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Summary

The RAS family of GTPases (Guanosine triphosphatases) act as molecular switches to control
several key processes in all eukaryotic cells, existing in an active (GTP-bound) or inactive (GDP-
bound) state with Guanine nucleotide exchange factors (GEFs) enabling the release of GDP
leading to the activation of the protein and GTPase activating proteins (GAPs) facilitating the
return to the inactive state by accelerating the intrinsic GTPase activity. RAS proteins link
modifications in the surrounding environment of the cell to internal signal transduction pathways
by interacting with a wide range of target proteins controlling many cellular processes, including
proliferation, differentiation, survival, and migration. The most prevalent among RASopathies,
Noonan syndrome (NS), is brought on by germline mutations in genes that encode RAS-MAPK
pathway elements. Some variations, such as the frequent Ser257Leu substitution in RAF1, are
connected to severe hypertrophic cardiomyopathy (HCM). In a relevant study, | used three-
dimensional cardiac bodies and bioartificial cardiac tissues made from patient-derived induced
pluripotent stem cells (iPSCs) with the aforementioned pathogenic RAF1 mutation to evaluate the
molecular relationship between NS-associated RAF 1525’ and HCM. Vastly elevated levels of the
heart failure marker BNP and an ultrastructural shortening of the I-bands along the Z-line region
of sarcomere in both patient specific iPSC-derived RAF15%7 cardiomyocytes were found upon
molecular, structural, and functional evaluation of the differentiated cardiac models. These
modifications coincided with titin's isoform shift from a longer (N2BA) to a shorter (N2B) variant,
which also had an impact on the active force generation and contractile tensions. In this model,
hyperactivation of the ERK, p38, and YAP signaling pathways were observed as contributing
factors in the development of the HCM phenotypes. By employing both MEK inhibition and a
CRISPR-Cas9 gene-corrected isogenic cell line, the disease phenotype was largely reversed,
adding important and novel mechanistic insights into the disorder's pathophysiology. RIT1,
another member of the RAS-MAPK pathway, is highly associated with development of HCM upon
germline mutations in NS patients and Arteriovenous malformation syndrome (AVM) upon
somatic alterations. Molecular evaluation of three novel RIT1 indels in patients with AVM indicated
a massive hyperactivation status of ERK which was shown to be rescued upon MEK inhibition
but not SHP2 inhibition, providing critical insights into available clinical options of the subject
patients. The complex developmental condition Costello syndrome is mainly linked to HRAS
germline mutations, namely the Gly12Ser substitution, which is a frequently mutated residue in
several cancer types, locking HRAS in a constitutively active state. HRAS has been known to
interact with RIN1 and boosts the activation of RAB5 GTPases and ABL1/2 tyrosine kinases
affecting endosomal sorting and cytoskeletal dynamics. Investigating into this, | contributed to find
that the HRAS®'?S poosts the RIN1-dependent RAB5A activation and subsequently disrupts the
membrane availability and trafficking of integrins in keratinocytes, which highlights critical
molecular events in etiology of the dermatological symptoms in Costello syndrome. Patients with
various degrees of neurodegeneration events were found to have novel ARF3 GTPase mutations.
Our structural-functional investigations of ARF3 mutations revealed a significant increase in their
nucleotide exchange rates. The study was able to demonstrate that the identified variations are
sited in the nucleotide-binding pocket, interfering with the protein's ability to function by
maintaining the protein in GTP-bound state and ultimately disrupting the integrity of the Golgi.
These findings collectively provide critical mechanistic understanding into the pathogenesis and
treatment options of several patient-specific MAPK-associated disorders in various proteins and
mutation profiles.
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Chapter 1 — General introduction
Human heart

Four functionally and physically diverse chambers make up the heart as a complex organ.
To permit continuous contraction and relaxation across various pressures, stresses, and
biophysical inputs in each chamber, cardiac anatomical and functional complexity needs
perfect orchestration of disparate cell populations (Litvifiukova et al., 2020). Two heart
fields, which are made up of multipotent progenitor cells, give rise to the heart. The left
ventricle is largely populated by cells from the first heart field, the right ventricle by cells
from the second heart field, and the atria are populated by cells from both heart fields.
During cardiogenesis, gene regulatory networks that are regulated by transcription
factors, cofactors, and chromatin modifications—in which non-coding RNAs also take
part—control the distribution of cardiac progenitor cells. (Meilhac and Buckingham, 2018).

Hypertrophic cardiomyopathy

One in 500 people in the general population have the genetic cardiovascular condition
known as hypertrophic cardiomyopathy. More than 1400 mutations in 11 or more genes,
which code for proteins in the cardiac sarcomere, have been reported to be the cause of
this disorder (Maron and Maron, 2013). It is most frequently characterized by left
ventricular (LV) hypertrophy, with a variety of possible consequences including heart
failure and sudden cardiac death, but also the possibility of surviving to a normal life
expectancy (Semsarian et al., 2015). The main characteristic associated with HCM is an
increase in the left ventricular wall thickness, which can very commonly cause a diastolic
dysfunction that can be driver for the above mentioned complications at the organ level.
Recently, it has also been discovered that the development of HCM is also influenced by
mutations in genes that do not directly encode sarcomeric proteins, such as several
members of the RAS-MAPK pathway related proteins. Although HCM is infrequently seen
in RASopathies (20-30%), it is more often seen in those who have pathogenic mutations
of the genes RAF1 and RIT1 (Gelb et al., 2015; Aoki et al., 2013).

Stem cells

In 1998, two articles detailing the in vitro development of human embryonic stem (ES)
cells from either the early blastocyst's inner cell mass (ICM) or the primitive gonadal
regions of early aborted fetuses were published. Many years of research on mouse ES
cells have previously demonstrated their remarkable flexibility, basically being able to
develop into practically any cells that emerge from the three germ layers (Alison et al.,
2002). While stem cells may be found in both adult and embryonic cells, there are
numerous stages of specialization with each one resulting in a reduction in developmental
potential. As a result, a unipotent stem cell cannot differentiate into as many distinct types
of cells as a pluripotent one. As a totipotent cell, the zygote has the highest capacity for
differentiation, enabling cells to develop into both embryos and extra-embryonic
structures. In contrast, pluripotent stem cells (PSCs), such as embryonic stem cells
(ESCs), can develop into cells of all germ layers but not extraembryonic structures like
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the placenta. Compared to PSCs, multipotent stem cells have a smaller range of
differentiation, that can specialize in distinct cells from certain cell lineages with
haematopoietic stem cell as an example which may give rise to many blood cell types.
(Zakrzewski et al., 2019).

Induced pluripotent stem cells (iPSCs)

In 2006 in Shinya Yamanaka’s group, by ectopic expression of four genes using murine
fibroblasts, and in 2007 from human fibroblasts, stem cells with properties similar to ESCs
could be generated, named iPSCs (Takahashi and Yamanaka, 2006; Takahashi et al.,
2007). The astounding advancement of reprogramming technology has propelled the
science of stem-cell biology ahead. Through this ectopic co-expression of reprogramming
factors, somatic cells can regain their pluripotency, opening up new and exciting options
for disease modeling and tailored regenerative cell treatments (Robinton and Daley,
2012). Several of the preexisting concerns, including efficiency, ethical, and
immunological challenges, were resolved with the advent of iPSCs. They have the traits
of self-renewal and pluripotency as well as the morphological and physiological qualities
of ESCs, although yet showing some variances to ESCs in their expression and
epigenetics profile (Chin et al., 2009). The ability to simulate human disorders in a culture
plate has become possible because to iPSC technology. An endless source of human
tissues containing the genetic variants that triggered or aided in the development of the
disorder may be produced by reprogramming somatic cells from patients into an
embryonic stem cell-like state and differentiation into disease-relevant cell types (Soldner
and Jaenisch, 2012). A potential new paradigm in drug development that places human
disease pathophysiology at the center of preclinical drug discovery has been offered
thanks to an increasingly sophisticated ability to differentiate these iPSCs into disease-
relevant cell types. Many monogenic disorders have disease models created from iPSCs
that exhibit cellular disease phenotypes, but more importantly iPSCs can also be
employed for phenotype-based drug screening in complicated diseases for which the
underlying genetic mechanism is unclear (Grskovic et al., 2011).

RAS superfamily of GTPases and their regulation

RAS superfamily GTPases function as molecular switches to regulate a variety of crucial
processes in all eukaryotic cells. The RAS and RHO families are of particular relevance
among the roughly 60 members that have been discovered so far in mammalian cells
because they link internal signal transduction pathways to alterations in the outside
environment. Similar to other GTPases, they can exist in both active (GTP-bound) and
inactive (GDP-bound) conformations (Bar-Sagi and Hall, 2000). Guanine nucleotide
exchange factors (GEFs) facilitate the release of GDP leading to activation of the protein
considering higher cellular concentration of GTP (Schmidt and Hall, 2002), while on the
other hand, RAS and RHO GTPases return to their inactive state through the intrinsic
GTPase activity, further accelerated by GTPase activating proteins (GAPs) . Ras and Rho
GTPases interact with their target proteins in the GTP-bound state promoting a cellular
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response (Bernards and Settleman, 2004; Wennerberg et al., 2005). RAS proteins
generally respond to a wide variety of extracellular inputs and are among the signaling
molecules that are indirectly related to several distinct cell surface receptors. They
regulate a variety of signaling pathways and, as a result, a wide range of cellular functions,
such as migration, adhesion, proliferation, and differentiation. Cancer, developmental
problems, metabolic, and cardiovascular illnesses are consequently caused by any
imbalance of these pathways (Nakhaei-Rad et al., 2018).

