uM on day 5and to 1 + 0.2% (SD, N = 3) at 3 uM on day 3 (Fig. 1b). Survival of
Mieg3 expressing cells was not affected by IODVAL. IODVAL1 irreversibly inhibits survival of p190- and
p210-BCR-ABL but not Mieg3 expressing Ba/F3 cells with a half maximal effective concentration (EC50)
of 0.8 M and inhibits the clonogenic ability of BCR-ABL expressing Ba/F3 cells in methylcellulose
(Supplementary Fig. S1a-Sic). Together, these results indicate that IODVAL specifically targets
proliferation and survival of BCR-ABL-transformed cells and are consistent with our previous report

that IODVAL is more specific to oncogene expressing cells [28].
IODVAL prevents leukemia-related death and significantly decreases the leukemia burden in BCR-

ABL-induced leukemic murine model

To test if IODVAL’s potency on cells can be recapitulated in vivo, we probed its efficacy on a murine
model of pl190-BCR-ABL induced B-ALL and compared it to imatinib, an ABL1-TKI with well-
characterized MoA in mouse models of Ph* B-ALL used as first-line therapy in Ph*-induced malignancies
in the clinic. C57BI/6 mice were used as donors and/or recipients of transduction/transplantation
model. Mouse low-density bone marrow (LDBM) cells were transduced with a MSCV-driven bicistronic
retroviral vector (MSCV-IRES-EGFP) encoding p190-BCR-ABL. Transduced LDBM cells (1x10°%) were
intravenously transplanted into lethally irradiated C57BI/6 mice. Mice were bled post 23 days and GFP*
cells were analyzed by flow cytometry. All mice had developed leukemia by day 28. Leukemic mice
were stratified into 5 groups (7 per group) and administered either PBS control vehicle, 0.25 or 0.5 mM
IODVA1, 0.5 mM imatinib, or the combination 0.25 mM IODVA1 + 0.5 mM imatinib. Vehicle control
group had the same DMSO amount (0.1%) as the other groups. Drugs were administered
subcutaneously in osmotic pumps for continuous slow release for 4 weeks. Mice survival plot shows
that while the control group had died within 7 to 10 days post administration of the PBS vehicle, the
low IODVA1 dose (0.25 mM) increased survival by an average of 10 days. Mice treated with imatinib
or 0.5 mM IODVAL1 or the combination were alive for the 4-week duration of the therapy (Fig. 1c).
Significantly, IODVA1 decreased the residual p190-BCR-ABL expressing leukemic progenitor B-cells
(EGFP*/B220*) from peripheral blood (PB) of treated mice (Supplementary data and Supplemental Fig.
Sid).

IODVA1 eradicates leukemic propagating activity assessed by serial transplantation

Despite its significant clinical success, imatinib and, more generally, TKIs do not eliminate leukemic
stem/progenitor cells in the bone marrow (BM), which can lead to residual disease, appearance of
mechanisms of resistance, and ultimately relapse [37,38]. To determine if IODVA1l eradicates
progenitor B-cells with ability to propagate tumors as a functional surrogate of minimal residual

disease capable of leukemia relapse, BM cells from vehicle-control and treated mice from Fig. 1c
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(without the 0.25 mM IODVA1l-treated mice) were transplanted into lethally irradiated secondary
C57BL/6 mice in a limiting dilution series of 1 x 10°, 0.3 x 10°, and 0.1 x 10° cell doses and analyzed for
leukemia development and survival in the absence of any additional therapy. Kaplan-Meier survival
plots for the 10°-cell dilution transplant indicate that administration of IODVA1 alone or in combination
with imatinib resulted in survival of p190-BCR-ABL chimeric mice beyond the 70-day endpoint analysis
(Fig. 1d). Mice transplanted with BM cells from primary recipient mice treated with imatinib alone died
by day 40 post-transplantation. Analysis at week 5 post transplantation of the leukemic progenitor
cells (EGFP*/B220°) from the peripheral blood of secondary transplanted mice (Supplemental data, Fig.
Sle) indicate that IODVA1 is superior than imatinib at eradicating leukemic cell burden. Poisson’s
distribution analysis of the lower cell dose transplantations (Fig. S1f-S1i) indicates >10-fold depletion
of tumor propagating activity in grafts from IODVA1- or IODVAl+imatinib-treated leukemic mice

compared with imatinib-treated leukemic mice.
IODVA1 eradicates TKI-resistant BCR-ABL B-ALL

We have previously reported that IODVA1 has no inhibitory activity against major wild-type kinases
including ABL1 and SRC-like kinases. Thus, the anti-proliferative activity of IODVA1 towards in vitro and
in vivo BCR-ABL B-ALL models and its ability to eradicate residual disease cannot be explained by ABL1
inhibition. To further test this idea, we evaluated the ability of IODVA1 to increase the survival of mice
harboring p210-BCR-ABL(T3151). We chose this ABL1 mutant because it is one of the most frequent
mutations arising in CML patients on imatinib therapy [39-43]. Mice were treated for 4 weeks with two
rounds of pumps containing vehicle control, imatinib, or IODVA1. At the end of the 4-week treatment,
surviving mice were kept in their cages without any additional treatment. As expected, p210(T315I)
mice did not respond to the TKI as all imatinib-treated mice died by day 22, before the end of the
treatment (Fig. 2a). 80% of IODVA1-treated mice survived until day 65, 37 days post last treatment.
60% of I0DVA1-treated mice survived till day 80, 52 days post last treatment (Fig. 2a). Counts of
leukemic progenitor cells EGFP'/B220" from the T315l-leukemic mice PB indicated that IODVA1
significantly decreased leukemic progenitor levels by 24% by week two, by 84% by week 5, and by 91%
by week 10 (Fig. 2b).

To assess signaling pathways affected by IODVA1 by pharmacodynamics, LDBM cells were isolated
from two-week treated p210(T315I) mice and sorted for EGFP*/B220*. Sorted cells were fixed and
stained with phospho-antibodies against the pro-proliferative Rac-dependent effectors JNK, PAK,
4EBP, and S6 and the Rac-independent effectors ERK1/2, STAT3, STATS, p38, and AKT and analyzed by
flow cytometry. IODVAL resulted in significant decrease in pJNK, pPAK, p4EBP, and pS6 by 55% (p =
0.0029), 56% (p = 0.0016), 20.3% (p = 0.037), and 17.8% (p = 0.0012), respectively (Fig. 2c).
Phosphorylation levels of p38, ERK, STAT3, STAT5, and AKT were not affected by IODVAL. Interestingly,
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imatinib had the opposite effect, it decreased the levels of pERK, pSTAT3, and pAKT but did not affect
the phosphorylation levels of the Rac-dependent effectors. Taken together, IODVA1 not only
overcomes TKl-resistance but also eliminates TKl-resistant leukemic stem/progenitor cells likely by

acting on imatinib-independent growth signaling pathways that involve Rac effectors.
IODVA1 decreases Rac activity and downstream signaling

We have previously shown that IODVA1 prevents formation of F-actin suprastructures, such as
lamellipodia and circular dorsal ruffles, within minutes of cell incubation [28]. Rac is a major regulator
of lamellipodia formation and of INK and TORC1 activities [44,45] and is required for circular dorsal
ruffles formation and is also activated downstream of BCR-ABL. We thus tested if IODVA1 inhibits Rac
activation and measured levels of RacGTP during treatment using PAK GBD (GTPase-binding domain).
A 70% decrease in the levels of active Rac occurs post 10-15 minutes incubation of p190-BCR-ABL Ba/F3
cells with IODVAL (3 uM, Fig. 3a). Interestingly, this 10-minute time point is consistent with the
I0DVA1-driven decrease in lamellipodia formation in MDA-MB-231 breast cancer cells [28]. IODVAL is
specific to Rac (IC50 = 2 uM) and is less effective on Cdc42 and not on RhoA (Supplemental data, Fig.
S3a & S3c).

To test if the decrease in Rac activation is translated into a decrease in its downstream signaling in
vitro as was observed with xenograft-derived TKl-resistant cells (Fig. 2c), we analyzed vehicle- and
IODVA1-treated p190-BCR-ABL- or Mieg3-expressing Ba/F3 cells by phosphor-flow. Fig. 3b shows that
the phosphorylation levels of INK, S6, 4EBP, PAK, and AKT were increased by more than 2.5 times in
the BCR-ABL- than in the Mieg3-expressing cells. IODVA1 decreases the phosphorylation levels of JNK,
S6, 4EBP, and PAK by 1.8 (p =0.015), 1.5 (p =0.05), 3.0 (p =0.009), and 6.1 (p =0.004) fold, respectively.
Importantly, the decrease in effectors phosphorylation levels induced by IODVA1 treatment is specific
to BCR-ABL- but not Mieg3-expressing cells. IODVA1 did not affect the phosphorylation levels of AKT
regardless of the oncogene BCR-ABL status (Fig. 3b). The decrease in JNK, S6, and 4EBP activity in
IODVA1-treated Ba/F3 cells mirrors the decrease observed in LDBM cells from IODVA1-treated p210-
T315I mice in pharmacodynamics studies (Fig. 2c). Together, our in vitro and in vivo data are consistent

with IODVAL1 targeting activation of Rac and its downstream signaling.

Significantly, IODVA1 decreases Rac downstream pro-survival PAK and increases pro-apoptotic BAD
activities within minutes of cell exposure (Supplemental data, Fig. S3B). The decrease in PAK and BAD
phosphorylation suggests that IODVA1 promotes reduction in survival and induction of apoptosis. To
further test this hypothesis, we analyzed the cell cycle of murine p190-BCR-ABL leukemic progenitor
cells (EGFP*/B220%™) incubated with vehicle control or IODVA1 (1-10 pM) for 20 h, followed by in vitro
BrdU incorporation and flow cytometry analysis. If IODVA1 did not affect the GO+G1 phase, it

significantly affected the distribution of the G2+M, S and apoptotic phases. It increased the percentage
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of cells in the G2+M phases from 7 + 1% (SD, N = 3) in the presence of vehicle control to 22 + 6.6, 32
+ 3,and 36 + 7% (SD, N =3) at 1, 3, and 10 uM, respectively (Fig. 3e). It reduced the S-phase 8-fold (p

=0.0002) and increased apoptosis by at least 5.3-times (p = 0.007).

To confirm that IODVAL targets Rac-dependent pathways, we assessed its effects in Rac2-null
background. Rac1**+Rac2”" murine leukemic cells show severe reduction in Racl expression and are
deficient in Rac2 (Fig. S3H). Rac1**+Rac2” or wild-type murine leukemic cells expressing p190-BCR-
ABL [30] were tested for clonogenic ability in the presence of IODVAL1 (Fig. 3d). Rac1¥2+Rac2” leukemic
cells formed 3.8-times less colonies than wild-type leukemic cells (p = 0.0003). IODVA1 did not alter
the number of colonies formed by Rac1%*+Rac2”" cells, suggesting these that cells are insensitive to
IODVAL. Interestingly, Rac1**+Rac2”" leukemic cells treated with vehicle or IODVA1 formed 2.4-times
more colonies than wild-type cells treated with IODVA1 (p = 0.0091). Combined with the biochemical
data, these data support the idea that IODVAL targets Rac activity and thus, inhibits its downstream
pro-survival signals, promotes apoptosis signals within minutes of cell exposure resulting in increase
in cells accumulating in the G2+M phase or undergoing apoptosis and decrease in cells undergoing

DNA-synthesis.
IODVAL is an inhibitor of the RacGEF Vav3

Rac activity and signaling is regulated by GAPs, GDIs, and RacGEFs. We argued that the decrease in
Rac activity might be caused by IODVA1 targeting one Rac regulator. Using biochemical assays, we
show that IODVA1 does not stimulate the activity of the Rac negative regulators p50GAP and RhoGDI1
(Supplemental data, Fig. S3E-S3G). We next turned to GEFs and posited that IODVAL inhibits one Rac-
specific GEF leading to its inactivation. While several RacGEFs have been associated with
leukemogenesis [46-52], Vav3 was shown to play an important role in leukemogenesis [53]. We thus
focused on Vav3 and tested if IODVA1 inhibits Vav3 binding to Rac. Ba/F3 cells expressing either p190-
BCR-ABL or Mieg3 empty vector were incubated with IODVA1 (3 uM) or vehicle control for 30 min and
subjected to GST-Rac pull-down. The pull-down protein complex was separated on SDS-PAGE and
immunoblotted for pVav3 and Vav3 and quantified (Fig. 4A & S4A). There was no significant change in
Vav3 or pVav3 bound to Rac in empty vector expressing Ba/F3 cells treated with IODVA1 or vehicle
control (Fig. 4A, lanes 1 & 2) suggesting that IODVA1 did not affect Vav3 binding to Rac in cells
expressing the empty vector. Strong pVav3 and Vav3 bands appeared in cells expressing the p190-BCR-
ABL oncogene and treated with vehicle (Fig. 4A, lane 3) implying strong binding between active Vav3
and Rac. The 5-fold increase in the pVav3 intensity is consistent with similar observation that BCR-ABL
increases Vav3 activation [53]. The intensity of this band is decreased 8-times in cells treated with
I0ODVAL (Fig. 4A, lane 4) suggesting that IODVAL inhibited Vav3 binding to Rac in BCR-ABL expressing

cells. This inhibition is likely due to the overall decrease in pVav3 levels in IODVAL1 treated cells (Fig. 4,
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input pVav3 band, lanes 3 & 4). Taken together, our data suggest that IODVA1 interferes with Vav3

activation and binding to Rac thus preventing the activation of the latter.

The previous observation suggests that IODVA1 binds to Vav3. To test this hypothesis, we measured
its binding affinity (ks) to recombinant Vav3 and Racl using microscale thermophoresis (MST); the
catalytic domain (DH/PH) of the RhoGEF LARG served as negative control. We used LARG for two
reasons. First, we reasoned that if Rho-activation is not affected by IODVA1 (Fig. S3A), we should not
detect any binding between LARG and IODVAL. Second, like Vav3, LARG contains a DH/PH domain
responsible for the exchange activity such that any non-specific binding should be detected. The MST
signal for Vav3 reaches saturation at 10 uM IODVA1 and beyond (Fig. S4B). The MST signal for Racl
and LARG showed no saturation at the highest IODVA1 concentration tested. Fitting of the MST
titration data shows that one molecule of IODVA1 binds to Vav3 with a k4 of 0.4 uM. The best estimate
for the kq for Rac and LARG is 35.5 and 7.7 uM, respectively. Thus, IODVA1 binds tightly and specifically

to Vav3.
Vav3-deficient leukemic cells do not respond to IODVAL1 in vitro and in vivo

To further validate Vav3 as IODVA1’s target, we studied the effects of IODVA1 on leukemic cells
from the Vav3-KO mice we published previously [12,30,53]. We argued that if IODVA1 targets Vav3,
then Vav3-deficient cells should be insensitive to its action. Wild-type or Vav3”" murine BM leukemic
cells expressing p190-BCR-ABL (EGFP*/B220") were tested in colony formation assay in the presence
of IODVAL (Fig. 4B), as in Fig. 3D. The number of colonies formed by leukemic cells expressing Vav3
decreased on average by 3- and 7-folds in the presence of 1 and 3 uM IODVAL, respectively. Vav3’
cells on the other hand formed similar number of colonies when grown in the presence of vehicle
control or IODVA1 suggesting they lost sensitivity to our drug. Interestingly, the difference in the
number of colonies formed by Vav3-deficient leukemic cells and by IODVAl-treated wild-type
leukemic cells is not statistically significant (p = 0.13). Similarly, cell cycle analysis shows that Vav3”
cells expressing p190-BCR-ABL were not affected by IODVA1 (Supplementary data, Fig. S4C). Taken
together, our data suggest that while wild-type leukemic cells respond to IODVA1, Vav3” leukemic

cells are irresponsive and mimic IODVA1l-treated wild-type leukemic cells.

Next, we tested if the lack of response to IODVAL by Vav3™ cells holds in vivo. We transplanted
wild-type or Vav3-KO LDBM cells transduced with p190-BCR-ABL retrovirus into lethally irradiated
C57BL/6 mice (N =5 per group), waited 21 days for the leukemia to develop, and treated the mice with
either vehicle control or IODVAL administered through osmotic pumps as before (Fig. 4C). Because the
mice died shortly post leukemia transplantation, only one pump was used in all mice groups, e.g. all
treatments started at day 21 and ended by day 35. Kaplan-Meier survival plots show that, as expected,

mice transplanted with wild-type leukemia and treated with vehicle control die between days 33 and
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38. Mice treated with IODVAL survive until day 60, i.e. 25 days after treatment has ended. Compared
to mice receiving vehicle control where leukemic progenitors constituted 23.8% of peripheral blood
cells, mice treated with IODVA1 showed drastic reduction of levels of leukemic progenitors to 5% and
2% after one week and two weeks of IODVA1 treatment, respectively (Fig. 4D). These in vivo data are
consistent with Fig. S1E and with the hypothesis that IODVA1 eliminates leukemic progenitor cells
responsible for disease propagation. Mice transplanted with Vav3” leukemia and treated with vehicle
control or IODVA1 die between days 34 and 42 and days 40 and 44, respectively. Thus, IODVA1 had no
significant effect on Vav3” leukemic mice (p = 0.41). Vav3-KO leukemic mice seem to have increased
survival over the wild-type leukemic mice, but analysis showed weak statistical significance (p = 0.1).
This can also be seen in the level of peripheral blood leukemic progenitor cells that kept increasing in

Vav3-KO mice treated with IODVA1 or vehicle control (Fig. 4D).

The observation that mice engrafted with Vav3-KO leukemia die by day 44 while mice engrafted
with normal leukemia and treated with IODVAL1 survive until day 60 suggests that Vav3-KO leukemia
relies on Vav3- and IODVA1l-independent pathways for survival. To test this hypothesis, we tested by
phospho-flow cytometry the activity of several effectors in BM cells from one-week treated mice. The
phosphorylation levels of the Vav3/Rac effectors JNK and PAK are severely reduced in IODVA1-treated
mice (Fig. 4E). The levels of pJNK and pPAK in Vav3” leukemia are not affected by IODVAL and are
similar to IODVA1-treated wild-type leukemia. Interestingly, the phosphorylation levels of the non-
Vav3/Rac effectors AKT and STAT3 are not only unaffected by IODVA1 in wild-type leukemia as seen
before in Fig. 2C & 3B but significantly increased in Vav3-deficient leukemia. This observation suggests
that in vivo, Vav3” leukemic cells are not only unresponsive to I0DVAL but rely on AKT and STAT3

signaling for survival.

Taken together, our data show that Vav3-deficient leukemia progenitor cells do not respond to
I0DVAL in cellular and in vivo assays consistent with the idea that Vav3 is IODVA1’s target in vivo and
in vitro. The persistency of leukemia in vivo in Vav3” mice suggests that Vav3”" BCR-ABL leukemia has

evolved mechanisms of escape relying, among others, on AKT and STAT3 signaling.
IODVA1 targets Vav3 in MDA-MB-231 cells and xenograft tumors

Next, we tested if IODVAL is effective in another model of Vav3-dependent cancer. We chose MDA-
MB-231 triple negative breast cancer cells because these cells express high endogenous levels of Vav3
[54] and because Vav3 is an acknowledged target in breast cancer [54-58]. In addition, we have
previously shown that these cells are sensitive to IODVA1 and that IODVAL halts tumor growth and
induces apoptosis in MDA-MB-231 xenograft mice [28]. First, we showed that reduction in Vav3
expression levels by targeting shRNA severely reduces proliferation of MDA-MB-231 cells. If IODVA1

(0.1 = 1 uM) reduces in a dose-dependent manner the viability and proliferation of scrambled MDA-
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MB-231, it has no effect on the shVav3 expressing cells (Fig. 5A). Second, we incubated MDA-MB-231
cells with IODVA1 (3 uM) for 15 min and analyzed the levels of phosphorylated Vav3 (pY173) by
immunoblotting. Fig. 5B shows that IODVA1 treatment results in significant decrease in pY173 signal.
Since phosphorylation of this Tyr173 is indicative of Vav3 activation, we conclude that IODVA1 inhibits

Vav3 activity shortly after exposure.

To test if IODVA1 inhibits Vav3 in vivo, we took advantage of the MDA-MB-231 xenograft tumors
we generated [28] and stained them by immunohistochemistry for pVav3. Comparison of pVav3
stained tumor sections treated with vehicle control and with IODVA1 shows significant decrease in
pVav3 staining for cells treated with IODVAL than with vehicle control (Fig. 5C). Thus, IODVA1 inhibits

Vav3 in vitro and vivo in solid tumor models and in a cell-independent manner.
IODVA1 decreases survival of patient-derived leukemia cells

Consistent with our findings with peripheral CD34* BCR-ABL cells (Fig. 1A-1B), cells from PDX models
representing pediatric Ph* B-ALL patients were found to be highly sensitive to IODVA1 ex vivo (Table
1, Fig. 6).

Cells from relapsed patient #2018-136 with Ph* (BCR-ABL1) were treated with ABL-TKI dasatinib,
JAK-inhibitor ruxolitinib, dasatinib and ruxolitinib combination (das + rux), CDK-inhibitor abemaciclib,
and IODVAL. Dasatinib (20 nM) reduced the proliferation of #2018-136 cells by 56%; ruxolitinib or
abemaciclib (1 uM) had no effect. The das+rux combination resulted in 63% decrease in proliferation,
which is likely due to dasatinib’s inhibitory action. IODVA1 (0.5 uM) reduced the proliferation of these
cells by 78%. When tested in the colony formation assay, IODVA1 (1 uM) reduced the number of
colonies by 60% (p = 0.001) (Fig. 6A).

Cells from patient #2017-58 with a dual Ph* (BCR-ABL1) and Ph-like (P2RY8-CRLF2) rearrangement
were similarly treated. These cells clearly responded to dasatinib, ruxolitinib, and the combination.
IODVA1 was not as potent as it decreased their proliferation by only 40% at 1 uM and had no effect at
0.2 uM (Fig. 6B). Original CD19" cells from patient #2017-129 with Ph* B-ALL (BCR-ABL1; T315I) who
relapsed after initial treatment were treated with vehicle control, dasatinib, ruxolitinib, (das + rux),
and IODVAL. As expected dasatinib, ruxolitinib, or the combination had no effect on proliferation of
the CD19" cells (Fig. 6C, left panel). In contrast, IODVA1 at 1 uM but not at 0.2 pM reduced the CD19*
B-ALL cell counts by 80%. Additionally, we confirmed that IODVA1 does not exert toxic effects to cells
of normal stroma (Fig. 6C, right panel arrows). Thus, IODVA1 decreases the proliferation of Ph* B-ALL
(BCR-ABL1) primary cells including cells expressing the TKl-resistant T315| mutant consistent with our
findings that Ph* B-ALL (BCR-ABL1) model cells express high-levels of Vav3. The fact that #2017-58 cells
did not respond to IODVAL1 is probably due to the existence of other genetic mutations (e.g. P2RY8-

CRLF2) that promote cell growth independently of Vav3.
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Our cohort of samples also contained numerous cases of Ph-like disease with a diverse series of
genetic aberrations and a few cases of MLL-rearranged B-ALL. These patient cells generally responded

positively to IODVA1 (Supplementary data, Fig. SBA-S6H).
Discussion

Vav3 is a multi-domain tyrosine phosphorylation—dependent RacGEF that functions downstream of
several different signaling molecules including immune response receptors, G-protein-coupled
receptors (GPCRs), protein tyrosine kinases and integrins [59-65] and a critical component of BCR-ABL
induced Rac activation [53]. Thus far, no small molecule inhibitor of a Vav family-member has been
reported. Small molecule inhibitors of the RhoGEFs LARG, AKAP13, DOCK2, and DOCKS5 [66-70] have
been identified in in vitro and cellular assays however, these molecules work at high concentrations

and their mechanism of action of and their potential drug-likeness is questionable [71].

This study in cellular and murine models of the chimeric BCR-ABL1 oncoprotein demonstrates that
inhibitor of oncogene-driven Vav3 activation, IODVAL1 binds tightly to Vav3 (Kq = 400 nM, Fig. S4B),
prevents its activation, and the activation of Rac in vitro and in vivo. In accordance with this MoA,
IODVAL significantly decreased the levels of active-Vav3 in xenograft tumors of triple negative breast
cancer mouse model (Fig. 5C) suggesting that IODVA1 inhibition of Vav3 is not specific to leukemia
models. One can argue that IODVAL inhibits the transmembrane or cytosolic protein tyrosine kinases
such as Syk, Janus, Tec, Abl, and Src family kinases responsible for Vav3 phosphorylation [62,72]
however, this is unlikely since IODVA1 is not a kinase inhibitor. IODVA1 binding to Vav3 seems specific
as it doesn’t bind Rac or LARG and does not interfere with the actions of p5S0GAP or RhoGDI1. The
possibility that IODVAL binds to the homologous Vav1l/2 exists but based on the loss of IODVA1’s
efficacy in vitro and in vivo in Vav3” models (Fig. 4B & 4C), this binding is unlikely. Significantly, IODVA1
has no effect on Vav3-deficient murine bone marrow leukemic cells and does not affect the survival of
a mouse model of Vav3-deficient p190-BCR-ABL-induced leukemia. In addition, IODVA1 has no effect
on Rac1¥“+Rac2” leukemic cells (Fig. 3D). These in vivo and in vitro results are relevant because if
IODVAL had off-targets with a contribution to BCR-ABL-driven leukemia, an increase in mouse survival

and in cell proliferation would have been detected, which is not the case.

Our in vitro cell cycle and colony formation data indicate that IODVA1’s pharmacological action on
leukemic cells mimics the genetic deletion of Vav3 (Fig. 4B & Fig. S4C). The IODVA1-triggered increase
in BAD activity was also observed in Vav3” leukemic cells [53]. Results from the colony formation
assays with the Rac1*2+Rac2” leukemic cells (Fig. 3D) and from viability of shVav3 MDA-MB-231 cells
(Fig. 5A) are also consistent with this idea. We noticed however, that the Rac1**+Rac2” leukemic cells
resulted in higher number of colonies than cells treated with IODVAL. This can be explained by residual

Racl, which is pro cell-proliferation or by the Rac-independent pathways regulated by Vav3 that are
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inhibited by IODVAL. Likewise, there is a noticeable difference between IODVA1’'s pharmacological
action, which increases survival of leukemic mice and Vav3 genetic deletion, which results in
premature leukemic mice death (Fig. 4C). Our phosphor-flow data show however, that in the
background of Vav3”, BCR-ABL leukemic cells increase signaling through the pro-survival and
Vav3/Rac-independent effectors AKT and STAT3. This mechanism of adaptation is likely responsible

for the proliferation of LSCs and the death of Vav3-KO leukemic mice (see also [53]).

I0ODVA1 decreases Rac activation and the activity of several of its downstream effectors such as
PAK, INK, S6, and 4EBP in vitro and in vivo. The decrease in PAK activity leads to dephosphorylation
and therefore activation of BAD [73]. BAD activation prevents its association with Bcl2/Bcl-xL and
promotes cell apoptosis. IODVA1’s induction of apoptosis of BCR-ABL expressing cells is supported by
our cell cycle analysis in vitro and in vivo (Fig. 3C & S4C). Most relevant to this MoA is the decrease in
levels of pJNK, pPAK, pS6, and p4EBP following IODVAL administration to TKl-resistant BCR-ABL(T315I)

leukemia model and the associated decrease in leukemic burden (Fig. 2).