Receptor ’\

o /0

GTPase
ON

l

differentiation growth survival adhesion  migration

Figure 1. Schematic overview of RAS proteins' downstream signaling pathways and their
GTP/GDP cycle. Through the activities of two key regulatory proteins, GEF and GAP, RAS
proteins cycle between GDP/GTP bound forms. GAPs increase their intrinsic GTPase activity,
whereas GEFs accelerate the conversion of GDP to GTP. GTPases can only transduce a signal
when they are GTP-bound and at the membrane as a result of post-translational modifications.
The biological activities of RAS proteins are transmitted through interactions with effectors and
activation of the downstream pathways. RAS, rat sarcoma; GEF, guanine nucleotide exchange
factor; GAP, GTPase-activating protein.

RAF1 kinase

The MEK/ERK pathway and the RAS family proteins are connected via the RAF Ser/Thr
kinases, which regulate a variety of biochemical activities including proliferation,
differentiation, and survival (Yoon and Seger, 2006). By identifying the viral oncogene v-
raf from the transforming murine retrovirus 3611-MSV, the first RAF member was
identified in 1983 (Rapp et al., 1983). lts first cellular homologue CRAF was found shortly
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after (Bonner et al., 1985), and then its paralogs ARAF (Huleihel et al., 1986) and BRAF
(Ikawa et al., 1988) were identified.

There are three conserved regions (CR) that are present in all three human RAF
paralogues. CR1 is made up of a RAS-binding domain (RBD) and a cysteine-rich domain
(CRD), both of which are necessary for interacting with plasma membranes and active
RAS proteins (Desideri et al., 2015; Mott and Owen, 2015). The N-terminal of RAF
kinases in an inhibited state suppresses the kinase domain resulting a form of cytosolic
auto-inhibited RAF kinases. 14-3-3 proteins attach to two CRAF phosphorylation sites,
the first of which is in CR2 (pS259 of CRAF), while the other is behind CR3 (pS621 of
CRAF), facilitating the maintenance of RAF in this auto-inhibited state (Freed et al., 1994;
Fischer et al., 2009).

The first step in RAF activation is its interaction with GTP-bound RAS, which is followed
by its translocation to the plasma membrane, 14-3-3 dissociation, and dephosphorylation
of the CR2 negative regulatory site (pS259) (Ghosh et al., 1994; Kubicek et al., 2002).
Activated RAF dimers send the signal to MEK1/2, which then phosphorylates ERK1/2
(Cseh et al., 2014). In a negative feedback regulation, ERK phosphorylates RAF and then
through re-phosphorylation at S259, the protein returns again to the inhibited state
(Dougherty et al., 2005).

RASopathies

A clinically recognized class of medical genetic diseases known as the RASopathies is
brought on by germline mutations in genes that encode either regulators or components
of the RAS/mitogen-activated protein kinase (MAPK) pathway. The RASopathies have
many overlapping phenotypic characteristics because of the same underlying RAS/MAPK
pathway dysfunction (Rauen, 2013). Numerous unique syndromes, such as Noonan
syndrome, Costello syndrome, and neurofibromatosis type 1 can be brought on by these
germline abnormalities (Jafry and Sidbury, 2020). Recognizing these germline derived
and linked syndromes is crucial for effective care, even if activating RAS somatic
mutations can be discovered in up to 30% of human malignancies. Over 1 in 1000 people
worldwide are affected by the RASopathies, which collectively make up the prevalent
group of developmental malformation syndromes (Tidyman and Rauen, 2016).

Noonan syndrome

A hereditary multisystem condition called Noonan syndrome is distinguished by unusual
facial traits, developmental delays, learning challenges, small height, congenital heart
problems, renal abnormalities, lymphatic malformations, and bleeding issues.
Dysregulations in the RAS-MAPK pathway lead to development of Noonan syndrome,
affecting the gene encoding proteins involved in the signaling events (Roberts et al.,
2013). The frequency of this autosomal dominant, variable expression, multisystem
disease is estimated to be 1 in 1000-2500 people (Mendez et al., 1985). Jacqueline
Noonan described nine individuals with pulmonary valve stenosis, short height,
hypertelorism, minor intellectual impairment, ptosis, undescended testes, and skeletal
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deformities as the condition's first case study (Noonan, 1963). Since high throughput
sequencing methods have become more widely available over the past years, mutations
in several genes have been found to be the primary factor contributing to the emergence
of the disorder. There have been reports of germline mutations in the genes PTPN11,
KRAS, SOS1, RAF1, RIT1, NRAS and KRAS in people with Noonan syndrome
(Schubbert et al., 2006; Roberts et al., 2007; Aoki et al., 2013; Pandit et al., 2007; Cirstea
et al., 2010).

Receptor tyrosine kinases

oo R RBVBBR

<

+@+9+9‘
3+g+

BRAF

00
b
.-

NUCLEUS

!

Figure 2. Schematic overview depicting the RAS-MAPK pathway and the genes involved in
the development of Noonan syndrome. When a ligand interacts with receptor tyrosine kinases,
SOS1 is drawn to the membrane where it functions as a RAS GEF and activates RAS. The RAF
family is targeted by the signal that active RAS transmits. Then, RAF phosphorylates MEK1/2,
which phosphorylates ERK1/2 in turn. An autosomal dominant condition called Noonan syndrome
is characterized by germline mutations in the genes that produce proteins that are connected to
the RAS-MAPK pathway (affected genes associated with NS are highlighted in green).

RIT1 (Ras like without CAAX 1)

RIT1 is a member of the RAS superfamily of low-molecular-weight GTP-binding proteins
that cycle between an active GTP-bound and an inactive GDP-bound state in response
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to cellular signaling events (Shi et al., 2013). Similar to several RAS GTPases, RIT1 has
five well-conserved amino acid motifs: G1, G3, G2, and G4 and G5, which are used for
phosphate binding, effector binding, and GTP binding and hydrolysis, respectively
(Colicelli, 2004). RIT1 is expressed in many tissues at different stages of development as
well as conferring functional roles in neuronal morphogenesis, neural differentiation, and
cellular stress resistance in a number of studies using different cell lines (Shi et al., 2006;
Lein et al., 2007; Cai et al., 2011; Spencer et al., 2002).

In addition to initial reports for a number of somatic cancer mutations (Gomez-Segui et
al., 2013; Berger et al., 2014), the importance for a developmental role of RIT1 was
highlighted upon detection of germline mutations in families with Noonan syndrome (NS),
a developmental RASopathy marked by cardiac abnormalities, growth retardation and
affected craniofacial morphology (Aoki et al., 2013; Kouz et al., 2016; Yaoita et al., 2016).
The frequency of RIT1 mutations in NS is at least 5%. Comparatively to other NS
subtypes affected by mutations in several proteins involved in regulation of RAS-MAPK
pathway such as SOS1, SOS2, SHP2, LZTR1, and SHOC2 (Roberts et al., 2007;
Yamamoto et al., 2015; Bentires-Alj et al., 2004; Young et al., 2018), those with RIT1
mutations have a higher prevalence of cardiovascular symptoms and lymphatic
abnormalities (Cavé et al., 2016; Calcagni et al., 2016).

Unlike canonical RAS GTPases (NRAS, HRAS, and KRAS) having mutational hotspots
around Glycine 12 and 13 residues, RIT1 mutations mostly occur proximal to the switch
Il domain. Despite no GAPs been identified for RIT1 so far, it is possible that the
differences in mutational profile of RIT1 in comparison to other canonical RAS proteins
could confer functional variations in regard to GTPase activity of RIT1.

RAS GTPases share several effector molecules, including RAF1 and the PI3K p110
catalytic subunit towards downstream signaling regulation. In spite of previous efforts for
identification of candidate direct effectors for RIT1 GTPase activity (Shao and Andres,
2000; Shi and Andres, 2005; Castel et al., 2019), there is the lack of a multidirectional
comprehensive proteome approach in literature for identification of novel signaling nodes
mediating downstream pathway activations influenced by RIT1.

The recent disclosures of the involvement of RIT1 in several cancer implications and
developmental disorders brings to light the crucial importance of molecular
characterization of different identified pathogenic RIT1 mutations in regards to molecular
switch properties as well as a crack-down of potential downstream targets, mediating
cellular signaling stimulations via RIT1, exposing the pathogenic states open for
molecular targeting and therapy.

Costello syndrome and epidermal homeostasis

The numerous congenital abnormality and mental retardation condition known as Costello
syndrome is characterized by a coarse face, loose skin, cardiomyopathy, and a
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propensity for malignancies. Cases of the Costello syndrome have frequently been linked
to germline changes in the HRAS Glycine 12 and 13 residues (Aoki et al., 2005).

Four layers of keratinocytes that engage in both programmed differentiation and
proliferation make up the skin's epithelium, or epidermis. The precondition for a
functioning and healthy skin is a process known as epidermal stratification, and previous
reports have demonstrated that HRAS is a key regulator of keratinocyte stratification
(Drosten et al., 2013; Drosten et al., 2014). Basal keratinocytes have a high rate of
proliferation and use hemidesmosomes and focal adhesions to link the dermis and
extracellular matrix (ECM) of the epidermis. In addition, cell-cell interactions such as
adherens junctions, tight junctions, desmosomes, and gap junctions keep nearby
keratinocytes in close proximity (Simpson et al., 2011; Hegde and Raghavan, 2013). A
variety of transmembrane and cell adhesion proteins, including cadherins, claudins, and
integrins, promote each of these cell-cell and cell-ECM connections. Transmembrane
integrins transmit signals in both ways and link the cell's actin cytoskeleton to the ECM.
Alpha and beta subunits make up integrin receptors, and the majority of these
heterodimers include the 1 subunit, which is crucial for maintaining epidermal
stratification and adherence to the basement membrane (Moreno-Layseca et al., 2019;
Rippa et al., 2013). In order to maintain the dynamic physiology of the epidermis and
epidermal homeostasis in Keratinocytes, a well regulated mechanism is needed for
contact and adhesion proteins that must be internalized, recycled back to the plasma
membrane, and/or degraded (De Franceschi et al., 2015).