The expression of BCR-ABL in B-ALL confers a much poorer prognosis compared to other
cytogenetic or molecular abnormalities [74]. Treatment with the imatinib and second-generation ABL-
TKI inhibitors (e.g. dasatinib/ponatinib) has proven to be only partly effective in Ph* B-ALL patients.
The relative failure of TKI therapy in these types of ALL is due among others to the development of
resistance-inducing mutations such as ABL1-T315I [39,75] and primary resistance of leukemic stem cells
to TKI therapy [76]. In studies of patients with high-risk B-cell ALL that were resistant to conventional
treatment, a high frequency of recurrent somatic alterations was found in key signaling pathways such
as the Ras/ERK, PI3K/AKT, B-cell development and differentiation, Rac/PAK, and Janus kinases [77-79].
An emerging concept to overcome TKI-shortcomings is to target leukemic stem cells (LSCs), which are
responsible for disease initiation and propagation. Whereas imatinib alone does not eradicate LSCs in
vivo, deletion of Rac2 in p210-BCR-ABL-transduced hematopoietic cells prolonged the survival of
leukemic mice [12,15,16,30]. Similarly, genetic deficiency of Vav3 but not of Vavl/Vav2 delays
leukemogenesis by p190-BCR-ABL and phenocopies the effect of Rac2 deficiency [53] suggesting that
Vav3 and Rac GTPases are targets in BCR-ABL LSCs. IODVA1l eliminates residual leukemic
stem/progenitor cells responsible for BCR-ABL B-ALL disease relapse in secondary transplant mice (Fig.
1D) better than imatinib and overcomes resistance to ABL1-TKI (Fig. 2). It reduces the viability of
primary cells from pediatric patients with Ph* B-ALL including TKl-resistant BCR-ABL1(T315l), Ph-like,
and MLL with superior potency than currently administered therapies. The specificity of IODVAL to the
oncoprotein expressing cells (Fig. 1A & 6C) explains its low toxicity in vivo. IODVA1 is thus well-suited

to treat Ph* leukemias with a superior outcome.
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If our data are consistent with IODVA1 binding to Vav3, they do not reveal where it binds. Vav3 is
a multidomain signaling protein that can be roughly divided into two halves: (1) a catalytic N-terminal
half responsible for Rac binding and activation and (2) an adaptor C-terminal half involved in protein-
protein interactions. The nucleotide exchange activity of Vav3 is subject to tight regulation. It is
accepted that upon cell stimulation, phosphorylation of conserved Tyr-residues (e.g. Tyr173) releases
an autoinhibitory mechanism by the N-terminus Calponin-homology CH-domain and the acidic stretch
(Ac) and the C-terminal SH3 domain, thus allowing GTPase access to the DH domain [80-84]. Based on
our biochemical data (Fig. 4A & 5B), we argue that IODVA1 inhibits Vav3 phosphorylation by preventing
the access of tyrosine residues in the Ac-stretch to Src-kinases. We postulate that IODVAL1 likely locks
Vav3 into the autoinhibitory state, thus preventing Rac from accessing the DH domain for activation.

Dissection of the exact binding site is currently underway.

In conclusion, we have shown that pharmacological inhibition of Vav3 by IODVAL1 is an attractive
therapeutic strategy to treat TKI-resistant BCR-ABL B-ALL. This strategy should benefit other
malignancies where Vav3 is a target [53-57,85-98]. We thus expect IODVA1 to have a broader
therapeutic application. In addition, IODVA1 constitutes an exceptional tool to dissect the Vav3/Rac
signaling axis. Broadly, RhoGEFs are multi-domain proteins that are regulated by an autoinhibition
mechanism [99-102]. Consequently, small molecules that stabilize the autoinhibited conformation of

RhoGEFs and inhibit their activity could be developed into drug to treat human cancer.
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Experimental Methods
Plasmids, Cell Lines, and Reagents

Plasmid set for purification of fixed-arm carrier fusions pMalX (A-E) was a kind gift from Dr. Lars C.
Pedersen (NIEHS), pET28b-No-MBP-mOrange plasmid was from Addgene (#29748), chaperone co-
expression plasmid set was from TaKaRa (cat #3340). Primers were from Integrated DNA Technologies
(IDT, Inc.). Primer and construct design were performed with NEBuilder Tool. Restriction enzymes,
polymerases, cloning assembly kits and competent cells were from New England Biolabs and

Invitrogen.

MDA-MB-231 cells were maintained in IMEM (Invitrogen) supplemented with 10% FBS, 1%
penicillin/streptomycin, and 1% amphotericin B. Ba/F3 cells were cultured in RPMI (GIBCO)
supplemented with 10% FBS and IL-3 (10 ng/ml). HEK293T cells were maintained with DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. All cell lines were cultured at 37°Cin a
5% CO; humidified incubator. Cell viability was assessed by trypan blue exclusion assay as previously

described (Gasilina et al., 2019). Cytokines were from Peprotech.

The following antibodies were used: GAPDH (#627408, GeneTex), pERK1/2 (#4370), pAKT (#9271
and #9018), Cdc42 (#2462), RhoA (#2117), pPAK1 (#9018S), pS6 (#48515), PAK1/3 (#2602S), pBAD
(#4366), and BAD (#9292), anti-mouse HRP (#7076), anti-rabbit HRP (#7074) were from Cell Signaling
Technologies, pVav3(Y173) (#ab109544) and total Vav3 (#ab203315) were from Abcam, pJNK (Alexa
Fluor 647 conjugated, #562481), p-p38 (PE-conjugated, #612565), Rac2 (#610850), pStat3 (#55385),
and pStat5 (Alexa Fluor 647 conjugated, #612599), and B220 APC-Cy7 antibody (#552094) were from
BD Bioscience, p4EBP1 (PE-conjugated, #12-9107-42) was form Thermofisher Scientific.

Lipids (Phosphatidylserine (PS), Phosphatidylcholine (PC), phosphatidylethanolamine (PE) and
sphingomyelin (SM), and phosphatidylinositol 4,5-bisphosphate (PIP;) for membrane displacement

assays were from Avanti.

IODVA1 was synthesized from 2-guanidinobenzimidazole and purified as described [28]. Imatinib

(#SML1027) was from SIGMA-Aldrich, dasatinib (#51021), and ruxolitinib (#51378) from Selleck.

Retroviral and Lentiviral Particle Production, Transduction and Transplantation of Transduced

Leukemic cells

Production of lentivirus and retrovirus for stable transduction of murine and human cells were done
as described previously [103]. Scrambled and Vav3-specific shRNAs (Sigma-Aldrich MISSION shRNA)
were obtained from Cincinnati Children’s Lenti-shRNA Library Core. Retroviral and lentiviral vectors,
viral transduction of cell lines and mouse LDBM, and transplantation of transduced leukemic cells were

previously described [53].
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SDS-PAGE, Pull-down Assays and Immunoblotting

Exponentially growing (6 x 10°) p190-BCR-ABL Ba/F3 cells were treated with either vehicle or
IODVA1 at indicated concentrations and time points. Active GTPase pulldown was done according to
the manufacturer’s instructions using GST-PAK1 PBD or GST-Rhotekin (Thermofisher, #16118 and
#16116). Protein complexes was separated on SDS-PAGE and immunoblotted with anti-Racl, anti-

Cdc42 and anti-RhoA antibodies.

For analysis of expression, cells were lysed in RIPA buffer, supplemented with phosphatase and
protease inhibitors, separated on SDS-PAGE, transferred on PVDF or nitrocellulose membrane and
blotted with appropriate primary and secondary antibodies, as described previously (Lee LH et al.,

2016, Chang KH et al., 2012).

Relative signals were normalized to the unstimulated conditions after normalization to the total

protein amount. Quantification was performed using Licor Image Studio.
Cloning

Human Racl (GenBank accession n® NM_006908.4) was subcloned into pFastBacHTB vector

(Invitrogen) and fused with an N-terminal Hise-tag.

For pMalX(E)-based expression, full-length Vav3 was amplified with primers overlapping Notl
restriction site of pMalX(E) vector with N-terminal linkers AAAA, AAAASEF or AAAASEFGS linkers. The
finalized construct encoded MBPX(E)-linker-Vav3. For Hiss-MBP-No-TEV-Vav3 construct, full-length
Vav3 cDNA with a stop codon at the end of the coding sequence was amplified by PCR with primers
overlapping pET28a-MBP-NoTEV-mOrange vector at the Sspl site. The resulting construct encoded
MBP-Ng-Vav3-Hise. All constructs were verified using Sanger sequencing using CCHCM DNA Core. To
minimize aggregation and improve on quality of purified protein, the expression clones were tested

with chaperone plasmids according to the manufacturer’s protocol.
Protein Expression and Purification

For membrane displacement assays, full-length human Racl was purified from baculovirus.
pFastBacHTB-Racl was transformed into DH10 cells. The resulting bacmid was used to generate
baculovirus in Sf9 cells. Racl was produced in TNAO38 insect cells and purified using Ni-IMAC

chromatography [104].

For production of recombinant Vav3, plasmids were co-transformed with chaperone plasmid Gro7
groEL-groES in BL21 (DE3) or T7 Express. Cultures were grown in LB, supplemented with metal mix
[105]. Protein was purified using Ni-IMAC chromatography, dialyzed and further purified using size-

exclusion gel filtration (HiLoad Superdex 200 16/60). Fractions were analyzed by SDS-PAGE and protein
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fractions containing Vav3 were pooled, concentrated to ~10 mg/mL and flash frozen in liquid nitrogen.

Final yields for MBP-N9-Vav3 and MBPXE-Vav3 were 5 mg and 20 mg per 6 L of culture, respectively.

Recombinant LARG (DH/PH) was purified as a MBP-fusion protein as described previously (Kristelly
R. etal., 2003).

RhoGDI extracting prenylated Racl from liposomes

Displacement of prenylated-Racl-GDP and Racl-GPPNHP from synthetic liposomes by GST-
RhoGDI1 in the presence and absence of IODVA1 was studied using liposome sedimentation assay as
in [104]. Briefly, liposomes were generated by using a defined composition of lipids (194 pg) containing
39% w/w phosphatidylethanolamine, 16% w/w phosphatidylcholine, 36% w/w phosphatidylserine, 4%
sphingomyelin, and 5 % w/w phosphatidylinositol 4,5-bisphosphate. All lipids were obtained from
Avanti (Germany). Prenylated Rac1GDP or Rac1GppNHp (1 pM) was added to liposomes suspended in
protein buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM DTT) and incubated for 20 min on ice. GST-
RHOGDI1 (2 uM) in the absence or presence of IODVA1 was added to the liposome/prenylated Racl
and further incubated on ice for 30 min. The samples were then centrifuged at 20,000 x g for 20 min
at 4 °C. Pellet and supernatant fractions were collected, separated on SDS-PAGE and immunoblotted

for Racl.
Microscale Thermophoresis (MST)

Purified Vav3, LARG or Rac (1 uM) were incubated with the indicated concentrations of IODVA1 at
room temperature for 30 min. Samples were loaded into Zero Background MST Premium Coated
capillaries and binding events were measured on Monolith NT.LabelFree (NanoTemper Technologies).
Binding data were analyzed using Thermophoresis or Thermophoresis with Temperature Jump analysis
as described previously [106]. Data were normalized using fraction-bound binding. The 95% confidence
interval for K¢ values was 0.27 to 0.98 uM for Vav3, 5.9 to 10.37 uM for LARG, and 19.6 to 105.8 uM

for Rac.
Stopped-flow spectrometry

GTPase assay and nucleotide exchange reaction were performed with a Hi- Tech Scientific (SF-61)
stopped-flow instrument as described [107] The excitation wavelengths were 543 nm and 362 nm for
tamraGTP and mantGppNHp, respectively. For GTPase assay, equal volumes (600 pl) of 0.2 uM RAC1-
tamraGTP and 10 uM of pS0GAP were used. GTPase assay as well the protein-protein interaction were

performed in presence of 5% DMSO.
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Animals and in vivo Drug Administration

Vav3-deficient mice [108] and Rac1*/*+Rac2-deficient [12] mice have been described previously.
C57BI/6 mice were commercially obtained (The Jackson Laboratory and Harlan Laboratories) and used
as donors and/or recipients of transduction/transplantation models under a protocol approved by The
Cincinnati Children's Hospital Medical Center Institutional Animal Care and Use Committee. For in vivo
drug administration, Alzet implantable osmotic pumps (Model 2002, Durect) were used according to

the manufacturer’s protocol and implantation was done as described previously [12].
CFU-proB assay

B-cell lineage colony-forming units (CFU-proB) were quantified post 9-day culture of leukemic BM
cells or sorted for p190-BCR-ABL—expressing B-cell progenitors in M3134 methylcellulose (StemCell
Technologies) supplemented with 30% FBS (for mouse B lymphoid colony forming cells; StemCell
Technologies), 2 mM L-glutamine (Invitrogen), 1% penicillin-streptomycin (Invitrogen), 100 uM B-
mercaptoethanol (Fisher-Scientific), 1% BSA (Sigma-Aldrich), 20 ng/mL of recombinant mouse IL-7

(PeproTech), and 100 ng/mL of recombinant mouse SCF (PeproTech).
Cell cycle analysis

Cell cycle was analyzed by using in vitro incorporation of 5-Bromo-2-deoxyuridine using Brdu Flow
kit (BD Pharmingen, Cat# 552598). Briefly, mice leukemic progenitors were incubated with 1 mM BrdU
solution for 45 minutes, cells were further fixed and permeabilized. DNAse treatment was done
according to the instructions and stained with anti BrdU and apoptosis was analyzed by 7-AAD staining

through flow cytometry analysis.
Flow cytometry analysis

Peripheral blood flow cytometry analysis was done by lysing the RBCs using BD pharma lyse (BD
bioscience, Cat#f 555899). Cells were washed once with PBS then stained with anti-B220 APC-Cy7

antibody. Stained cells were washed once and analyzed by flow cytometry.
Primary PDX ex vivo drug treatments

Primary patient specimens were obtained from patients at CCHMC according to Institutional Review
Board Approved protocols (#2008-0021 and #2008-0658). Samples were subjected to RBC lysis and the
isolated WBCs were mixed with OKT3 anti-CD3 antibody to eliminate the potential for xenogenic Graft
Versus Host Disease before injection into busulfan conditioned NSG or NRG mice [109]. Spleen
preparations from mice successfully engrafted with B-ALL were co-cultured with MS-5 or OP9 stroma
in MEMa media supplemented with 20% FBS and 10 ng/mL recombinant human SCF (Kit-L), FIt3L, and

IL-7 (KF7). IODVA1 was added 24 h after initial seeding. Co-cultures were collected by trypsinization
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after 7 days and cell counts were performed with trypan blue. Flow cytometry was performed with
mCD45-APC-Cy7 (BD), hCD45-FITC (BD), hCD19-VioBlue (Miltenyi Biotech), and 7-AAd (for viability) to
determine percentage of human ALL in the cultures. Total absolute ALL cell numbers were determined

by multiplying cell counts by percentage human ALL cells.
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Figure 1: IODVAL inhibits the proliferation and survival of BCR-ABL expressing cells in vitro and in
vivo and eradicates leukemia propagating cells in secondary transplants. (A) Human peripheral CD34*
blood cells transduced with p190-BCR-ABL (grey line, squares, and black line, inverted triangles) or
Mieg3 vector control (lilac lines, circles and triangles) virus were co-cultured on OP-9 stromal cells and
incubated with either vehicle or IODVA1 (101, 1 uM). Cell proliferation was assessed by flow cytometry.
(B) Cell were transduced and cultured as in (A) but incubated with either vehicle or IODVA1 (101, 1 or
3 uM) and survival (%) was determined by trypan blue exclusion. (C) Kaplan-Meier plot showing
survival of p190-BCR-ABL leukemic mice post treatment with vehicle control, IDOVA1 (101), imatinib
(IM), or the combination at the indicated concentrations in the pump. LDBM cells were transduced
with bicistronic p190-BCR-ABL/EGFP retrovirus and transplanted into recipient mice. After initial
assessment of leukemic burden, drugs were delivered in subcutaneously implanted osmotic pumps,
each lasting two weeks. (D) Kaplan-Meier survival plot of secondary mice transplants. Bone marrow
cells from mice treated with vehicle, imatinib, IODVA1 or the combination at the indicated
concentrations were transplanted into secondary recipients. Results for the 10° cell-dilution are

shown.
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Figure 2: IODVAL but not imatinib increases the survival of a mouse model of TKI-resistant B-ALL.
LDBM cells were transduced with TKl-resistant (gate-keeper) p210-BCR-ABL(T315I) and transplanted
into recipient mice as in Fig. 1. Pumps were surgically introduced into mice (N =5 per treatment group)
and treatment lasted 28 days or two rounds of pumps. After 28 days, mice were monitored without
any additional treatment. (A) Kaplan-Meier survival plot of imatinib-resistant mice. Pumps either
carried vehicle control (black line), 0.5 mM imatinib (IM, grey line), or 0.5 mM IODVAL1 (101, lilac line).
(B) Flow cytometric analysis of leukemic progenitor (EGFP*) B-cells in peripheral blood at the indicated
week. Only IODVAl-treated mice remained alive for analysis at weeks 5, 7, and 10. (C)
Pharmacodynamic assessment of leukemic progenitor cells (%) from the 2-week treated mice with
vehicle control (black), imatinib (grey), or IODVAL (lilac) using phospho-flow analysis of the indicated

Rac-dependent and -independent effectors (* p < 0.05; ** p <0.01).
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Figure 3: IODVA1 decreases Rac activation and signaling. (A) Ba/F3 cells expressing p190-BCR-ABL
were treated with IODVA1 (3 uM) as indicated and levels of active Rac (RacGTP) were assessed by pull-
down using GST-PAK-PBD, followed by immunoblotting and densitometric quantification. Upper panel:
Immunoblot showing levels of RacGTP from cells treated at the indicated time points, lower panel:
quantification of levels of active Rac. (B) Flow-cytometry analysis of pJNK, pS6, p4EBP, pPAK, and pAKT
of Ba/F3 cells expressing Mieg3 empty vector (light and dark blue) or p190-BCR-ABL (light and dark
salmon) and treated with vehicle control or IODVA1 (3 puM) for 30 min. (C) Representative histogram
data of the cell cycle analysis of Ba/F3 cells expressing p190-BCR-ABL and treated with vehicle control
or IODVAL1 (1, 3, and 10 uM) for 20 h. (D) Quantification of the average number of colonies of bone
marrow wild-type (black) and Rac1**+Rac2” (red) p190-BCR-ABL leukemic cells treated with vehicle

control or IODVAL (101, 1 uM) (** p £0.01; *** p < 0.001).
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Figure 4: IODVA1 targets Vav3 in vitro and in vivo. (A) Ba/F3 cells expressing Mieg3 or p190-BCR-ABL
were treated with vehicle control or IODVA1 (101, 3 uM) for 30 min and incubated with GST-Rac and
glutathione beads. Beads were washed and the protein complex separated on SDS-PAGE and
immunoblotted for pVav3. Input Vav3 was used as control. (B) Quantification of the average number
of colonies made by bone marrow wild-type (black) and Vav3” (lilac) p190-BCR-ABL leukemic cells
treated with vehicle control or IODVA1 (101, 1 and 3 M) (* p £ 0.05; ** p < 0.01; *** p <0.001; ns
non-significant). (C) Kaplan-Meier plot showing survival of wild-type or Vav37" p190-BCR-ABL leukemic
mice post treatment with osmotic pumps implanted subcutaneously and carrying vehicle control or
IDOVAL (101, 1 mM). (D) Count (% leukemic progenitors in peripheral blood) of residual leukemic
(EGFP*-BCR-ABL) cells at week 1 and 2 post treatment for the mice from (C). (E) Pharmacodynamic
assessment of leukemic progenitor cells (%) from the mice transduced with wild-type or Vav3* p190-
BCR-ABL leukemia and treated with vehicle control (blue and green) or IODVAL1 (101, red and purple)
following 2-week treatment using phospho-flow analysis of the indicated effectors (* p <0.05; ** p <

0.01).
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Figure 5: IODVA1 decreases levels of pVav3 in in vitro and in vivo models of triple negative breast
cancer. (A) Immunoblot and quantification of Vav3 protein in lysates of MDA-MB-231 triple negative
breast cancer cells stably expressing scrambled or Vav3-targeting shRNAs. Viability of the MDA-MB-
231 cells stably expressing shVav3 in the presence of IODVAL (0 - 1 uM). Cells were grown in the
presence of IODVA1 and counted by trypan blue exclusion at the indicated time points. (B) MDA-MB-
231 cells were incubated with IODVA1 (3 uM) for 15 min and the levels of phosphorylated Vav3 (pY173)
were assessed by immunoblotting. (C) Immunohistochemical analysis of the levels of phosphorylated

Vav3 in tissue derived from MDA-MB-231 xenografts treated with vehicle control or IODVA1.
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Figure 6: IODVA1 reduces survival of relapsed and de novo pediatric patient derived Ph* leukemia
cells. Patient derived xenograft (PDX) cells were co-cultured ex vivo on MS-5 or OP-9 stromal cells and
treated with dasatinib (Das, ABL1-inhibitor), ruxolitinib (Rux, JAK-inhibitor), combination of dasarinib
and ruxolitinib (Das + Rux), abemaciclib (CDK inhibitor), or IODVAL and assessed for survival. (A)
Representative survival of patient #2018-136 treated cells and of colony number in the presence of
IODVA1 (101). (B) Representative survival of patient #2017-58 and (C) patient #2017-129 treated cells.

Note lack of toxicity of IODVA1 to normal stromal cells (black arrows) in the accompanying image.
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Rho inhibition by lovastatin affects apoptosis and DSB
repair of primary human lung cells in vitro and lung
tissue in vivo following fractionated irradiation

Verena Ziegler', Christian Henninger', loannis Simiantonakis?, Marcel Buchholzer®, Mohammad Reza Ahmadian®, Wilfried Budach®
and Gerhard Fritz*'

Thoracic radiotherapy causes damage of normal lung tissue, which limits the cumulative radiation dose and, hence, confines the
anticancer efficacy of radiotherapy and impacts the quality of life of tumor patients. Ras-homologous (Rho) small GTPases
regulate multiple stress responses and cell death. Therefore, we investigated whether pharmacological targeting of Rho signaling
by the HMG-CoA-reductase inhibitor lovastatin influences ionizing radiation (IR)-induced toxicity in primary human lung
fibroblasts, lung epithelial and lung microvascular endothelial cells in vitro and subchronic mouse lung tissue damage following
hypo-fractionated irradiation (4x4 Gy). The statin improved the repair of radiation-induced DNA double-strand breaks (DSBs) in all
cell types and, moreover, protected lung endothelial cells from IR-induced caspase-dependent apoptosis, likely involving
p53-regulated mechanisms. Under the in vivo situation, treatment with lovastatin or the Rac1-specific small molecule inhibitor
EHT1864 attenuated the IR-induced increase in breathing frequency and reduced the percentage of yH2AX and 53BP1-positive
cells. This indicates that inhibition of Rac1 signaling lowers IR-induced residual DNA damage by promoting DNA repair. Moreover,
lovastatin and EHT1864 protected lung tissue from IR-triggered apoptosis and mitigated the IR-stimulated increase in regenerative
proliferation. Our data document beneficial anti-apoptotic and genoprotective effects of pharmacological targeting of Rho
signaling following hypo-fractionated irradiation of lung cells in vitro and in vivo. Rac1-targeting drugs might be particular useful
for supportive care in radiation oncology and, moreover, applicable to improve the anticancer efficacy of radiotherapy by widening

the therapeutic window of thoracic radiation exposure.

Cell Death and Disease (2017) 8, e2978; doi:10.1038/cddis.2017.372; published online 10 August 2017

Radiation therapy (RT) is a frequently used treatment modality
for thoracic malignancies. However, its therapeutic efficacy is
limited because of adverse effects on normal lung tissue,
resulting in radiation-induced lung injury (RILI). RILI manifests
as lung inflammation or fibrosis weeks to years after RT. More
sophisticated RT techniques (e.g., conformal RT or intensity-
modulated RT) allow better tumor control whilst sparing
normal tissue.! In addition, pharmacological strategies to
prevent RILI are preferential because they would allow the
application of higher cumulative radiation doses, thereby
furtherimproving local tumor control and, moreover, improving
the quality of life of cancer patients. In view of clinical trans-
lation of preclinical data in a timely manner, off-label use of
already approved drugs appears desirable.

Statins are such promising class of drugs because they
are frequently used for lipid-lowering purpose and are
well tolerated. All statins have in common that they interfere
with the rate-limiting step in the synthesis of cholesterol
by inhibiting the conversion of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) by the HMG-CoA reductase. In
consequence, the cellular pool of isoprene moieties
(i.e., geranyl- and farnesylpyrophosphate) is depleted. In
addition to cholesterol biosynthesis, isoprene residues are

also required for C-terminal prenylation and membrane
localization of regulatory proteins, notably Ras-homologous
small GTPases (Rho-GTPases). Therefore, the pleiotropic
effects of statins are believed to mainly result from the
inhibition of Rho-GTPases,>® in particular RhoA* and
Rac1.%® Apart from exhibiting anticancer effects in vitro and
in vivo’™® statins also mitigate normal tissue damage evoked
by anticancer therapeutics and irradiation. For instance,
lovastatin protects cardiomyocytes from the anthracycline
derivative doxorubicin.>'®'? Moreover, statins are radio-
protective in vitro'® and in vivo.'*'® However, in most of
these studies, the impact of statins on anticancer therapy-
induced normal tissue damage was investigated in acute
models, that is, after single treatment with high doses and
analysis at early time points after exposure. The influence of
statins on adverse late responses resulting from fractionated
irradiation of the lung is unknown. Moreover, it is unclear which
cell type of the lung is particularly sensitive to fractionated
irradiation and, hence, might be of major relevance for the
pathophysiology of RILI and, correspondingly, could be
targeted for radioprotection.

In the present study we investigated (i) the effects of
lovastatin on different types of confluent (non-growing)
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primary human lung cells following fractionated irradiation
in vitro and (ii) the impact of lovastatin and the Rac1-specific
small molecule inhibitor EHT1864 on RILI analyzed four
weeks after fractionated lung irradiation in vivo. EHT 1864 was
included to figure out the specific relevance of Rac1-regulated
signaling mechanisms for statin-mediated effects.

Results

Analysis of radioprotective effects of lovastatin in
primary human lung cells. So far radioprotective effects
of statins were mostly investigated under acute settings,
applying single and high radiation doses. This poorly mimics
the clinical relevant situation of radiotherapy. Here, we
applied a hypo-fractionated irradiation protocol and analyzed
delayed lung toxicity in vitro (Figure 1a) and in vivo (Figure
4b). Regarding the in vitro analyses, we used different types
of primary human lung cells and performed the experiments
at cell confluency as confirmed by microscopy (Figure 1d)

and measurement of mitotic index (Figures 1b and c). Upon
fractionated irradiation (4 x 4 Gy, every 24 h) of microvascular
endothelial cells of the lung (HMVEC-L), pulmonary fibro-
blasts (HPF) or small airway epithelial cells (HSAEpC)
we observed significant cytotoxicity only in HMVEC-L as
shown by microscopical analysis (Figure 1d) and analysis
of apoptosis by Annexin V-based method (Figures 1e—g).
We assume that pulmonary fibroblasts and epithelial cells
preferentially activate mechanisms of senescence following
radiation.’"'® Co-treatment with low doses of lovastatin
completely prevented apoptosis induction in HMVEC-L
(Figure 1e). Fractionated irradiation decreased the protein
level of pro-caspase 3, increased the levels of cleaved
caspases 3 and 7 and promoted PARP-1 cleavage
(Figure 2a). Lovastatin mitigated activation of caspases and
PARP cleavage (Figure 2a). Protein expression of Bax, Bcl-2
and XIAP remained unchanged in all experimental groups
(Figure 2a). Fractionated irradiation-induced apoptosis of
HMVEC-L was accompanied by slightly increased mRNA
expression of Bax and substantial increase in Fas receptor

a 5uM
lovastatin 1 UM lovastatin
dayl o [ 1+ | 2] 3| 4] s |6 ]| 7 |38 ]
—— A A A AA A
Seeding of cells  — Irradiation (4 x 4 Gy)  yH2AX foci, Annexin V/PI staining,
Western blotting, mRNA analysis
b < d Con Lova 4x4Gy 4x4Gy+Lova
. 3 K|
2 < O - Lova 22
33 5 B +Lova g2
& = &
w 8 2 w
E 'g E ---
= = -]
° @ 2
2 o 1 ]
™S o 'S
= © = ’ d
= n ®
T2 o T PR
£3 £3 o
€ Endothelial cells f Fibroblasts 9 Epithelial cells
110 110 0 p
* ns ns
100 100

£ g

E. 90 T [] viable

'% 80 '§ 2 [ early apoptotic

E E - late apoptotic

‘gg ;g - necrotic
0
anao —= *, =+, Lova —_— = &, Lova!‘J P ST
Con 4x4 Gy Con 4x4Gy Con 4x4 Gy

Figure 1

Fractionated irradiation does not induce apoptosis in confluent primary human lung epithelial cells or lung fibroblasts, but leads to apoptotic cell death in lung

endothelial cells, which is prevented by lovastatin. Human microvascular endothelial cells of the lung (HMVEC-L), human pulmonary fibroblasts (HPF) and human small airway
epithelial cells (HSAEpC) were seeded in high density and grown to confluency before lovastatin (Lova) (5 #M) pretreatment. After incubation period of 24 h, lovastatin
concentration was reduced (1 M) and irradiation was performed (4 x4 Gy) as described in methods. Control cells were vehicle-treated and subjected to sham irradiation. (a)
Treatment scheme. (b,c) pH3 staining (= mitotic index) after 24 h pre-incubation with lovastatin (5 4M) to verify cell confluency. Shown are representative images (b) and
quantitative data (c). (d) Analysis of cell morphology 24 h after the last irradiation. (e—g) Apoptosis was measured by Annexin V/PI staining 24 h after the last irradiation. Data

show the mean + S.D. from n=2-3 independent experiments. Annexin V positive/Pl-negative cells are considered as early apoptotic, Annexin V negative/Pl-positive cells as
necrotic. Two-way ANOVA with Bonferroni post hoc test. *P < 0.05 IR versus IR+Lova
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Figure 2 Fractionated irradiation causes activation of caspases in human lung endothelial cells, which is attenuated by lovastatin. Human microvascular endothelial cells of
the lung (HMVEC-L) were seeded in high density and grown to confluency before lovastatin (Lova) (5 M) pretreatment. After incubation period of 24 h, lovastatin concentration
was reduced (1 xM) and irradiation was performed (4x4 Gy) as described in methods. Control cells were vehicle-treated and subjected to sham irradiation. (a) Protein extracts
were harvested 24 h after the last irradiation and analyzed for the expression of pro-caspase 3 (Casp. 3), cleaved caspase 3 (cl. Casp. 3), cleaved caspase 7 (cl. Casp. 7), Poly
(ADP-ribose)-polymerase 1 (PARP-1) as well as of Bax, Bcl-2 and XIAP. Expression of f-actin was used as loading control. (b) mRNA levels of Bax, Bcl-2, Bid, caspases 3
(Casp3) and 7 (Casp7) as well as of Fas ligand (FasL) and Fas receptor (FasR) were analyzed six hours after the last irradiation using quantitative real-time PCR. Results are
shown as mean + S.D. of a representative experiment performed in triplicates. mRNA expression of > 2 and < 0.5 as compared with control (set to 1.0) are marked with dashed

lines. n.d., not detectable

(FasR) expression (Figure 2b), which again was partially
reduced by lovastatin (Figure 2b). Overall, the data indicate
that fractionated irradiation triggers caspase-dependent and
lovastatin-sensitive death pathways preferentially in lung
endothelial cells.