Different studies have looked at the molecular pathophysiology brought on by disease-
associated HRAS mutations in a variety of cell types, including fibroblasts, heart muscle
cells, and neuronal cells (Rosenberger et al., 2009; Krencik et al., 2015a; Hinek et al.,
2005). It remained largely unknown, nevertheless, what was causing the dermatological
and epidermal symptoms in RASopathies like Costello Syndrome.

HRAS (Harvey Rat sarcoma virus)

By switching between an active guanosine triphosphate (GTP)-bound and an inactive
guanosine diphosphate (GDP)-bound state, HRAS functions as a molecular switch. By
binding to a range of effectors, active HRAS regulates a number of cellular signaling
pathways. The serine/threonine RAF kinases, catalytic subunits of phosphoinositide 3-
kinases (PIK3CA), phospholipase C1 (PLCE1), and RAL guanine nucleotide dissociation
stimulator (RALGDS) are the best known among different HRAS effectors (Simanshu et
al., 2017). Since the discovery of an oncogenic HRAS mutation in bladder cancer (Land
et al., 1983), mutations of KRAS, HRAS, and NRAS have been discovered in around 30%
of human malignancies. These RAS GTPases generally become active oncogenes when
they have mutations at codons 12, 13, or 61 (Bos, 1989).

RIN1 (RAS and RAB interactor)
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The human RIN1 gene was initially discovered as a cDNA fragment that prevented the
yeast Saccharomyces cerevisiae from exhibiting RAS-induced phenotypes (Colicelli et
al., 1991). Following study of full-length RIN1 clones revealed that the protein produced
by this gene binds to activated RAS with great affinity and specificity (Wang et al., 2002).
RIN1 has been found to promote endocytosis mediated by Rab5 guanine nucleotide
exchange, and Rab5A-dependent endosome fusion. Activated HRAS enhanced the
stimulatory effects of RIN1 on these processes (Tall et al., 2001). Based on functional
research and sequence alignment, the RIN1 protein includes four distinct domains. A
SRC homology 2 (SH2) domain is present in the amino terminal half of RIN1 and interacts
to the cytoplasmic portions of several receptor tyrosine kinases (Barbieri et al., 2003).
Tyrosine phosphorylation substrates and proline-rich domains are also found in the amino
terminus of RIN1, which combined enable persistent binding to the SH2 and SH3 domains
of tyrosine kinases from the ABL family (Hu et al., 2005). A RAS association (RA) domain
and a guanine nucleotide exchange factor (GEF) domain are located in the carboxy
terminal region of RIN1 (Bliss et al., 2006). Endosomal sorting activities and cytoskeletal
dynamics are coordinated through the activation of RAB5 GTPases and ABL1/2 tyrosine
kinases, which are activated in response to the binding of active HRAS to RIN1 (Tall et
al., 2001; Balaji and Colicelli, 2013). Ser351 phosphorylation dependent binding to 14-3-
3 proteins regulates RIN1's translocation between cytoplasmic and membrane
compartments (Wang et al., 2002).

RABS

The RAB family of GTPases, in particular the RIN1 effector RABS, governs the distribution
of integrins within vesicles, which in turn modulates cell adhesion and adhesion-
dependent activities including cell spreading and migration (Yuan and Song, 2020).
Integrins are imported and go through the endocytic-exocytic pathway before being
recycled back to the plasma membrane in order to facilitate cell attachment to
extracellular matrix. The activity of integrins in the cell is modulated by a variety of context-
dependent controls on this protein family's trafficking (Moreno-Layseca et al., 2019). Both
integrin-dependent cell adhesion and motility depend on spatiotemporal remodeling of
the actin cytoskeleton, and these processes can be aided by the tyrosine kinases ABL1/2
downstream of RIN1 (Woodring et al., 2003; Khatri et al., 2016).
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Figure 3. Overview of the role of RAS proteins in the RIN1-mediated regulation of the RAB5
GTPase. The RAB5 guanine nucleotide exchange and RAB5A-dependent endosome fusion
processes that increase endocytosis is mediated by RIN1. RIN1's stimulatory effects on these
activities are enhanced by activated HRAS. The activation of RAB5 GTPases, which occurs in
response to the binding of active HRAS to RIN1, allows endosomal sorting activities and
cytoskeletal dynamics to be coordinated. RIN1 is one of the high affinity effector binders for HRAS
that can compete with RAF kinases for HRAS binding.

RHO family GTPases

RHO GTPases cycle between an active (GTP-bound) and an inactive (GDP-bound) state
while acting as molecular switches, with a few exceptions. Guanine nucleotide
dissociation inhibitors (GDIs), guanine nucleotide exchange factors (GEFs), and
GTPases activating proteins are typically three types of regulatory proteins that regulate
their actions at the plasma membrane (GAPs) (Dvorsky and Ahmadian, 2004; Cherfils
and Zeghouf, 2013). RHO GTPases, like CDC42, undergo a conformational shift in two
locations known as switch | and switch |l when they transition from the inactive GTP-
bound state to the active GTP-bound state eventually leading to association with
downstream effectors, e.g., PAK1, WASP, IQGAP1, ROCKI and ACK (Nouri et al., 2020;
Morreale et al., 2000; Mott et al., 1999; Dvorsky et al., 2004; Bishop and Hall, 2000).
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The presence of a 12 amino acid insertion (aa 124-135 in CDC42) that extends from the
G domain structure and forms a short helix, the so-called insert helix (IH), which is highly
charged and varies among members of the RHO family, is one distinctive characteristic
that sets the RHO family apart from other small GTPase families (Thapar et al., 2002).
Membrane attachment, a requirement for RHO protein function, is accomplished by the
post-translational alteration of isoprenylation. In this way, a third regulation mechanism
that guides the membrane targeting of RHO proteins to certain subcellular locations
regulates their activity. In particular, guanine nucleotide dissociation inhibitors (GDIs) limit
the cycling of prenylated RHO proteins between the cytosol and membrane by
preferentially binding to these proteins (Etienne-Manneville and Hall, 2002).

In addition to acting as a molecular switch for actin cytoskeleton remodeling (Paterson et
al., 1990), RHO signaling also promotes the creation of focal adhesions, which make it
easier for cells to adhere to ECM by raising integrin avidity amongst other well-known
instances of Rho-controlled cell processes such as neurite retraction and cytokinesis.
(Morii et al., 1992; Jalink et al., 1994; Narumiya and Thumkeo, 2018).

ARF GTPases

The phosphatidylinositol (Ptdins) kinases (PIK), which may alter the lipid content of
membranes, are recruited and activated by ARF GTPases, which are widely expressed
and mediate important processes such bidirectional membrane trafficking, known as
endocytosis and exocytosis (Cherfils, 2014; Donaldson and Jackson, 2011).

The ADP-ribosylation factors (ARF) family of small GTPases, which consists of six
members (ARF1, ARF3-6, and ARF2, absent in primates), controls important processes
related to Golgi structure and function, vesicular biogenesis, and cargo transport
(Volpicelli-Daley et al., 2005). The role of ARFs in cells is mostly redundant and
overlapping; they take part in the bidirectional membrane trafficking necessary for
endocytosis, anterograde/retrograde transport, and protein recycling to the membranes
or their destruction (Donaldson and Jackson, 2011; Khan and Ménétrey, 2013).

Similar to other RAS proteins, ARF GTPases cycle between an active GTP bound and
an inactive GDP bound state and the cycling between the two steps is facilitated by
ARFGAPs and ARFGEFs (Donaldson and Jackson, 2011; Helms and Rothman, 1992).
For cell division and cytokinesis, mitotic ARF-regulated Golgi dynamics are essential.
Ultimately, ARFs actively contribute to the fine regulation of significant events throughout
embryogenesis by managing Golgi structure, function, cargo sorting, and trafficking
(Hanai et al., 2016; Nakayama, 2016; Rodrigues and Harris, 2019).

Chapter 2
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Alteration of myocardial structure and function in RAF1-associated
Noonan syndrome: Insights from cardiac disease modeling based on
patient-derived iPSCs
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Abstract

Noonan syndrome (NS), the most common among the RASopathies, is caused by germline
variants in genes encoding components of the RAS-MAPK pathway. Distinct variants,
including the recurrent Ser257Leu substitution in RAFI, are associated with severe
hypertrophic cardiomyopathy (HCM). Here, we investigated the elusive mechanistic link
between NS-associated RAF1S257L and HCM using three-dimensional cardiac bodies and
bioartificial cardiac tissues generated from patient-derived induced pluripotent stem cells
(iPSCs) harboring the pathogenic RAF1 ¢.770C>T missense change. We characterize the
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molecular, structural and functional consequences of aberrant RAF1 —associated signaling on
the cardiac models. Ultrastructural assessment of the sarcomere revealed a shortening of the
I-bands along the Z disc area in both iPSC-derived RAF1S257L cardiomyocytes, and
myocardial tissue biopsies. The disease phenotype was partly reverted by using both MEK
inhibition, and a gene-corrected isogenic RAF1L257S cell line. Collectively, our findings
uncovered a direct link between a RASopathy gene variant and the abnormal sarcomere
structure resulting in a cardiac dysfunction that remarkably recapitulates the human disease.
These insights represent a basis to develop future targeted therapeutic approaches.