Lovastatin protects lung cells from DNA damage induced
by fractionated irradiation. DNA double-strand breaks
(DSBs) are major cytotoxic lesions induced by IR and effec-
tively trigger apoptosis or senescence.'®?° Nuclear yH2AX
(Ser139 phosphorylated histone H2AX) foci are commonly
used surrogate markers of DSBs.2' All lung cell types
revealed a similar initial number of yH2AX foci (Figures 3a,
b, d and f), which was unaffected by the statin. Hence, we
hypothesize that lung cells form identical levels of initial DSBs
but differ from each other regarding complex DNA damage-
triggered pro-apoptotic signaling mechanisms.?? After post-
incubation period of 24 h, significantly lower DSB levels were
found in the lovastatin co-treated groups (Figures 3c, e and
g), showing that the statin accelerates the repair of DSBs.
The number of residual yH2AX foci in the absence of
lovastatin was 2-3-fold higher in epithelial cells as compared
with endothelial cells and fibroblasts (Figures 3c, e and g),
indicating that epithelial cells have the lowest DSBs repair
capacity. Apparently, lovastatin favors the repair of IR-induced
potentially lethal damage especially in lung endothelial cells.

Lovastatin did not reduce the radiation-stimulated increase in
pATM protein, a key regulator of the DNA damage response
(DDR), and its substrate pKap1 (Figure 3h). Protein levels of
pp53, which were also increased following IR treatment, were
lower in statin-treated lung fibroblasts and epithelial cells,
but were largely unaffected in endothelial cells (Figure 3h),
supporting the view of cell type-specific effects of fractionated
irradiation and statins on lung cells.

Response of HUVEC and MRC-5 cells to fractionated
irradiation. Including primary human umbilical vein endothe-
lial cells (HUVEC) and human fetal lung fibroblasts (MRC-5
cells) in our study, similar results were obtained as with
primary lung cells. Whereas HUVEC revealed a substantially
elevated frequency of apoptotic cells following fractionated
irradiation, which was reduced by lovastatin (Supplementary
Figure 1A), apoptosis was not triggered in MRC-5 cells
(Supplementary Figure 2A). However, both cell types showed
accelerated repair of DSBs if lovastatin was present
(Supplementary Figures 1B and 2B). Moreover, IR-
stimulated DDR was affected by lovastatin in both cell types,
as detectable on the levels of pKapl and pp53
(Supplementary Figures 1C and 2C). The data demonstrate
that the response of confluent primary human cells to hypo-
fractionated irradiation is cell type-specific: a substantial
apoptotic response occurs in lung microvascular endothelial
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Figure 3 Lovastatin has no influence on initial DNA double-strand break (DSB) formation following fractionated irraciiation. However, it lowers the amount of residual DNA
DSBs and impacts mechanisms of the DDR in primary human lung cells. Non-growing HMVEC-L, HPF and HSAEpC were treated as described before (Figure 1a). The number of
nuclear yH2AX foci was analyzed by immunocytochemical staining. (a) Representative images. green, yH2AX foci; blue, DAPI. (b—g) Number of yH2AX foci detectable 1 h
(b, d, f) and 24 h (c.e,qg) after the last irradiation. Shown are the mean + S.D. from n = 2-3 independent experiments. Two-way ANOVA with Bonferroni post hoc test. *P < 0.05 IR
versus IR+Lova. (h) One hour after the last irradiation the activation status of a subset of key proteins of the DNA damage response was investigated by Western blot analysis.
Shown are the protein levels of Ser1981 phosphorylated ATM (pATM), Thré8 phosphorylated checkpoint kinase-2 (pChk2), Ser15 phosphorylated protein 53 (pp53), Ser824
phosphorylated KRAB-associated protein-1 (pKap1). Expression of f-actin and Talin-1 were used as loading controls

and umbilical vein endothelial cells but not in lung fibroblasts whether lovastatin is radioprotective in vivo, we aimed to
or lung epithelial cells. However, independent of the cell type, selectively irradiate the right lung of mice without profuse
lovastatin accelerates the repair of radiation-induced DSBs. concomitant irradiation of the left lung or other non-target

organs. We established an irradiation device (Figure 4a) that
Fractionated lung irradiation in vivo: effects on body is shielding other tissues (i.e., left lung, heart, liver) using
weight and breathing frequency. To address the question CT-based 3D modeling. One hour after single irradiation
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Figure 4 Fractionated irradiation of the lung leads to a reduced gain of body weight and an increased breathing frequency two weeks after irradiation. Lovastatin and
EHT1864 treatment have no effect on body weight, but decrease IR-mediated increase in breathing frequency. (a) Selective irradiation of the right mouse lung was achieved using
a metal-free device, which is adjustable in x-, y- and z-direction. 6 mm lead shielding prevents irradiation of other tissue. The red arrow marks the radiation field. One hour after
single iradiation (4 Gy) of the right lung of anesthesized BALB/c mice, different tissues (lung, heart, liver) were analyzed for the presence of yH2AX foci, which are indicative of
DSBs. Nuclei were counterstained with DAPI. Shown are representative photographs. (b) Treatment scheme. As based on previous in vivo studies®*®*¢” male BALB/c mice
were treated three times per week with lovastatin (10 mg/kg BW) or the Rac1-specific small molecule inhibitor EHT18641 (5 mg/kg BW) during a total period of six weeks. In the
course of the first two weeks the right lung of the animals was irradiated four fimes with each 4 Gy (4 x4 Gy), resulting in a cumulative dose of 16 Gy. Control animals were not
iradiated (4 x 0 Gy). (c) Body weight was recorded three times per week. Data shown are changes in percent of body weight between the start and end of the experiment. Shown
are the mean + S.D. of n=4-6 animals per experimental group. Two-way ANOVA with Bonferroni post hoc test, *P < 0.05. s, not signfficant. (d,e) Breathing frequency, which is
indicative of radiation pneumonitis,2*>® was determined two weeks (d) and four weeks (e) after the end of the fractionated irradiation. Breathing frequency of control animals
was set to 1. Mean + S.D. of n=4-6 animals per experimental group. Two-way ANOVA with Bonferroni post hoc test, *P < 0.05

(4 Gy) the frequency of yH2AX-positive cells was specifically
increased in the right lung but not in other adjacent tissues
(Figure 4a), demonstrating the accuracy of our radiation
device.

To investigate delayed radiation-induced lung injury,
the right lung of male BALB/c mice was subjected to
hypo-fractionated irradiation in the presence or absence of
lovastatin or the Rac-specific inhibitor EHT 186422 (Figure 4b).
Irradiation slightly slowed down the gain of body weight during
the evaluation period (Figure 4c), which was not affected by
lovastatin and EHT1864. The moderate radiation effect on
body weight is indicative of a low general radiotoxicity.
Breathing frequency, which is widely used as indication of
lung function (e.g., radiation-induced pneumonitis),?*® was
elevated by ~20% in the irradiated group two weeks after
the last irradiation (Figure 4d). While lovastatin reduced
the breathing frequency only slightly, inhibition of Ract
by EHT1864 caused a more pronounced normalization of

breathing frequency (Figure 4d). Four weeks after the last
irradiation, breathing frequency was only marginally elevated
in the irradiated group (Figure 4e).

Fractionated lung irradiation (4x4 Gy) does not cause
sustained inflammation or oxidative stress. Lung sec-
tions stained with hematoxylin/eosin or Sirius Red showed no
obvious inflammatory cell infiltrates or fibrotic lesions,
respectively (Supplementary Figures 3A and B), indicating
that fractionated irradiation does not cause sustained
inflammatory or fibrotic processes. qRT-PCR-based mRNA
expression analyses showed similar results (Supplementary
Figure 4). Only IL-1a, MMP2 and MPQO exhibited a slight
mRNA upregulation in the irradiated group as compared with
sham-treated controls (Supplementary Figure 4). Lovastatin
and EHT1864 had no effect. A 2-3-fold increase in the
number of CD68-positive cells (i.e., alveolar macrophages?’)
was observed in the irradiated group (Supplementary Figures
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3C and D), which was neither influenced by lovastatin nor
EHT1864 (Supplementary Figure 3D). As irradiation also
triggers the generation of reactive oxygen species (ROS), we
investigated oxidative stress by measuring the expression of
major factors of the antioxidative defense system, which
is majorly regulated by the transcription factor Nuclear
Factor (erythroid-derived 2)-like 2 (Nrf2).2® Immunohistologi-
cal staining of Nrf2 in irradiated animals did not reveal any
increase in protein level (Supplementary Figure 5A). Like-
wise, the mRNA expression of prototypical Nrf2 target genes
such as glutathione peroxidase-1 (GPX1), heme oxygenase-
1 (HO-1) and glutathion-S transferase (GSTM1) remained
unchanged in irradiated lung tissue (Supplementary
Figure 5B). Protein and mRNA expression of manganese
superoxide dismutase (MnSOD), which is radioprotective in
lung,?®~®" was also not influenced by our irradiation protocol
(Supplementary Figures 5B and C). Noteworthy yet, GPX1
and HO-1 mRNA expression were upregulated in human lung
endothelial cells (HMVEC-L) following fractionated irradiation
in vitro (Supplementary Figure 5D). Lovastatin reduced the
irradiation-induced upregulation of both genes in HMVEC-L.
Thus, although it appears questionable that ROS is a major
trigger of chronic lung toxicity following fractionated irradia-
tion, its contribution to lung damage cannot be ruled out.

Lovastatin and EHT1864 reduce IR-induced cell death of
lung cells in vivo. Apoptosis of lung cells is a hallmark of
RILI.?7 Fractionated irradiation caused a 6-fold increase in the
number of apoptotic (i.e., TUNEL positive) cells in the irradiated
group (Figures 5a and b), which was mitigated by lovastatin
and EHT1864 (Figure 5b). On protein level, no radiation-
induced increase in the cleavage of caspases or PARP-1 was
observed (Supplementary Figure 6B). Only the mRNA expres-
sion of Bax and caspase 7 was slightly increased in irradiated
animals, which was attenuated by lovastatin and EHT1864 co-
treatment (Figure 5g). Fractionated lung irradiation raised the
mitotic index (=frequency of phospho-histone H3 (Ser10)
positive cells), which is indicative of regenerative proliferation,
in the lung (Figures 5c and d). Again, both lovastatin and
EHT1864 largely prevented this radiation effect. Analyzing the
expression of proliferating cell nuclear antigen (PCNA),
another surrogate marker of proliferation, identical results
were obtained (Figures 5e and f).

Lovastatin and EHT1864 lower IR-induced residual DNA
damage in lung tissue. |IR-induced DNA double-strand
breaks (DSBs) are vastly detrimental DNA lesions and
effectively trigger cell death.®? Following fractionated lung
irradiation an about 8-fold increased frequency of yH2AX foci-
positive cells was found (Figures 6a and b). Lovastatin
reduced the IR-induced DNA damage by about 30%. This
radioprotective effect was even more pronounced (~ 50%) by
EHT1864. Identical results were obtained upon analysis of
nuclear 53BP1 foci (Figures 6c and d), another surrogate
marker of DSBs. The non-irradiated left lung showed no
elevated number of yH2AX foci expressing cells (Supplemen-
tary Figure 7), ruling out the possibility of delayed DNA
damaging effects in non-irradiated adjacent tissue. In conclu-
sion, lovastatin and EHT1864 lower the number of lung cells
with residual DSBs resulting from fractionated irradiation.

Cell Death and Disease

Influence of lovastatin and EHT1864 on IR-activated DDR
in vivo. Cells respond to the induction of DSBs with the
activation of the ATM (Ataxia telangiectasia mutated) protein
kinase, a key regulator of the DDR that coordinates DNA
repair and apoptosis.**=> The protein levels of phosphory-
lated ATM and its prototypical substrates p53 and the
heterochromatin protein Kap-1 were elevated in total lung
tissue extracts of irradiated animals as compared with non-
irradiated controls (Figure 7). Protein expression of activated
ATR (pATR) and checkpoint kinase 1 (pChk1), which are key
players in the regulation of replicative stress responses, was
not detectable under our experimental conditions (data not
shown). Phosphorylation of DDR factors in the irradiated
mice remained largely unaffected by lovastatin and EHT1864
(Figures 7a and b). Only the IR-induced increase in pATM
was significantly reduced by EHT1864 (Figure 7b). Regard-
ing pp53 levels, the statin and EHT caused a slight reduction
(Figure 7b). Summarizing, fractionated irradiation results in a
sustained activation of DDR factors in lung tissue, which is
partially affected by lovastatin or EHT1864.