Keywords: Cardiac bodies, hypertrophic cardiomyopathy, iPSC, MAPK pathway, Noonan syndrome, RAF kinase,

RASopathy, sarcomere

Introduction

Germline variants of genes encoding RAS-mitogen-
activated protein kinase (MAPK) signaling components
result in a set of developmental disorders collectively
referred to as RASopathies. They are characterized by
craniofacial ~dysmorphism, delayed growth, variable
neurocognitive impairment, and cardiac defects, including
hypertrophic cardiomyopathy (HCM). HCM is known to
vary in prevalence and severity depending on the genotype
[3, 19, 52, 55]. At the organ level, HCM is manifested as an
increase in the left ventricular wall thickness that may result
in diastolic dysfunction, outflow obstruction, increased risk
of heart failure, stroke and cardiac arrhythmia [38].

In Noonan syndrome (NS), the most prevalent disease
entity among the RASopathies, development of HCM is
associated with significant morbidity and risk of cardiac
death. Notably, more than 90% of NS individuals with a
RAF1 variant are affected by HCM, whereas the overall
frequency of HCM in NS is only about 20% [47, 53]. One
variant, ¢.770C>T (p.Ser257Leu), accounts for more than
50% of cases with RAFI[-associated NS (NSEuroNet
database). Similar to other variants affecting transducers and
positive modulatory proteins with role in the MAPK
signaling cascade, the Ser257Leu amino acid substitution
confers a functional enhancement (gain-of-function) to RAF1
kinase activity [38, 54]. Functional studies on RAF1 activity
have mainly been focused on its role in activation of the
MAPK pathway in cancer [8]. Recently, new paths of RAF1
cardiac-specific signaling towards ERKS5 and calcineurin-
NFAT have been discovered [9, 29, 59]. However, how
coaction of RAFI-specific signaling pathways in
cardiomyocytes (CMs) results in the phenotypical changes
that lead to the development of HCM remains an open
question. At the cellular level, HCM is characterized by an
increase in CM size, re-activation of the fetal gene program,
change in the amplitudes of calcium (Ca®*) transients,
increased protein synthesis, and changes in the organization
of the sarcomere structure and dysfunctional contractility

[46]. Therefore, there is a critical need to combine signaling,
phenotypical, and functional studies to dissect and
understand the pathogenesis of HCM driven by RAF15%7-
gain-of-function (GoF).

To analyze the -cardiac-specific function of RAF1
signaling, pure populations of human CMs are required to
establish informative in vitro HCM disease models, where
CMs should be able to respond to external stimuli and stress
conditions as well as increase cell size rather than cell
number. CMs generated from patient-specific induced
pluripotent stem cells (iPSCs) have been used as human
HCM models of several genetic etiologies as well as for drug
screening [34, 40, 42, 66, 67]. Such in vitro models may
recapitulate several HCM features at the cellular level,
including the increase in cell size, aberrant calcium handling,
reactivation of the fetal gene programs, and arrhythmia [13,
20, 29, 34, 59].

In this study, we generated and used two different three-
dimensional (3D) human cardiac cell models, cardiac bodies
(CBs) and bioartificial cardiac tissues (BCTs) to elucidate the
molecular and cellular mechanism of RAF1-induced HCM.
To this end, two iPSC lines derived from two different
individuals carrying the recurrent RAFI ¢.770C>T
(p.Ser257Leu) variant and three independent control iPSC
lines were used (Fig. 1A). In iPSC-derived cardiomyocytes,
we elucidated the effects of heterozygous RAFI15%7- on
sarcomere structure, contractile behavior, Ca2* handling, and
intracellular signaling. Treatment with a MEK inhibitor
(PD0325901) rescued the observed HCM phenotype caused
by RAF1 GoF, which was validated using a gene-corrected
isogenic iPSC line. Importantly, critical structural findings of
the in vitro models matched the findings of a myocardial
biopsy of one of the patients.

Results
Generation of patient-specific iPSCs

To model the RAFI-induced HCM based on patient-
derived iPSCs, two NS individuals with severe HCM,
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heterozygous for the pathogenic RAFI ¢.770C>T variant
(p-Ser257Leu; RAF1S%™ hereafter), were recruited for this
study (Fig. 1A). From both individuals, patient-specific iPSC
lines were generated by integration-free methods (Fig. S|
and S2). Reprogramming of fibroblasts to iPSC was
performed using a cocktail of transcription factors OCT3/4,
SOX2, L-MYC, TRP53, and EBNA-I as previously described
[44]. Furthermore, an isogenic iPSC line from one of these
individuals was generated via CRISPR/Cas9 technology
(Fig. S2H). In parallel, control iPSC lines from three healthy
individuals (IPSC-WTI,2,3) were used and characterized
(Fig. S3)[58]. The iPSC-WT and iPSC-RAF15>"" Jines were
positive for different pluripotency markers, including
alkaline phosphatase (Fig. S1B and S3B), OCT4, TRA-1-60,
and SSEA4 (Fig. S1C, S2A-C and S3C). Sequencing verified
the presence of the heterozygous RAF! ¢.770C>T variant in
the iPSC-RAFIS®™L lines (Fig. SID and S2D), and
karyotyping confirmed the stable chromosomal integrity of
the iPSC lines (Fig. S1E and S2E). Spontaneous embryoid
body (EB) formation and spontaneous undirected
differentiation confirmed the ftri-lineage differentiation
potential of each line (Fig. SIF-G, S2F-G and S3F-G).

Cardiac differentiation of patient-specific iPSCs

Human iPSC  lines  were  differentiated into
cardiomyocytes in 3D aggregates by temporal modulation of
canonical WNT signaling as described previously [5, 35].
After EB formation (Fig. 1B), differentiation was initiated
with GSK3p-inhibitor CHIR-99021 for 24h followed by
WNT pathway inhibitor IWR-1 for 48h (Fig. 1C). Five to
seven days after induction of cardiac differentiation, CBs
started to contract spontaneously. At d10 of differentiation,
metabolic selection was performed by replacing glucose with
lactate in the medium, leading to a purified population of
CBs taking advantage of the unique metabolic pathways and
energy sources characterizing CM (Fig. 1C). Analyses
showed that the cells were negative for the presence of
pluripotency markers at mRNA and protein levels (data are
not shown) and positive for cardiac markers (Figs. 1D,E and
S5A). At d40 of differentiation, CBs were more than 96%
¢TNT-positive and 96% MLC2v-positive, as analyzed by
flow cytometry (Fig. 1D). Immunofluorescence of
cryosections of CBs revealed homogenous populations of
¢TNT- and a-actinin-positive cells in the center as well as in
the periphery of the CBs (Fig. 1E).

Cardiac hypertrophy is defined as enlargement of the
cardiomyocytes. 1PSC-derived CMs were tested for their
inability to proliferate in response to external stimuli. To this
goal, d40 CBs were dissociated, and single CMs were seeded
on coverslips. Thereafter, CMs were fixed and assessed for
the presence of the mitotic marker phospho-Ser10-histone 3
(p-H3), confirming their negative p-H3 staining at d47 (Fig.
1F). As a positive control, proliferative human iPSCs were

treated for 12 h with 100 nM nocodazole (NC) to be arrested
in mitosis (Fig. 1F and S4A,B). Cell cycle analysis indicated
that NC-treated human iPSCs were mainly captured at the
Go/M phase and stained positive for p-H3 (Fig. S4B,C).
Moreover, dissociated CMs at d40 were treated with 100 uM
L-phenylephrine (PE), an c-adrenergic agonist, for 7 days.
These cells remained p-H3 negative, but increased in size
(Fig. S4D-F), which is consistent with PE’s pro-hypertrophic
activity. Collectively, these data indicate that in our
experimental system employed iPSC-derived CMs had the
ability to increase in size in response to hypertrophic stimuli,
but did not undergo proliferation (hyperplasia), providing a
suitable in vitro model to study the molecular mechanism
implicated in RAF1-driven HCM.

Signaling events in RAF15 CBs

Serine®’ (5257) is located in close proximity to the
negative regulatory phosphorylation site S259 within the
conserved region 2 (CR2) of RAF1 (Fig. 2A). The latter
provides a docking site for 14-3-3 proteins, thereby
stabilizing RAF1 in its auto-inhibited state [14, 54]. To
determine the impact of the S257L substitution on the S259
phosphorylation status in cells with endogenous expression
of the kinase, we immunoprecipitated total RAF1 protein
with an anti-RAF1 antibody from lysates of undifferentiated
iPSCs-WT and  iPSCs-RAF15%%(linel). Immunoblot
analysis with anti-RAF1 and anti-p-RAF152* revealed up to
44% reduction in the levels of RAF15%7" phosphorylated
protein, compared to WT RAFl at S259 (Fig. 2B).
Therefore, due to the heterozygous status of the mutation in
the model system, it can be assumed that the majority of the
mutant RAF1 protein remains unphosphorylated, accounting
for almost 50% of total RAFIl. This observation
demonstrates a reduced ability of RAF15%L to be subjected
to the 14-3-3 inhibitory control at physiological conditions.