Discussion

HMG-CoA reductase inhibitors (statins) have multiple
cholesterol-independent effects by interfering with Rho-
GTPases.? Inhibition of Rho signaling by statins is radio-
protective in umbilical vein endothelial cells in vitro'® and in an
acute rat model of radiation enteritis,’>'® with Rho-associated
kinase (ROCK) being involved. Cytoprotective properties
of statins on acute lung injury have been demonstrated using
intratracheal instillation of the radiomimetic bleomycin,®*3”
single high-dose thorax irradiation'*®® or total body irradi-
ation.®® Here, we investigated delayed radiotoxicity resulting
from fractionated irradiation employing both in vitro and in vivo
model systems. We found that human lung microvascular
endothelial cells are characterized by a higher frequency of
radiation-induced caspase-mediated apoptosis as compared
with lung fibroblasts or lung epithelial cells, indicating that
especially injury of endothelial cell-related functions contributes
to RILI. Since radiation-induced damage to endothelial cells is
also mitigated by atorvastatin*® and pravastatin,*' we hypothe-
size that radiation triggered caspase-mediated death and its
prevention by statins is particularly relevant for endothelial cells.
By contrast, lung fibroblasts and lung epithelial cells might
preferentially undergo senescence upon irradiation.'”'® As
fractionated irradiation-stimulated apoptosis in lung endothelial
cells was accompanied by ATM-dependent activation of p53
as well as upregulation of the p53-regulated FasR gene, we
hypothesize that p53 is involved in this process.

Lovastatin accelerated the removal of radiation-induced
DSBs in all three types of lung cells, suggesting that it
stimulates DSB repair. Noteworthy, lovastatin also promotes
DSB repair in human keratinocytes in vitro.*> Moreover,
pravastatin improves the repair of radiation-induced DSBs in
fibroblasts obtained from Huntington's disease patient's*® and
atorvastatin accelerates the repair of oxidative DNA damage
in smooth muscle cells.** Additionally, lovastatin prevents
DSB formation following treatment with topoisomerase type I
poisons.''*® Apparently, statins are genoprotective in vitro,
which is at least partially due an improved DNA repair and/or
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Figure5 Lovastatin and EHT1864 attenuate IR-induced apoptosis and regenerative proliferation following fractionated irradiation of the lung. Male BALB/c mice were treated
according to Figure 4b. Four weeks after the last irradiation the frequency of apoptotic cells (TUNEL), mitotic index (pH3) and cell proliferation (PCNA) were analyzed in the right
lung. (a,b) Apoptotic frequency was determined using the TUNEL assay. (a) Representative image. Nuclei are stained by DAPI (blue). (b) Quantitative data are shown as the
mean=+S.D. from n=4-6 animals per experimental group. Two-way ANOVA with Bonferroni post hoc test, *P < 0.05. ns, not significant. (c,d) Mitotic index was investigated by
detection of cells expressing Ser10 phosphorylated histone H3 (pH3). (c) Representative image. Nuclei are stained by DAPI (blue). (d) Quantitative data are shown as the
meanS.D. from n=4-6 animals per experimental group. Two-way ANOVA with Bonferroni post hoc test, *P < 0.05. ns, not significant. (e,f) Cell proliferation was investigated by
immunohistochemistry-based staining of proliferating cell nuclear antigen (PCNA). (e) Representative images are shown. Nuclei are stained with DAPI (blue). (f) Quantitative data
are shown as the mean+S.D. from n= 3 animals per experimental group. Two-way ANOVA with Bonferroni post hoc test, *P < 0.05. ns, not significant. (g) mRNA levels of Bax,
Bcl-2, Bid, caspases 3 (Casp3) and 7 (Casp7) as well as of Fas ligand (FasL) and Fas receptor (FasR) were analyzed using quantitative real-time PCR. Relative mRNA
expression in non-irradiated animals was set to 1.0. mMRNA expression of > 2 and < 0.5 as compared with control are marked with dashed lines. Shown are the mean + S.D. from

pooled samples of n=4-6 animals per group (N=3)

protection from DNA damage formation. Since Racl is a
relevant target of statins® and, moreover, is present in the
nucleus,*® we speculate that it interferes with the ATM/ATR-
regulated DDR.*” Accordingly, pharmacological inhibition of
Rac1 blocks IR-stimulated ATM/Chk2 and ATR/Chk1 activity
in pancreatic carcinoma cells.*®*° Interestingly, zoledronic
acid, which inhibits farnesylpyrophosphate (FPP) synthesis,
also promotes the repair of IR-induced DSBs in mesenchymal
stem cells.*

To scrutinize the in vivo relevance of our in vitro data, we
established a mouse model that enables a local and
fractionated irradiation of the right lung and analyzed RILI
at late time points (i.e., 4 weeks) after irradiation. Using this
clinical designed protocol we found that inhibition of Rac1
signaling might mitigate acute radiation pneumonitis as
observed two weeks after irradiation. At later time point, clear
signs of persisting inflammation or sustained oxidative stress,
as reflected by Nrf2-regulated activation of antioxidative
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Figure 6 Lovastatin and EHT1864 attenuate the level of IR-induced residual DNA damage in lung tissue as reflected on the level of yH2AX-positive and 53BP1-positive cells.
Male BALB/c mice were treated according to Figure 4b. Four weeks after the last irradiation nuclear yH2AX foci (a,b) and 53BP1 foci (c.d) were analyzed as surrogate markers of
DSBs in the right lung. (a) Representative images. Nuclei were stained by DAPI (blue). Arrow points to a representative yH2AX-positive cell (enlarged in the image detail). (b)
Quantification of yH2AX-positive cells in tissue of the right lung. Data shown are the mean + S.D. from n = 4-6 mice per experimental group. Two-way ANOVA with Bonferroni post
hoc test, *P < 0.05. (c) Representative images are shown. Nuclei were stained by DAPI (blue). Arrow points to a representative 53BP1-positive cell (this area is enlarged in the
image detail). (d) Quantification of 53BP1-positive cells in tissue of the right lung. Data shown are the mean + S.D. from n= 3 mice per experimental group. Two-way ANOVA with

Bonferroni post hoc test, *P < 0.05

defense mechanisms, were not detectable anymare. Notably,
statins are known to attenuate pro-fibrotic radiation responses
after single high-dose irradiation*'®'®%"%2 and to reduce
vascular leakage and leucocyte infiltration in a model of acute
RILL™ Thus, our data, together with these reports, further
support the hypothesis of beneficial effects of statins on RILI.

The primary cytotoxic DNA damage induced by ionizing
radiation are DSBs, which stimulate DDR mechanisms
regulating cell cycle checkpoints, DNA repair, cell death and
senescence.?®*® The interplay between mechanisms of DNA
repair, DDR and apoptosis or senescence is rather complex,

Cell Death and Disease

with p53 being a major determinant of cell fate decision, and,
moreover, mechanisms of resistance are manifold.>® There-
fore, alterations in DNA repair do not necessarily go along with
proportional changes in apoptosis. This might explain the cell
type-specific diverse effects of lovastatin on IR-induced
apoptosis and DSB repair. We hypothesize that pharmacol-
ogical interference with (early) primary stress responses
resulting from radiation-induced DNA damage is more
effective regarding tissue protection than abrogation of
(late) secondary responses. Consequently, acceleration of
DSB repair or blockage of pro-apoptotic DDR is considered
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Figure 7 Fractionated iradiation causes a persistent activation of the DDR-related factors ATM, p53 and Kap-1 in lung tissue four weeks after the last irradiation. EHT1864
treatment significantly reduces the level of activated ATM. Male BALB/c mice were treated according to Figure 4b. Four weeks after the last irradiation the activation status of key
proteins of the DNA damage response was analyzed in the right lung by western blot analysis. (a) Shown are the protein levels of Ser1981 phosphorylated (activated) ATM
(pATM), Ser15 phosphorylated protein 53 (pp53) and Ser824 phosphorylated KRAB-associated protein-1 (pKap1). Results obtained from n=3-5 animals per group are
presented. Expression of f-actin and Talin-1 were used as loading controls. (b) Densitometrical analysis of alterations in the protein levels of DDR factors. Relative expression in
irradiated animals was set to 1.0. Data shown are obtained from n= 3-6 animals per experimental group. Two-way ANOVA with Bonferroni post hoc test, *P <0.05 (IR versus

IR+Lova or IR versus IR+EHT). ns, not significant

as particular radioprotective. Noteworthy, lovastatin and
EHT1864 significantly reduced the number of residual DSBs
in lung tissue as detectable 4 weeks after the end of the
fractionated irradiation. Because lovastatin does not affect the
initial level of DSBs following irradiation, *° we assume that
the statin and the Rac1 inhibitor accelerate the repair of IR-
induced DSBs. In consequence, a mitigated pro-apoptotic
DDR and a diminished need for regenerative processes is
anticipated. Indeed, we observed both a lower frequency of
apoptotic cells and a reduced mitotic index in irradiated
animals if Rac1 signaling was pharmacologically inhibited.
Because targeting of Rho/Rac1 signaling also prevents the
formation of DSBs following topoisomerase Il poisoning,'"+4%
we hypothesize that Rac1 interferes with both DNA damage
induction and DNA repair, thereby eventually shutting down
the primary stimulus (i.e., DNA damage) that triggers death-
related DDR pathways. This hypothesis gains support by a
recent report showing that epidermal Rac1 regulates DDR and
repair following UV exposure, thereby protecting keratinocytes
from apoptotic death.®*

Taking into consideration the use of statins to alleviate
adverse effects of radiotherapy, protection of tumor cells from
DNA damage-triggered killing responses should be excluded.
Fortunately, lovastatin did not attenuate IR-induced apoptosis
in human breast cancer cells (MCF-7), which is a relevant cell
type in the context of thoracic radiotherapy (Supplementary
Figure 8). Additionally, statins augment the efficacy of various
antitumor therapeutics in different tumor entities.>*%®

Noteworthy, pitavastatin acts as a radiosensitizer for
multiple tumor cell types including lung tumor cells®~° and,
furthermore, radiosensitization of breast carcinoma cells®®
and head and neck squamous cell carcinoma (HNSCC)
cells®! is achievable by Rac1 inhibition. The molecular basis
for radiosensitization of tumor cells and concomitant radio-
protection of normal cells by statins and/or Rac1 inhibition
remains obscure. The fact that Rho-GTPases, including Rac1,
are often overexpressed in malignant tissue as compared with
the corresponding normal tissue® might contribute to a
different response of tumor versus normal cells. In extension
to data that give preference to Rho/ROCK-regulated functions
for radioprotection conferred by statins,*'%5" we provide
additional evidence that inhibition of Rac1 signaling contri-
butes to the radioprotective effects of statins on subchronic
lung damage following fractionated radiotherapy. While statin-
mediated inhibition of Rho/ROCK pathway impacts the late
outcome of radiation injury (i.e., fibrosis),'®'®5" our data
further indicate that statins also interfere with preceding
radiotoxic effects (i.e., DNA damage and caspase-mediated
apoptosis) by targeting Rac1 signaling. Lovastatin treatment
of human endothelial cells largely reduced the level of GTP-
bound active Rac1 (Supplementary Figure 9), supporting the
hypothesis of Rac1 as a major target of statin-mediated
effects. Collectively, the data available support the view of
multiple radioprotective effects of statins on normal tissue that
might be useful in the clinic to widen the therapeutic window of
radiotherapy. Although animals were given higher doses of
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lovastatin (30 mg/kg bw/week) than used for the treatment of
hypercholesterolemic patients (~5mg/kg bw/week), even
much higher statin doses (> 150 mg/kg bw/week) are well
tolerated in humans and do not provoke substantial adverse
effects even under situation of long-term treatment.5*-%°

In conclusion, our study provides novel evidence of a
radioprotective potency of lovastatin on normal primary
human lung cells and rodent lung tissue under situation of
hypo-fractionated irradiation, which is at least partially due to
inhibition of Rac1 signaling. The data indicate that micro-
vascular lung endothelial cells are particularly relevant for
fractionated irradiation-induced lung damage and that lovas-
tatin mediates protection from RILI. Further studies are
preferential to investigate the impact of statins on chronic
radiation-induced lung fibrosis. Moreover, the data encourage
(i) retrospective or prospective clinical studies addressing the
usefulness of statins in supportive care in radiotherapy and
(i) the development and preclinical analysis of novel
Rac1-specific inhibitory drugs for radioprotection.

Materials and Methods

Cell culture conditions and treatment of human cells. HMVEC-L
were obtained from Lonza (Basel, Switzerland) and cultured in EGM-2MV medium.
HPF and HSAEpC were purchased from PromoCell (Heidelberg, Germany) and
cultured in Fibroblast Growth Medium 2 and Small Airway Epithelial Cell Growth
Medium obtained from the provider, respectively. The cells were directly obtained
from the aforementioned providers at passage P2 and were cultured in our
laboratory for less than 6 months and < 15 population doublings. HMVEC-L were
authenticated by the provider by monitoring the expression of von Willebrand Factor
VIl and PECAM as well as the uptake of acetylated low density lipoprotein. Also
HSAEpC and HPF authentication was performed by the provider. Here, cell
morphology and FACS-based analysis of cytokeratin (HSAEPC) and CD90 (HPF)
expression were monitored. Human umbilical vein endothelial cells (HUVEC) and
human breast cancer cells (MCF-7) originate from PromoCell and and the German
Tissue Culture Collection (DSMZ, Braunschweig, Germany), respectively, and were
cultured in Endothelial Cell Growth Medium 2 and Dulbecco's modified Eagle
medium (Sigma, Steinheim, Germany), respectively. Human lung fibroblasts
(MRC-5) cells were purchased from CLS Cell Lines Service (Heidelberg, Germany)
and cultivated in Dulbecco's modified Eagle medium:Ham's F12 (1:1) (Biochrom,
Berlin, Germany). Cells were kept at 37 °C in a humidified atmosphere containing
5% CO,. They were seeded in high density and grown for 72 h to ensure confluency
before pretreatment with 5 M lovastatin (Sigma). The experiments were done at
cell confluency because this reflects the in vivo situation. 24 h later medium was
changed and lovastatin concentration was reduced to 1M and cells were
irradiated on four days in a row with 4 Gy (**’Cs source (Gammacell 3000, Nordion,
Ottawa, Canada)). This experimental setup was chosen to analyze the ability of
lovastatin to favor the repair of potentially lethal damage (PLD) induced by
fractionated irradiation.