Next, we investigated the activity of selected RAS/RAF-
dependent signaling in WT and RAFI15%’% CBs in the
presence and absence of the MEK inhibitor PD0325901
(MEKi; Fig 2C). In untreated CBs, the PI3K-AKT-S6K-
mTORC-AKT and RAF1-ASKI1-JNK signaling axes did not
show remarkable differences between RAF15%7" and control
CBs (Fig. 2D.E). However, increased levels of p-ERK1/2
and p-p38, and decreased levels of p-YAP in RAF15%7L CBs
were documented. The p-ERK1/2 and p-p38 levels were
significantly reduced upon treatment with MEKi, while a
significant increase in the level of p-Y AP was observed (Fig.
2D.E and S5B.C). Furthermore, we examined the impact of
the signaling signature of CRISPR-corrected RAF1™° CBs
(RAF1™575) ys. its mother clone (RAF15%™ CBs) and found
the opposing pattern of phosphorylation of the former
pathways (Fig 2F), which highlights the explicit impact of
the RAF1 point mutation at Serine257 on the observed
signaling patterns.
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Quantitative real-time PCR (qPCR) analysis showed
significant upregulation of NPPB in RAF15%"L CBs, which
was partially reverted in the presence of MEKi (Fig. 2G and
S5D). The gene NPPB encodes for BNP (brain natriuretic
peptide), a well-known clinical biomarker for heart failure
and is upregulated during hypertrophy due to a return to a
fetal-like gene expression program. Next, we examined the
levels of secreted pro-BNP in medium of the cultured CB
variants. Interestingly, the results indicated that RAF15257%
CBs secrete more than 12 and 30-fold amounts of BNP in
their medium compared to MEKi-treated and isogenic
control CBs, respectively (Fig 2H). Notably, the isogenic
control elucidated even lower amount of BNP than MEKi
treated cells, which may indicate for activity of the parallel
pathways beside RAF1-MAPK in regulation of BNP levels,
e.g., p-RAF1-MST2-YAP (Fig. 7).

RAF15%7 glters stretch-shortening of sarcomere

Familial non-syndromic HCM caused by mutations in
sarcomeric proteins is known to affect sarcomere architecture
[45]. To address the question of whether the sarcomeric
architecture is also altered in RAF15%7:-associated HCM,
CBs at d40 were dissociated and single CMs were cultured
for 7 d on coverslips. RAF15%" CMs showed less oriented
and more disarrayed myofilaments as compared to WT CMs
(Fig. 3A), which was confirmed by immunohistochemistry
(IHC) and electron microscopy (EM). In particular,
RAF15%7L CBs revealed shortened or more contracted I-band
regions and thickened Z-line pattern (Fig. 3B). Left
ventricular cardiac tissue (CT) was available for one of the
NS individuals with RAF15%7 and staining of desmin and
cardiac troponin I confirmed a disorganized sarcomeric
structure with shortened I-bands, as seen on iPSC-derived
CMs and CBs along with a thickened Z-line (Figs. 3C,D).
Notably, RAF1 was localized and condensed near the
sarcomeric structures in RAF15%7% CMs, while in WT CMs
RAF]1 expression was more cytoplasmic (Fig. 3E).

To examine the influence of the dysregulated MAPK
signaling on the observed phenotype, we treated the
RAF15%7L CBs with PD0325901 (0.2 uM) at early stages of
development (d12) until d40. Remarkably, ultrastructure
analysis revealed that MEKi treatment restored the I-band
width around the Z-line in the RAF15%"" CBs (Fig. 3F and
S5H). To confirm the observed I-band shortening, we
prepared cryosections of RAF15%" and WT BCTs and
dissected a part of giant sarcomeric protein titin by
immunostaining the PEVK domain of titin to mark the I-
band region and a-actinin staining to indicate Z-lines (Fig.
4A). PEVK domains of titin and a-actinin were strikingly co-
localized in RAF15%" BCTs, while clearly separated from
each other in WT BCTs (Fig. 4A and B), suggesting a major
shortening of the I-band region with dislocation of the titin
PEVK region in the RAF15%7- BCTs. Area histograms of the

selected sub-images (Fig. 4B; boxed and magnified) were
created to determine the distance between the two PEVK
segments and quantify the average distances of more than 50
different Z-lines per sample. These abnormalities of the
overlapped peaks corresponding to the two PEVK domains
relative to o-actinin  were remarkably restored and
comparable to WT BCTs when RAFI15%L BCTs were
treated with MEKi (Fig. 4C). The significant separation of
the distance between the two adjacent PEVK segments upon
MEK:i treatment strongly suggests a functional normalization
of the sarcomeric structures in RAF15%"- BCTs (Fig. 4D).
Moreover, by measuring the average distance between o-
actinin signals as the Z-line marker, a decrease in the
sarcomere lengths was observed for the RAF15%7" BCTs
compared to WT BCTs (Fig. 4E). We further determined a
significant increase in the mRNA levels of the predominant
longer and more compliant (N2BA) titin isoform towards the
shorter and stiffer isoform (N2B) in RAF15%"- BCTs (Fig.
4F).

Collectively, the data demonstrate that RAF1 GoF
promotes I-band shortening and reduces the flexibility of the
spring elements of the titin I-band region.

Aberrant expression of sarcomeric regulatory proteins

The impaired sarcomere organization of RAF15%7 CMs
prompted us to quantitatively analyze the expression of key
sarcomeric components, including troponins, myosins, and
actin-related proteins. In comparison to WT CBs at d24,
RAF15%™- CBs strikingly exhibited higher levels of MYH?7
and MYL2, but lower levels of TTN, MYH6, MYL7, and a-
SMA (Fig. 5A). We analyzed the MYH7-to-MYH6 ratio in
CBs at two different maturation stages (d24 and d47). Both,
immature (d24) and more mature (d47) CBs displayed a
significant increase in the MYH7-to-MYHG6 ratio (Fig. 5B and
S5E). Notably, MEKi treatment partially reversed the MYH7-
to-MYH&6 ratio in d47, but not d24, RAF15%7% CBs.

Reduced Ca** transients RAF1°*7* CMs

Next, we investigated a possible dysfunctional calcium
handling of RAFI3%™ CBs, which is a central feature of
HCM [34]. We first analyzed the expression of the
components that regulate intracellular calcium cycling in WT
and RAFIS®7" CBs at d24 and d47. These components
include ryanodine receptor type-2 (RyR2),
sarco/endoplasmic reticulum Ca*-ATPase (SERCA2A),
phospholamban (PLN), and the calcium voltage-gated
channel alpha (CACNA) subunits 1C and 1D (L-type calcium
channels (LTCCs)). At d24, PLN, SERCA2A, RYR, and
CACNAIC mRNA expression was downregulated in
RAFIS¥™ CBs (Fig. 5C). Furthermore, SERCA2A and
CACNAID expression was significantly reduced in RAF15%7-
CBs at d47 (Fig. 5C). Remarkably, the decrease of the
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SERCA2-to-PLN ratio in RAF15%"% CBs was reversed to WT
levels upon MEK:i treatment in d47 CBs (Fig. 5D and SSF).

Phosphorylation of PLN at Ser'® inhibits PLN activity.
SERCA2a, PLN, and p-PLN%"® were reduced in RAF15%7L
compared to WT, CBs (Fig 5E). The SERCA2/active PLN
ratio, which was calculated at protein levels by measuring the
ratio of SERCA2 to PLN/p-PLN"6 was also significantly
reduced in RAF1S*"“ CBs (Fig. 5F). The changes in
SERCA2a and PLN expression and the ratio of PLN to p-
PLN%® were consistent with aberrant calcium handling
properties, a characteristic of maladaptive hypertrophy [11,
34]. Therefore, we measured intracellular calcium transients
by seeding CMs (d47) on Geltrex-coated coverslips and
loaded the cells with the calcium indicator Fura-2. The
calcium release was significantly decreased in RAFI15%7L
CMs as compared to WT CMs (Fig 5G). Despite reduced
transients, the kinetics of cytosolic calcium rise and decrease
in RAF1%7- CBs were not different from WT CBs (Fig. 5SH
and I). Collectively, these data suggest that the RAF15%7%
variant modulates the contractile cardiac function by
impairing cellular calcium cycling.

F15257L on the contractile

Negative impact of RA
apparatus

Next, we analyzed the effect of RAF15%™ on cellular
contractility using a multimodal bioreactor system to
generate, cultivate, stimulate, and characterize BCTs non-
invasively [32]. RAF15% BCTs showed a significantly
higher spontaneous contraction frequency as compared to
WT BCTs, which was significantly reduced by 0.1 and 0.2
uM MEKIi (Fig 6A). Quantification of cross-sectional areas,
which is a measure of myocardial thickening, showed no
significant difference between WT and RAF15%"% BCT
samples (Fig 6B). However, RAF15%"" BCTs treated with
MEKi had a reduced cross-sectional area. Active force and
tension measurements revealed a significantly lower
contractile force and contractile tensions for RAF15%"- BCTs
compared to WT BCTs (Fig 6C,D). RAF15**"" BCTs treated
with 0.1 uM MEKi had improved contractile force and re-
established contractile tensions (Fig 6C.D). Moreover,
analysis of morphology of contraction peaks revealed a
longer time to peak and shorter time to 80% relaxation of
RAF15%"L BCTs compared to WT BCTs (Fig. 6E,F). Again,
the latter was increased upon MEKi treatment. Notably,
BCTs showed a much better rescue response to 0.1 uM
MEK:i treatment as compared 0.2 uM MEKi. In summary,
RAF15%7L BCT have higher contraction frequencies, less
contractile force and tension, impaired contractile kinetics,
and accelerated relaxation kinetics. Most of the observed
effects were reversed by application of the MEKi, in a dose
dependent manner.