Analysis of nuclear yH2AX foci formation and determination of
mitotic index. The formation of Ser139 phosphorylated histone 2AX nuclear
foci (yH2AX foci) was measured as surrogate marker of ionizing radiation
(IR)-induced DNA double-strand breaks (DSBs) by immunofluorescence. Ser10
phosphorylation of histone H3 is a commonly used marker of mitotic index. Cells
were fixed with 4% formaldehyde followed by overnight incubation with methanol
(-20 °C). After blockage (5% BSA in 0.3% Triton X-100/PBS), cells were incubated
with anti-Ser139 phosphorylated histone 2AX (yH2AX) antibody (1:500, 16 h, 4 °C)
(Millipore, Billerica, MA, USA) or anti-Ser10 phosphorylated histone 3 antibody
(pH3) (1:200, 16 h, 4 °C) (Thermo Fisher Scientific, Waltham, MA, USA). After
washing, Alexa Fluor 488 goat anti-mouse IgG antibody (Rockland, Limerick,
PA, USA) was added (90 min, RT). Cell nuclei were counterstained with DAPI-
containing Vectashield (Vector Laboratories, Burlingame, CA, USA) and yH2AX foci
or pH3 positive cells were detected using Olympus BX43 microscope (Olympus,
Hamburg, Germany).
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Measurement of apoptotic cell death by Annexin V/PI staining.
Apoptosis was analyzed by flow cytometer-based Annexin V/PI method. To this end,
cells were resuspended in Annexin binding buffer (10 mM HEPES, 140 mM NaCl,
25mM calcium chlorids) and 10° cells were incubated with 5 ul Fluorescein-
conjugated Annexin V (Life Technologies, Carlsbad, CA, USA) (15 min, on ice).
10 ul propidium iodide solution (50 #g/ml) and 200 ul Annexin binding buffer
were added before samples were analyzed by BD Accuri™ C6 flow cytometer
(BD, Franklin Lakes, NJ, USA) (530/30 nm and 585/40 nm filters). Cell morphology
was monitored via light microscopy (Axiovert 40 CFL ((Zeiss, Jena, Germany)).

Animal experiments. Male BALB/c mice (12-16 weeks old, 20-30 g) were
kept in the local animal housing facility of the University Hospital Disseldorf
(Germany). All animal experiments were approved by the local authorities
(i.e., State Agency for Nature, Environment and Consumer protection, North
Rhine-Westfalia, Germany; Reference number: 84-02.04.2013.A062) and performed
according to the relevant guidelines and regulations. A total of six animals were
randomized to each group. In line with previous studies® #6567 animals were treated
three times per week with lovastatin (10 mg/kg bw, p.o) (Betapharm Arzneimittel
GmbH, Augsburg, Germany) or the Rac1 small molecule inhibitor EHT1864 (5 mg/
kg bw, ip.) (Tocris Bioscience, Bristol, UK) starting two days before the first
irradiation dose and continuing till the end of the experiment (Figure 4b). Vehicle-
treated animals were used as control. Body weights were recorded three times per
week. Fractionated local irradiation of the right lung was performed four times with
each 4 Gy (cumulative dose: 16 Gy; biological effective dose (BED): 37.3 Gy) within
two weeks. Before irradiation mice were anesthetized with ketamine (100 mgrkg bw)
and xylazin (5 mg/kg bw). As irradiation device a Gulmay RS 225 (15 mA, 200 kV)
was used. For the selective irradiation of the right lung, mice were adjusted into an
irradiation device that allows selective irradiation of the right lung (Figure 4a)
(radiation field: 1.26 cm®). Control mice were subjected to sham irradiation.

Analysis of breathing frequency. Breathing frequency was monitored two
and four weeks after the last irradiation. To this end, mice were anesthetized as
described above and breathing frequency was determined 15 min later by two
independent investigators (recording for one minute and calculation of mean
values).

Histological and immunohistochemical analyses. Formaldehyde-
fixed paraffin-embedded lung tissue samples were cut into 4 ym sections. Paraffin
removal and tissue rehydration was performed according to standard procedures.
To evaluate inflammation and fibrosis, sections were stained with hematoxylin/eosin
(HE) (Sigma-Aldrich, Steinheim, Germany) and Sirius Red (Waldeck, Minster,
Germany), respectively. For Nrf2 staining sections were incubated in 3% H,0, for
20 min, boiled in Target Retrieval Solution (DAKO, Hamburg, Germany) for 30 min
and blocked in TNB buffer (PerkinElmer, Waltham, MA, USA) for 30 min.
Afterwards, samples were incubated with 0.001% avidin and 0.001% biotin (15 min
each) before rabbit anti-Nrf2 antibody (1:1000; Santa Cruz, CA, USA) was added
(4 °C overnight). After washing, sections were incubated with biotinylated donkey
anti-rabbit IgG (Santa Cruz, CA, USA) (1:200, 45 min at RT). Afterwards TSA Biotin
Kit (PerkinElmer) was used according to the manufacturer's instructions and
sections were incubated with ABC reagent (Vectastain Elite ABC HRP Kit, Vector
Laboratories, Burlingame, CA, USA) and stained with 3,3'-diaminobenzidine (DAB
Peroxidase Substrate Kit (Vector Laboratories)) for 90 s. Sections were counter-
stained with hematoxylin, mounted in Entellan and evaluated using Olympus BX43
microscope. For immunofluorescent stainings epitopes were demasked by
incubation with Target Retrieval Solution (DAKQ, Hamburg, Germany) in a steam
boiler (1 h) before blocking in Protein Block (DAKO, Hamburg, Germany) (1 h).
Incubation with primary antibody was performed overnight (4 °C, wet chamber). The
following antibodies were used: rabbit anti-Ser139 phosphorylated histone 2AX
(1:400 Abcam, Cambridge, MA, USA) and anti-53BP1 (1:400, Cell Signaling,
Beverly, MA, USA) to detect DNA damage; rabbit anti-Ser10 phosphorylated histone
3 (1:250, Thermo Fisher Scientific) to monitor mitotic index; mouse anti-proliferating
cell nuclear antigen (PCNA) (Millipore) to analyze proliferation, rabbit anti-CD68
(1:100, Abcam) fo detect macrophages. After washing (PBS/0.1% Tween 20
(3x5min)) Alexa Fluor 488-coupled goat anti-rabbit secondary antibody
(Invitrogen, Darmstadt, Germany) was used. Sections were mounted in
DAPI-containing Vectashield and evaluated with Olympus BX43 microscope.

Analysis of apoptosis by TUNEL assay. Apoptotic cells were detected
by the In Situ Cell Death Detection Kit Fluorescein (Roche, Mannheim, Germany)
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according fo the manufacturer's instructions. Protein digestion was performed with
20 ug/ml Proteinase K (Qiagen, Hilden, Germany). As positive control treatment with
150 U/ml DNase (Qiagen) was performed. Nuclei were counterstained with DAPI-
containing Vectashield and analyzed with Olympus BX43 microscope.

Total RNA purification, cDNA synthesis and qRT-PCR analysis.
Total RNA from 10-20 mg lung tissue or 1-5x10° cells was isolated using the
RNeasy Mini Kit (Qiagen). RNA yield and purity were determined with NanoVue
Plus Spectrophotometer (GE Healthcare, Freiburg, Germany). RNA was isolated
from n=4-6 animals per experimental group and pooled in equal amounts
for cDNA synthesis using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Darmstadt, Germany). For each cDNA synthesis reaction 1000-2000 ng
of total RNA was used. Quantitative real-ime PCR analysis (friplicate determinations)
was accomplished with 20 ng cDNA using CFX96 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA). A semi-customized PCR-array
(Sigma-Aldrich) containing 29 selected genes (Supplementary Table 1) involved in
inflammation and fibrosis was used for quantitative mRNA analyses. Moreover,
primers for selected oxidative stress and apoptosis-related genes were synthesized by
Eurofins (Ebersberg, Germany). mRNA levels of target genes were normalized to that
of the housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
beta actin (#-actin) and ribosomal protein L32 (RPL32). 45 amplification cycles were
performed (each cycle: 95°C - 15;55°C - 15'5; 72 °C — 17 s). Following each run
a melt curve analysis was included to ensure product specificity. PCR products
with threshold cycles of > 36 were omitted. Gene expression of control animals was
set to 1. Data analysis was performed with the CFX Manager Software (Bio-Rad
Laboratories). Alterations in mRNA expression of >2 and <05 as compared with
untreated control animals (set to 1.0) are considered as particularly relevant and are
marked with dashed lines.

Preparation of protein extracts and western blot analysis. To
prepare total protein extracts 10-20 mg lung tissue was homogenized (lysis buffer:
50 mM Tris HCI, 150 mM NaCl, 2 mM EDTA, 1% NP 40, 0.1% sodium dodecyl
sulfate, 1% sodium desoxycholate, 1 mM sodium orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride, 50 mM sodium fluoride and 1 x Protease inhibitor cocktail
(Cell Signaling)) with Tissue Lyzer Il (Qiagen) and sonicated on ice before
centrifugation (10 min at 10.000x g, 4 °C). Protein concentration of the supernatant
was determined with the DC Protein Assay (Bio-Rad Laboratories). Protein samples
were diluted with Roti-Load 1 (Roth, Karlsruhe, Germany) and heated (95 °C,
5 min). 30-100 pg of total protein was separated by SDS-PAGE (6-15% gels) and
transferred onto nitrocellulose membranes (GE Healthcare, Freiburg, Germany)
using Mini-PROTEAN electrophoresis chamber (Bio-Rad Laboratories). After
blocking of membranes (5% dry milk in TBS/0.1% Tween 20, 2 h), incubation
with primary antibody (1:1000) was performed (ovemight, 4 °C). After incubation
with HRP-conjugated secondary antibodies (1:2000, Rockland Immunochemicals
Inc., Limerick, Pam USA) (2h, RT), bound antibodies were visualized by
chemiluminescence using the Fusion FX7 imaging system (Viber Lourmat,
Eberhardzell, Germany) or ChemiDoc Imaging System (Bio-Rad Laboratories). The
following primary antibodies were used: anti-Ser15 phosphorylated protein 53
(pp53), anti-Ser345 phosphorylated checkpoint kinase 1 (pChk1) anti-caspase 3,
anti-activated caspase 3 and 7, Talin-1 (Cell Signaling), anti-Ser824 phosphorylated
KRAB-associated protein-1 (pKap1) (Bethyl Laboratories Inc., Montgomery, TX,
USA), anti-Ser1981 phosphorylated Ataxia telangiectasia mutated (pATM), anti-
Thr68 phosphorylated checkpoint kinase-2 (pChk2), (Abcam), anti-Bax, anti-Bel-2,
anti-XIAP, anti-f-actin and anti-Poly(ADP-ribose)-polymerase 1 (PARP-1) antibodies
(Santa Cruz).

Active Rac1 pull-down assay. The level of active Rac1 was analyzed by
Rac1 pull-down assay, which measures the binding of GTP-bound (active) Rac1 to
its effector protein p21-associated protein kinase 1 (PAK1). To this end, GST-fused
PAK1-GTPase-binding domain, which was isolated after recombinant expression in
Escherichia coli, was used. GSH sepharose beads (GE Healthcare, Little Chalfont,
UK) were washed three times with 1 ml Fish buffer (50 mM Tris/HCI pH 7.4,
100 mM NaCl, 2mM MgCl,, 1% Igepal Ca-830, 10% glycerol, 20 mM beta-
glycerophosphate, 1 mM sodium orthovanadate NagVO,, 1 tablet complete, EDTA-
free Protease Inhibitor Cocktail (Roche, Basel, Switzerland)) and equal amounts of
bacterial lysates containing GST (negative control) or GSTHused PAK1-GTPase-
binding domain were added to the beads and incubated for 1 h at 4 °C, followed by
another three times washing with Fish buffer. HUVEC total cell lysate was obtained
from two confluent 10 cm dishes, added to the GST or GSTPAK1-bound sepharose
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beads and incubated for 30 min at 4 °C. The samples were washed three times with
Fish buffer and Roti-Load 1 (Roth, Karlsruhe, Germany) was added to the samples
before heat denaturaion for 10min at 95°C was performed. Samples
were analyzed by SDS-PAGE and immunobloting as described above. Mouse
anti-Rac1 antibody (1:2500) from Millipore was used for the detection of Ract.

Statistical analysis. Results are expressed as mean +S.D. For statistical
analysis, experimental groups were compared by two-way analysis of variance
(ANQVA) with Bonferroni post hoc test using GraphPad Prism 5 (GraphPad
Software Inc., La Jolla, CA, USA). A P-value of P<0.05 was defined as level of
significance.
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8 Discussion

The members of the RAS superfamily and their downstream effectors are involved in nearly every
aspect of cellular events. In their natural function, GTPases control incoming signals and mediate them
to regulate the output of their effectors. A spatial and temporal organization of the signaling
components is required to achieve this highly specialized procedure. Therefore, dysregulation of these
components, is frequently associated with the manifestation of human diseases [233]. The variety of
pathogenic phenotypes resulting from mutations in genes encoding proteins of the RAS/MAPK
pathway reaches from a diverse subset of developmental diseases (e.g. RASopathies) but also includes
multiple types of cancer [192,234]. Therefore, extensive studies of abnormal signal transduction are
necessary to understand the molecular mechanism of the individual pathologies and develop specific

strategies to treat the occurring diseases.

Chapter | gives a general introduction about the topics that are reported and discussed in this
doctoral thesis. Chapter Il describes the regulatory mechanism of RAF paralogues with a special focus
on their dysregulation in human disease and points out the importance of investigating their
mechanism. Chapter Il elucidates the advantages of iPSC-derived cardiomyocytes for the
characterization of human genetically-caused cardiac diseases. Therefore, iPSCs, originated from
dermal fibroblasts of NS patients with HCM were differentiated into cardiomyocytes to investigate the

15257L

underlying RAF mutation. This technique enabled a detailed analysis of the mechanistic basis of
RAF1°%".- induced HCM. Chapter IV and Chapter V collectively focus on the influence of missense
mutations in CDC42, a gene encoding a small GTPase, which underlie a clinically heterogeneous group
of phenotypes characterized by NS-like properties. These missense mutations did not only result in
manifestation of the known developmental disorders but furthermore, in the discovery of a not yet
described pathological phenotype involving dyshematopoiesis, inflammation, and hemophagocytic
lymphohistiocytosis. Chapter VI deals with the discovery of a novel “pseudo natural product”, which in
unbiased phenotypic assays and target identification led to the discovery of the first small-molecule
ligand of the RHO GDP-dissociation inhibitor-1 (RHO GDI1), termed Rhonin. This compound inhibits
RHO GDI1-binding to GDP-bound RHO GTPases, thereby inducing activation of GTPases and inhibiting
signal transduction through a non-canonical Hedgehog pathway. Finally, Chapter VIl and Chapter VIII
deal with the positive aspects of RHO protein signaling inhibition. Chapter VIl describes the design of
small molecule inhibitor of RHO GEFs which can be used as an anti-cancer drug. IODVA1, a synthetic
compound, inhibits RAC activation and signaling, and increases pro-apoptotic activity in BCR-ABL
expressing cells. Chapter VIII describes reduced IR-induced residual DNA damage following promoted
DNA repair due to Racl signaling inhibition. The individual chapters will be further discussed in three

main discussion sections.
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8.1 Molecular mechanism of RAF15257t-caused hypertrophic cardiomyopathy

One aim of this thesis was the investigation of the mechanistic basis of RAF1°**"“-induced
hypertrophic cardiomyopathy. To achieve this goal, a protocol for the differentiation of highly pure

and contractile iPSC-derived ventricular 3D cardiac bodies was established.

In comparison with previous studies [196,235] we investigated the impact of the RAF1 mutation on
the best-known terminal downstream target ERK. As expected, RAF15°’* resulted in higher RAF
activity, and in turn, in increased phosphorylation of ERK (pERK). Inhibition of MEK, the linking kinase
between RAF1 and ERK, showed in turn drastically reduced levels of pERK in the mutant cells with even
lower levels than in the untreated WT control cells. These results served as a proof-of-principle for the
expected mutation-mediated alterations RAF signaling. Although the canonical RAS-RAF-MEK-ERK
pathway was not shown to be crucial for regular heart development, its activation is known to regulate
cardiac transcription factors, like GATA4, whose DNA binding capacity is thereby enhanced. GATA4 has
been shown to regulate the transcription of several genes that are essential in a hypertrophic response
[236-238]. It has moreover been shown that the disruption of the sarcomeric ERK-GATA4 complex
resulted in the rescue of phenylephrine-induced cardiomyocyte hypertrophy [239]. Consequently, the
RAF-MAPK-GATAA4 axis could be one critical mediator in the occurrence of HCM, caused by hyperactive
MAPK signaling.

An abnormal calcium handling is, among other disfunctions, described as a consequence of
maladaptive hypertrophy [240]. Contractile analysis of the RAF1°%*’* CBs revealed a slower contraction
rate compared to the control which was almost restored after MEKi treatment from day 12 until day
40. Correlating with this phenotype, we were able to obtain a switch in the expression of MYH6 to
MYH7 upon mutation induction, that was also rescued after long-termed MEK inhibition. MYH7 is
known to be rather expressed as a result of hypertrophic signaling and is further known as the slower
contracting isoform [241]. Moreover, MYH7 is known to be expressed upon activation of GATA4
consequently to increased MAPK signaling induced by RAF1 [242]. However, the impaired contraction
might result from changes in calcium transients. Oscillating levels of cytosolic calcium are crucial for
proper cardiomyocytes contraction [243]. The observed reduction in calcium transients in RAF15%7 CBs
was already described earlier in association with occurring BRAF and MRAS mutations, all affecting the
activity of the canonical MAPK pathway [244,245]. Impaired calcium transients do not only play a major
role on the physiological aspects of RAFS?"t cells, but also on the activity of intracellular calcium-
dependent kinase pathways. The activation of NFAT, a transcriptional regulator of hypertrophic signals,
is directly mediated by calcineurin, which is a calcium binding protein [246]. Our data showed that
RAF152°7t regulates the prominent NFAT target gene NPPB, whereas RAF15%°"* CB treated with MEK

inhibitor had 10-fold lower NPPB levels. Previous studies have shown that hypertrophy induction via
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calcineurin-NFAT can be attenuated by ERK inhibitors [247]. Besides NFAT and GATA4, a huge variety
of ERK substrates such as RSK3, ELK1, MSK1, c-MYC and NFkB, are activated by ERK1/2 in
cardiomyocytes [248-250]. Therefore, the observed expression changes of NPPB, MYH7, MLY2, cTnl,
SERCA2 and LTCC may be due to the co-occupation of the hypertrophy response gene promotors via
the regulated transcription factors GATA4, AP1, MEF2, NFAT and NFkB [251].

Fetal gene
Enhanced expression Impaired
MAPK activation cardiac function

o
D
& |

/R_/Eeractive RAF1

MEKIi

Figure 7: Schematic illustration of the main findings in the investigation of a heterozygous RAF15%°”" mutation
in iPSC-derived cardiac bodies.

The investigation of RAF1%%°" mutation demonstrated a role for hyperactive RAF1 in the manifestation of HCM
through an enhanced activation of the canonical MAPK pathway. This resulted in a switch to the fetal gene
expression program and a reduction of the expression of Ca?* channels and transporters. Furthermore, we
obtained structural changes on the level of the sarcomeric units, e.g. the lack of the I-band. MEK inhibition
partially rescued most of the obtained alterations.

One of the main findings of this study is the impaired I-band formation that was not only found in
the heterozygous RAF15%’t mutated iPSC-derived CBs but also in the heart biopsy of the corresponding
patient. The I-band is characterized as the sarcomeric unit lacking myosin and only contains actin ehih
acts as a molecular spring upon sarcomere stretching [15]. Strikingly, impaired I-band formation was
completely reverted after a long-term treatment with MEKi. The MAPK pathway was found to be
aligned in the N2B region of titin in the I-band, scaffolded by the protein four-and-a-half LIM domain 1
(FHL-1) [252]. Phosphorylation of the N2B region regulates titin stiffness and thus, pressure overload-

mediated cardiac hypertrophy [253].

In this work, we showed that also alternative RAF1-dependent pathways were altered in the
RAF1527t CBs. We obtained for example a higher phosphorylation of YAP. RAF1 interacts with MST1/2
and therefore inhibits MST1/2 interaction with LATS1/2, a kinase that is responsible for YAP
phosphorylation. As a consequence, unphosphorylated YAP can enter the nucleus and act as a
transcriptional co-activator by association with TEAD, which results in the transcription of mitogenic

factors such as CTGF, miR-206, c-MYC, and NOTCH2 [254]. The activation of YAP was even considered
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to be necessary for the development of a cardiac hypertrophy induced by hyperactive RAF1 [214].
Furthermore, expression of miR206 regulates hypertrophy and survival of cardiomyocytes through

upregulation of the fetal genes MYH7, NPPB and NPPA [255].

Collectively, this thesis provided new insights into an aberrant RAF1 function in iPSC-derived
cardiomyocytes which resemble the observed phenotype of the corresponding patient. The Ser257Leu
mutation in RAF1-CBs modulates RAF1-dependent signaling network as well as cardiac-specific
proteins and functions, such as re-activation of the fetal gene program, contraction rate, calcium

transients and the sarcomeric structures.

8.2 (CDC42 dysregulation results in a clinically heterogeneous group of

developmental phenotypes

Mutations affecting the same gene but resulting in substantial phenotypic differences is a very
well-known phenomenon. The wide use of exome sequencing has led to the recognition that this event
occurs much more common than previously predicted [256]. Although many genetic alterations result
in the same pathogenicity, the underlying mechanisms can vary according to differential impact on
protein function. Here, we gained new insights into the genetic alterations of CDC42, a gene encoding
a member of the RHO family of GTPases, underlying a clinically heterogeneous group of developmental
phenotypes. In Chapter IV and Chapter V, we identified ten different missense mutations that are
distributed over the entire CDC42 sequence which are classified in four different groups based on their

molecular mechanism.

Group | contains the residues Tyr64, Arg66, and Arg68, which are located in the switch Il region of
CDC42, mediating the binding to effectors and regulators [257]. Whereas Tyr64 and Arg66 are located
at the protein surface of CDC42, and therefore directly participate in the interaction of regulators and
effectors, Arg68 is embedded inside the protein and stabilizes the conformation of the switch Il region
via intramolecular interactions with multiple residues. This results in slightly different effects of the
mutations. Whereas CDC42"%*C and CDC42"%2 exhibited a robust GAP insensitivity, CDC42R%¢ results
only in a mild decreased GAP-stimulated GTP hydrolysis. In contrast to alterations in residue Arg66 and
Arg68, CDC42Y%%C resulted in a nearly abolished GEF interaction. Due to their localization within the
switch Il region these mutations also resulted in a drastically lowered binding affinities zo the tested

effectors PAK1, WASP, IQGAP1, and FMNL?2.

Group Il contains the aa residues Alal59, Cys81 and Ser83 which are located within or in close
proximity to the nucleotide-binding pocket. Whereas CDC42%%" only slightly increased WASP binding,
CDC42A1%" promoted a fast GDP/GTP cycling comparable to what has been reported in RAS proteins

[56].
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Group lll contains the aa residue lle21, Tyr23, and Glu171 which are exposed residues and predicted
to affect interactions with effectors containing a CDC42/RAC-interacting binding (CRIB) motif [258].
Interestingly, exchanging Glu at residue 171 into Lys does also change the electrostatic potential of this
interaction site from a negative charge to a positive charge. Prior experiments have shown that
electrostatics play a major role in defining the mechanisms of molecular recognition and complex
formation. Results from our group showed that this so-called electrostatic steering is a critical step in
the initiation of CDC42-mediated activation of WASP [259]. CDC42Y%¢ showed an impaired interaction

to all tested effectors.

Unlike to the prior introduced mutations, we characterized in Chapter V a previously unrecognized
and distinctive hematological/autoinflammatory disorder due to Arg186Cys mutation of CDC42. The
disease pattern considerably differs from that of previously described CDC42 mutations and is
characterized by neonatal onset of pancytopenia, autoinflammation, rash, and episodes of HLH,
therefore named as NOCARH syndrome. Based on structural modeling and the biochemical cell-free
and cellular studies, we were able to elucidate an impaired interaction with known regulators and
effectors, including RHO GDI, IQGAP1, and WASP. This resulted in atypical subcellular localization, actin
cytoskeleton rearrangement, and reduced migration. Especially CDC42 mislocalization is consistent
with the physiological role played by RHO GDI [260,261] Alignments between the C-terminal aa
sequence of CDC42R8¢C with those of other members of the RAS superfamily revealed that the
Arg186Cys mutation introduces a cysteine prior to the CAAX box that is palmitoylated in HRAS [262].
Based on this, a further study showed that CDC42/#¢C resulted in an aberrant addition of a palmitate
which directly interfered with GDI1 binding, therefore inhibiting its extraction from the Golgi
membrane [263,264]. Previous studies showed that cells expressing IQGAP1 mutants, defective in
CDC42 binding, displayed an aberrant multipolar morphology, compared to the morphology seen in
this study [265]. Together with the data presented in our study, this supports the notion that a proper
IQGAP1-CDC42 interaction is crucial for cell polarization and migration. The role of actin cytoskeleton
remodeling of immune cells has been demonstrated to be involved in the pathogenesis of
hematological, autoinflammatory diseases. Not only alterations in RHO GTPases like RAC2, but also in
actin-binding proteins cause abnormal migration, proliferation, and/or differentiation of myeloid cells

and are associated with features of autoinflammation [266,267].
8.3 Reduction of RAC1 activity supports the anticancer efficacy in particular tumors

The last part of this thesis deals with the positive effect of RAC1 signal suppression in a tumor
relevant surrounding. In Chapter VII we discovered the first small molecule inhibitor against the RAC
GEF, VAV3, which is a critical component of BCR-ABL-induced RAC activation [268]. The inhibitor of

oncogene driven Vav3 activation, named IODVA1, was shown to bind VAV3 tightly (K4 = 400 nM) in
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vitro and in vivo and consequently prevents RAC activation. Furthermore, IODVA1 did not interfere
with transmembrane or cytosolic protein tyrosine kinases [269]. Cellular assays show that the specific
IODVA1 interaction triggered an increased apoptosis similar to those observed in Vav3” models [268].
Interestingly, inhibition of VAV3 in BCR-ABL leukemic cells increased signaling through the pro-survival
and VAV3/RAC-independent effectors AKT and STAT3 but decreased-RAC dependent activation of its
downstream effectors such as PAK, JNK, S6, and 4EBP. The decrease in PAK activation consequently
resulted in activation of BAD, promoting cellular apoptosis in BCR-ABL expressing cells. Most strikingly,
IODVA1 administration to tyrosine kinase inhibitor resistant BCR-ABL (T315l) leukemia models resulted
in a significant decrease of pJNK, pPAK, pS6, and p4EBP levels and therefore in their leukemic burden.

This makes IODVA1 a suitable drug for malignancies in which VAV can be targeted [270-272].

Finally, in Chapter VIII we provided novel evidence that inhibition of RAC signaling by lovastatin
resulted in a radioprotective potency on primary lung cells and rodent lung tissue under situation of
hypo-fractionated irradiation. Statins act as B-hydroxy B-methylglutaryl-CoA (HMG-CoA) reductase
inhibitors and were shown to have multiple cholesterol-independent effects by interfering with RHO
GTPases [273]. Lovastatin consequently accelerated the removal of radiation-induced double stand
breaks (DBS) which was already observed before in keratinocytes [274]. One possible mechanism might
be an interference of inhibited RAC1 with the DNA damage response originating from DSB-initiated
ATM/ATR signaling [275]. Furthermore, inhibition of RAC1 in vivo was able to mitigate acute radiation
pneumonitis in mice two weeks after irradiation, which was not detectable in later time points.
However, it is noteworthy that lovastatin significantly reduced the number of residual DSBs in lung
tissue detectable 4 weeks after concluded fractionated irradiation. Whereas it was already shown that
statin-mediated inhibition of the RHO/ROCK axis impacts the late fate of radiation injury (i.e., fibrosis)
[276,277], our data further indicates that statins can interfere with preceding radiotoxic effects (i.e.,
DNA damage and caspase-mediated apoptosis) by targeting RAC1 signaling. Collectively, Chapter VIl
emphasizes radioprotective effects of statins on normal tissue what might be useful in the clinic to

widen the therapeutic window of radiotherapy.
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