Discussion

The in vitro cellular reprogramming, differentiation, and
tissue engineering of patient-derived samples reproducibly
generated CBs and BCTs as human 3D disease models to
investigate the molecular events contributing to HCM in
RAFl1-related Noonan syndrome. This genetically
determined human disorder is caused by aberrantly enhanced
function of the RAFI kinase. We characterized the CBs’ and
BCTs’ cytoskeletal and sarcomeric ultra-structures by super-
resolution and EM imaging, to assess their calcium handling
and contractility, and intracellular signal transduction. These
complementary approaches identified reduced MYH6
abundance over MYH7, elevated expression of NPPB and
secretion of pro-BNP, decreased SERCA2/PLN ratio,
sarcomeric  fibril disarray, reduced force generation
accompanied by a reduced rate of intracellular calcium
transients, increased levels of p-ERK1/2, p-p38, and
attenuation of p-YAP, as signatures of RAF157% CMs. Most
remarkably, RAF152"% CBs and BCTs as well as heart
biopsy samples from the RAFIS*’" individuals revealed
common ultrastructural features, namely shortened I-bands.
The alterations in titin and shortened I-bands of RAF152°7L
CBs/BCTs were attenuated by treatment with the MEK
inhibitor PD0325901. Collectively, our results suggest
RAF15%™mediated activation of the MAPK pathway
produces an abnormal cardiac phenotype involving structural
and physiological aspects, that can be in part rescued with
MEKi.

RAF157t signaling in human cardiomyocytes

CMs with heterozygous RAF15%"%  exhibited an
approximately 50% reduced inhibitory phosphorylation of
RAF1 at §259, which is consistent with previous reports [29,
47, 53]. The best studied RAFI function is activation of the
MEK1/2-ERK1/2 pathway, which regulates the activity of a
wide range of signaling molecules in the cytoplasm and
nucleus. Accordingly, higher p-ERK1/2 levels were detected
in RAF15%7- CMs compared to control CMs, also consistent
with previous studies [9, 29] and, p-ERK1/2 levels were
remarkably reduced in CBs upon MEKi treatment (Fig. 2D.E
and S5B-C). In addition to its crucial role in normal heart
development, the MAPK pathway may also act as central
signaling node for many factors stimulating adaptive and
maladaptive hypertrophy [18, 57]. However, the detailed
mechanisms involving aberrant RAF15%7--MEK1/2-ERK1/2
signal transduction to induce hypertrophy remain unclear.
This phenomenon may be rooted in the regulation of cardiac
specific-transcription  activators  or/and  direct/indirect
transcriptional modulations of cardiac components (Fig. 4F)
via ERK1/2 regulation (nuclear substrates) as well as direct
modulation of cardiac function by affecting contractile
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machinery (cytoplasmic/sarcomeric —substrates; Fig. 7).
Accordingly, we detected a differential expression of a fetal-
like gene program, proteins of the contractile machinery,
MYH?7 and, calcium transient regulators, in RAF15%"- CBs as
compared to WT and MEKi-treated CBs. The observed
changes in the expression for these genes likely results from
transcriptional activation of the hypertrophic-responsive gene
promoters by GATA4, AP1, MEF2, NFAT, and NFkB, as
described by previous studies [10, 25, 27]. Future
investigations employing chromatin immunoprecipitation of
these transcription factors from isolated nuclei of RAF15%7-
CBs combined with proteomic approaches may clarify the
transcriptional regulation by MAPK pathway.

Activated RAF1 binds to MST2 (also called STK3) and
inhibits the MST1/2-LATS1/2 pathway (Romano et al.,
2010; Romano et al., 2014). As a consequence, YAP
translocates into the nucleus, associates with TEAD to serve
as a transcriptional co-activator, and regulates transcription
of the mitogenic factors, including CTGF, NOTCH2 and c-
MYC as well as miR-206. The MST1/2-LATS1/2-YAP axis
is critical for heart development, growth, regeneration, and
physiology [69]. It regulates proliferation in neonatal heart
and growth and survival in adult heart [7, 65, 73]. The YAP-
miR206-FOXP1 axis regulates hypertrophy and survival of
CMs through upregulation of fetal genes, e.g., MYH7 and
NPPB [68]. We demonstrate here that the reduced
inactivating phosphorylation of YAP in RAFI5%7: was
restored upon MEKi treatment (Fig. 2D-F), which is likely
explained by the enhanced RAF15%"" kinase activity along
with a switch of RAF1 binding from MST1/2 to MEK1/2
(Fig. 2C) [56]. We also observed increased expression of
YAP targets, such as MYH7 and NPPB in RAF15%7" CBs.
Highly elevated levels of the NPPB gene product pro-BNP
were detected in the supernatant of RAF15%L CBs,
considerably above the critical clinical thresholds defined for
likelihood of a heart failure state in patients (Fig. 2H) [63].
This validates the observed signaling impact of hyperactive
RAF15%L signaling on the fetal gene expression programs,
directing the cells towards a heart failure condition.
Considerably, we inhibited the MEK-MAPK axis in cardiac
cells without targeting RAF1 directly, therefore we expected
that only the MAPK-dependent phenotype is rescued upon
MEKi treatment. However, we observed that parallel
pathways downstream of RAF1 is also reverted by MEKi
treatments such as MST2/YAP.

We propose that MEK inhibition abrogates the negative
feedback phosphorylation of RAF1 by ERK, and thus
restores RAF1 membrane localization and activity [12].

Other MAPKSs besides ERK1/2, such as p38, JNK, and
ERKS5, appear to be involved in cardiac development,
function, and also progression of myocardial disease (Jaffre

et al., 2019a; Rose et al., 2010). Our data indicated an
increase in p38 phosphorylation, but not JNK, in RAF[5%7-
CBs. Aberrant p38 phosphorylation was reverted to (near)
normal upon MEKi treatment. The molecular mechanism
that underlies p38 activation via RAF15%" in cardiac cells is
unclear. We propose that elevated levels of p-p38 in
RAF15%7 cells may be a compensatory response of cells to
reduce the effects of the sustained ERK activity towards an
unknown ERK-dependent or ERK-independent positive
feedback regulation of p38. One possible mechanism would
be the positive regulation of the HDAC class I by ERK1/2,
which deacetylates and inhibits the dual-specificity
phosphatase 1 (DUSPI; Fig. 7). Acetylated DUSPI binds
with  greater affinity to p38, resulting in p38
dephosphorylation. Therefore, the inhibition of DUSP1 by
the ERKI1/2-HDAC-DUSP1  axis could result in
accumulation of more p-p38 in mutant cells (Fig. 7). Our
results are consistent with this mechanism, because MEKi
reduces p-p38 levels possibly by inhibiting the ERK1/2-
HDAC axis and increasing acetylated DUSPI to target
phospho-p38 [17, 21]. Based on previous studies, ERK1/2
was introduced as a negative regulator of p38 via inhibition
of ASK1-p38 axis (Fig. 2C), however, our data indicate a
novel crosstalk between ERK1/2 and p38 in CMs with
hyperactive RAFS?>’L. The precise mechanism of the MAPK
crosstalk in cardiac myocytes needs further investigation.

Altered cardiac calcium handling in RAF15%7
cardiomyocytes

One characteristic of maladaptive hypertrophy is an
abnormal calcium handling that affects myocardial
contractility [11, 34]. In the myocardium, calcium-induced
calcium release is essential for excitation-contraction
coupling [16]. Depolarization of the plasma membrane
through action potential results in L-type calcium channels
activation (LTCC) and calcium influx. RYR2 is highly
sensitive to small changes in calcium concentration and
becomes activated upon local calcium influx, which then
facilitates the releases of Ca® from the sarcoplasmic
reticulum into the cytosol. Binding of Ca® to troponin C
causes tropomyosin translocation, which exposes actin
filaments for binding to myosin heads, cross-bridge
formation and triggers contraction (systole). During diastole,
Ca® is transported into the SR by sarcoplasmic reticulum
Ca®-ATPase (SERCA2A).

At the transcriptional level in RAFIS®" CMs, we
observed the downregulation of two main regulators of
intracellular calcium transients, SERCA2a and LTCC, as well
as changes in the SERCA2/PLN ratio. MEKi treatment of
RAFIS®L CMs restored the SERCA2/PLN ratio and
significantly downregulated NPPB to levels similar to that of
WT CMs. This suggests that SERCA2A/PLN ratio and
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NPPB expression may be under direct or indirect
transcriptional control of ERK1/2 (Fig. 7). Previous studies
have shown that the RAS-MAPK pathway regulates
SERCAZ2A, PLN, and LTCC expression that is downregulated
during hypertrophy and heart failure [6, 27, 28].
Consistently, an increase in BNP, which is known as a HCM
biomarker, leads to a decrease in SERCA2A expression [70].

In addition to the observed transcriptional alterations of
calcium regulators, RAFIS%C CMs also had reduced
intracellular Ca?* transients. The influence of hyper-
activation of RAS signaling on expression and regulation of
SERCAZ2 and PLN mediated calcium handling and its role in
diastolic dysfunction in HCM has been previously reported
in mouse models [72]. A lower SERCA2/PLN ratio in
RAF15%L CMs may thereby cause a delay in Ca®* re-entry
to the SR via inhibition of SERCA by PLN and thus changes
the kinetics of calcium transients and consequently decreases
the capacity of cardiac contractility [37]. Therefore, a
decreased SERCA2a/PLN ratio could be considered as
stressor to induce the HCM phenotype [28, 48]. In a similar
manner, iPSC-derived CMs with GoF variants in BRAF and
MRAS displayed changes in intracellular Ca®" transient [26,
30]. In contrast, a recent study that compared the idiopathic
HCM and RAF15%""_associated HCM has shown that CMs
from idiopathic cases, but not RAFI1*Y CMs, exhibit
significant alterations in calcium handling [59].

Sarcomere disorganization in RAF1°%°7t cardiomyocytes

RAFI1%®7- CMs revealed a disorganized sarcomeric
structure (Fig. 3A-D). A remarkable and unprecedented
finding in the present study is the atypical I-bands, in both
RAF15%L CMs as well as the heart biopsy samples from the
corresponding individual with the heterozygous RAFI5%7F
variant. We observed this phenotype in several independent
experiments, and it was completely re-established upon
MEK inhibition.

Immunohistochemistry of the selected region of I-band,
the PEVK domains of titin, and Z-line (a-actinin) indicated
that two adjacent PEVK regions in RAF1S¥ BCTs
overlapped (in green) on the Z-line (in red), whereas in WT,
the Z-line was clearly surrounded by two distinct and well
separated PEVK regions (Fig. 4B). Treatment of BCTs with
0.1 uM MEK:i resolved these abnormalities (Fig. 4B and 4C).
The I-band segment of titin acts as a molecular spring that
develops tension when sarcomeres are stretched, representing
a regulatory node that integrates and perhaps coordinates
diverse signaling events [33]. The four-and-a-half LIM
domain 1 protein (FHL-1) has been shown to bind to titin at
the elastic N2B region and to enhance cardiac MAPK
signaling by directly interacting as a scaffold protein with
RAF1, MEK2, and ERK2 [61]. In our experiments, FHLI
mRNA expression was up-regulated in RAF15%*7 CMs (Fig.

S5G). Additionally, we observed that RAFl was
predominantly localized alongside the sarcomeres in
RAF15%7 CMs (Fig. 3E). Interestingly, the N2B region of
titin has been identified as a substrate of ERK2, and
phosphorylation by ERK?2 reduces the stiffness of titin [49,
51]. We propose that RAF15%™ hyperactivates the MEK1/2-
ERK1/2 pathway, which is most likely localized alongside
the sarcomeres, via FHLI, and enhances titin
phosphorylation at its N2B region. To what extend these
events may result in altered sarcomere distensibility and
contributes to the cardiac abnormalities observed with
RAF15%- remains to be determined (Fig. 7, right side).

RAF15%7! effects on cardiac excitation-contraction
coupling

The molecular alterations, structural abnormalities and
reduced intracellular Ca® transients in RAF15%7" CMs
expectedly affected contractile behavior of cardiac tissue
[15]. Physiological analysis of RAF15%7- BCTs revealed a
1.3-fold higher beating frequency compared to WT BCTs.
Treatment of RAF15" BCTs with 0.1 and 0.2 pM MEKi
decreased the contraction frequency to 0.8- and 0.7-fold of
WT BCTs, respectively. The maximum force generation by
RAF13%7- BCTs was significantly lower than WT BCTs and
inhibiting RAF-MAPK pathway by 0.1 pM MEKi partially
restored this value. The RAF15%7 BCTs exhibited reduced
contractile tension and 0.1 uM MEKi significantly increased
these values to the normal level. Slower contraction might
correspond with the reduced Ca’* release shown in Fig. 6F.
Furthermore, relaxation would be faster in RAF152" than in
WT BCTs (Fig. 6F) despite unchanged rates of cytosolic
calcium elimination (Fig. 5I).

The link between the RAF1-MAPK signaling pathway and
contractile behavior in the myocardium is unclear. One
explanation for the altered contractile behavior of RAF15%7L
CMs may be the perturbed MYH6 (o-MYH)-to-MYH7 (B-
MYH) switch due to the aberrantly activated MAPK signaling
(Fig. 5B, 7 and S5E). ERK1/2 is known to phosphorylate the
cardiac-specific transcription factor GATA4 at S105 and
enhances its transcriptional DNA-binding activity. GATA4 is
critical for the expression of structural and cardiac
hypertrophy response genes, such as NPPB, MYH7, TNNI3
(troponin 1), and ACTAI (a-skeletal Actin) 2, 4, 10, 25, 36].
We assume that cardiac-specific transcription factors mediate
upregulation of myosin heavy chain isoforms by RAF-
MAPK. The ATP hydrolyzing capacity of the two myosin
heavy chain paralogs are dissimilar; a-MYH has a 3-fold
higher ATPase activity and generates more force than -
MYH, which affects the velocity of myofibril shortening and,
consequently, contraction [39]. Reduced MYH6 levels have
also been reported in human heart failure [41]. Therefore, we
propose that RAFIS® CMs exhibited higher levels of
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MYH7, leading to less absolute force generation and
contractile tension. Additionally, RAFI1®™ BCTs need
longer time to reach the peak of contraction (Fig. 6E). B-
MYH is known as the slower and a-MYH as the faster
paralog [20], therefore, RAF15%7- BCTs may need more time
to reach the peak of contraction. Alternatively, increased
PLN-to-SERCA2 ratio and reduced intracellular calcium
transients that may affect intracellular calcium concentrations
and cross-bridge cycling kinetics. In addition to the MYH6-
to-MYH7 switch, further factors including SERCA2/PLN
ratio, titin phosphorylation by ERKI/2, disorganized
sarcomeric structures, and changes in length/shape of the
flexible I-band region of titin, might also affect force
generation and elastic properties of the myocardium. These
changes in the spring elements of titin altering its flexibility
may influence timing of contraction and relaxation, where
RAF15%" BCTs need more time for contraction and less
time for relaxation (Fig 6E and F). Cardiac contraction-
relaxation processes are multifactorial and complementary
analysis are required for more clear-cut conclusions.
Collectively, we demonstrated new aspects of RAFI
function in human iPSC-derived CMs, which resemble the
observed in vivo phenotype from the corresponding
individuals, especially changes in the ultra-structure of the
sarcomeres. The S257L variant in RAF1 CMs modulates
RAFI1-dependent signaling networking, fetal gene program,
contraction, calcium transients, and the sarcomeric
structures. Here, we did not assess the behaviors of all
known RAFI binding partners that may also be critical for
cardiac function and contraction, including troponin T,
DMPK, ROCK, MYPT, and calcineurin [1, 8, 9, 29, 31, 50,
62, 71]. Therefore, further studies would be supportive to
uncover how altered RAF1 signaling impacts these
components. We believe future studies with further advanced
models of myocardium will uncover more precisely the
physiological output of hypertrophic RAF1 variant(s).

Materials and methods

Generation, cultivation, and gene-correction of induced
pluripotent stem cells

Blood samples and dermal fibroblasts were obtained with
the institutional ethics approvals (Justus-Liebig-University
Giessen, Germany: AZ258/16, Otto von Guericke University
Medical Center Magdeburg: 173/14; University Medical
Center Gottingen: 10/9/15) and under informed consent of
the parents from two unrelated individuals with Noonan
syndrome carrying the heterozygous substitution ¢.770C>T
in exon 7 of RAF1.

Primary cells were reprogrammed using either episomal
reprogramming vectors Epi5™ [44] (Thermo Scientific
#15960) or Sendai virus system Cytotune 2.0 (Thermo

Scientific #A16517). Resulting iPSCs were clonally picked
and expanded in mTESR (Stemcell Technologies) or
StemMACS iPS-Brew (Miltenyi Biotech) to UMGIil164-A
clone 1 (7B10, here referred to as RAF15% line 1) from
patient 1 and UMGIil02-A clone 17 (isRASb1.17, here
referred to as RAF15%7" line 2) from patient 2, respectively,
and passaged using Versene (STEMCELL Technologies) at a
ratio of 1:3 to 1:6, depending on cell density. Prior to their
utilization for experiments, clonal iPSCs were subjected to
detailed characterization including Sanger sequencing to
confirm the presence of the variant, iPSC morphology,
assessment of expression of pluripotency markers by RT-
PCR, immunofluorescence staining and flow cytometry, and
chromosomal integrity. Furthermore, elimination of
persisting reprogramming factors was confirmed by PCR and
RT-PCR, respectively. Three unrelated wild-type (WT) iPSC
lines, UMGil63-A clone 1 (ipWT16.1, here referred to as
WT1) [22], UMGIi014-C clone 14 (isWT1.14, here referred
to as WT2) and UMGIi020-B clone 22 (isWT7.22, here
referred to as WT3) [58]. A CRISPR-corrected isogenic
iPSC line was used as control. Genetic correction of the
RAFS*" variant (c.770 C>T, heterozygous) in the iPSCs
from patient 2 was performed using ribonucleoprotein
(RNP)-based CRISPR/Cas9 by targeting exon 7 of the RAF1
gene, as previously described [24]. The guide RNA target
sequence was (PAM in bold): 5'-
TGGATGTCAACCTCTGCCTC TGG -3'. For homology-
directed repair, a single-stranded oligonucleotide with 45-bp
homology arms was used. After picking clones, successful
gene-editing was identified by Sanger sequencing and the
CRISPR-corrected isogenic cell line UMGIi102-A-1 clone 9
(isRASb1-corr.9) underwent the detailed
characterization as mentioned above.

same

Human iPSC culture

Before initiation of cardiomyogenic differentiation,
undifferentiated iPSCs were cultured as feeder-free
monolayers for up to 15 passages in murine embryonic
feeder cell-conditioned medium (CCM*) consisting of
DMEM  F12+Glutamax, 15% Knock-out Serum
Replacement, 1% non-essential amino acids (all Gibco), 100
uM  B-mercaptoethanol (Sigma), and 100 ng/mL bFGF
(PeproTech; CCM*/100). Cells were passaged every three to
four days by dissociation with Accutase and seeded onto
Geltrex-coated (0.5%, Life Technologies) plasticware at a
density of 5x10* cells per cm? in CCM?*, containing the
ROCK inhibitor Y-27632 (10 puM, Selleckchem, #51049).
The ROCK inhibitor was eliminated from the CCM* on the
following days.

Tri-lineage differentiation of human iPSCs
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To induce differentiation of human iPSCs into all three
germ layers, human 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 (all 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) gelatine.
After 24 days, EBs were harvested for qRT-PCR and
replated for immunofluorescence (IF) analyses, respectively.

Karyotype analysis

After treatment of undifferentiated human iPSCs with a
final concentration of 0.1 pg/mL Colcemid (Thermo
Scientific) 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% KCI 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 protocol[60].
Karyograms were imaged using the IKAROS software of
MetaSystems (AltluBheim, Germany). The chromosome
arrangement was investigated as previously described [23].

Cardiac differentiation of human iPSCs

Cardiac differentiation was performed in 3D suspension
culture after aggregate formation in agarose microwells
modified from established protocol [5, 35]. For
differentiation in 3D suspension culture, agarose microwells
(AMW) were generated from AggreWellTM400Ex plates
(Stem Cell Technologies, #27840) containing 4700
microslots per AMW in a 6-well format [5]. For each AMW,
5x10° undifferentiated human iPSCs were seeded in 3 mL
CCM™/100 supplemented with 10 pM ROCK inhibitor Y-
27632 (Selleckchem, #S1049). iPSCs formed uniform EBs
during the initial 24 h on AMW, and were harvested and
transferred to suspension culture in 15-cm dishes and placed
on an orbital shaker at 60 rpm. Suspension EBs were
cultivated for further 3 days in CCM*/100 before the start of
cardiac differentiation. Differentiation was induced with the
exchange of medium to RPMI 1640 supplemented with 1%
(v/v) B27 without insulin (RB", Thermo Scientific, #A18956-
01). The GSK-3 inhibitor CHIR99021 (Selleckchem,
#51263) was added at 4 - 6 uM (depending on the iPSC line)
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. The first contracting EBs were
observed between d5 and d7. From d7-d10, EBs 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 10d
(until d20) to eliminate all non-CM in RPMI minus glucose
(Thermo Scientific, #11879-020) supplemented with human
albumin (Sigma, #A0237), sodium DL-lactate (Sigma,
#L.4263), and L-ascorbic acid-2-phosphate (Sigma, #A8960)
[64]. From d20 - d40, CBs were kept in RB* medium.
Depending on the experimental design, inhibition of MEK
was started on d12 of differentiation by supplementing the
medium with 0.1 and 0.2 uM PD0325901 (Sigma, #PZ0162).
Medium was exchanged every two days until d20. Flow
cytometric assessment of CM content was done on d20 by
staining against cardiac troponin T (Life technologies) after
dissociation of aggregates with Stemdiff CM dissociation kit
(STEMCELL Technologies) following the manufacturer’s
protocol after adding Accutase to the enzyme mix (1:2).
Aggregates with a purity of >95% were termed cardiac
bodies (CBs) and further cultivated.

Bioartificial cardiac tissue (BCT) preparation, culture,
and measurements

On day 21, non-MEK-inhibited CBs were dissociated as
described above and a previously described protocol to
generate myocardial tissue was employed [32]. In brief, a
mixture of rat tail collagen type I (Cultrex) and Matrigel™
(Life Technologies) was mixed with CMs and gamma-
irradiated human foreskin fibroblasts (HFFs) and poured into
silicone molds (5x5x10 mm, w/d/h) with two horizontal
titanium rods that serve as suspensions for the developing
tissue at a distance of 6 mm. Resulting BCTs with a volume
of 250 pL each containing 10° CMs, 10° HFFs, collagen type
1(230 pg), and 10% Matrigel. BCTs were stretched by 200
pm every fourth day to support tissue maturation, and tissue
development was documented by daily microscopic
observation. Beating frequencies, active contraction, and
passive forces were determined in a custom-made bioreactor
system at 200 pum increments until the maximum contraction
force was reached (Lmax). Contractile and passive tension was
calculated by dividing the force by the cross-sectional area of
each BCT (mN/mm?).

Reverse transcriptase polymerase chain reaction

Cells were lysed using TRIzol™ (Ambion, Thermo
Scientific, Germany) and total RNA was extracted via
phenol-chloroform extraction. Remaining genomic DNA
contaminations were removed using the DNA-free™ DNA
Removal Kit (Ambion, Thermo Scientific, Germany).
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DNase-treated RNA was transcribed into complementary
DNA (cDNA) using the ImProm-II"™ reverse transcription
system and oligo-dT as primer (Promega, Germany).
Quantitative real-time reverse transcriptase polymerase chain
reaction (qPCR) was performed using SYBR Green (Thermo
Scientific, #4309155 Germany). Primer sequences are listed
in Supplementary Table S1. The 2*A¢ method was employed
for estimating the relative mRNA expression levels and 22
for mRNA levels. Among six different housekeeping genes
that we tested, HPRTI showed the lowest variation among
different cell lines and conditions. Therefore, HPRTI was
used for normalization in our qPCR analysis.

Flow cytometry

For flow cytometric analysis, single-cell suspensions of
undifferentiated human iPSCs were obtained with Accutase
and cells were washed with ice-cold phosphate-buffered
saline (PBS)™". 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, #A1285901) was
added and samples were incubated for additional 10 min at
37 °C and 1200 rpm until the cellular aggregates have
dissolved. Both cell types were fixed in 4% formaldehyde
(Carl Roth, #P087.1) 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 then stained
with primary antibodies.

Immunoblotting

To extract the total protein, CBs were washed with PBS*
prior to cell lysis (lysis buffer: 50 mM Tris-HCI pH 7.5; 100
mM NaCl, 2 mM MgCl,; 1% Triton X100; 10% glycerol; 20
mM beta-glycerol phosphate; 1 mM orthoNa3VO.; and
EDTA-free  protease inhibitor  (Roche,  Germany,
#11873580001)). To further disrupt the cellular aggregates, a
sonicator with 70% power was used prior to incubation in a
rotor at 4 °C for 30 min. Protein concentrations were
determined using the Bradford assay (Bio-Rad, #5000201).
Equal amounts of cell lysates (10 - 50 ug) were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Following electrophoresis, proteins were
transferred to a nitrocellulose membrane by electroblotting
and probed with primary antibodies overnight at 4°C. All
antibodies were diluted in Intercept® (TBS) Blocking Buffer
(LI-COR #927-60001) mixed in a 1:3 ratio with Tris-
buffered saline containing 0.02% Tween 20. The antibodies
from Santa Cruz were diluted 1:200 while the remaining
antibodies were diluted 1:1000 (see Table S2). Immunoblots

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
[43]. 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% formaldehyde (Carl
Roth, #P087.1) for 20 min at room temperature. To
permeabilize cell membranes, cells were incubated in 0.25%
Triton X-100/PBS for 5 min. Blocking was performed with
3% bovine serum albumin (Thermo Scientific, # 26140079)
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 three
times for 10 min with PBS and incubated with secondary
antibodies for 2 h at room temperature. Slides were washed
three times and ProLong® Gold Antifade mounting reagent
containing DAPI (4',6-diamidino-2-phenylindole) (Thermo
Scientific, #210144) was applied to mount the coverslips.

Immunohistochemistry

From formalin fixed tissue, 3 pm sections were stained
with H&E and Masson trichrome (Trichrome II Blue staining
kit 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 primary
antibodies. The sections were examined using a Nikon
Eclipse 80i equipped with a DS-Fil camera.

A myectomy was performed on the patient one with RAF
mutation at the age of 5 years. After formalin-fixation of the
surgically removed tissue, 3um sections were stained with
hematoxylin and eosin. Immunohistochemical analysis was
performed on cryosections and paraffin sections using a
Bench Mark XT automatic staining platform (Ventana,
Heidelberg, Germany), using the primary antibodies listed in
the supplementary table S2. The sections were examined
using a Nikon Eclipse 80i equipped with a DS-Fil camera.

Immunohistochemistry of BCT samples was carried out
using BCTs embedded and snap-frozen in Tissue-Tek® OCT
resin (Sakura Finetek, #4583). The cryo-blocks were sliced
into 8uM thick sections. Sections were fixed in 4%
paraformaldehyde (Carl Roth, #P087.1) in 0.1 mol/L sodium
phosphate buffer pH 7.4 for 10 min. Washing was performed
in PBS and 0.2% saponin/PBS. After blocking with 10%
normal goat serum (NGS) in 0.2% saponin/PBS for 1 h,
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primary antibodies were incubated over night at 4°C.
Secondary antibodies were incubated for 3 h at room
temperature in the dark. The sections were mounted with
ProLong® Gold Antifade Mountant, containing ProLDAPI
(#P-36935, Invitrogen). Slides were analyzed with a ZEISS
Airyscan LSM 880 confocal microscope (Center for
Advanced Imaging, Heinrich Heine University, Diisseldorf,
Germany). Pictures were taken with 63x objective and
analyzed using ZEN 3.2 (blue edition) by Carl Zeiss AG.

Immunoprecipitation

For immunoprecipitation of RAFI, beads were initially
incubated with an anti-RAF1 antibody and a non-specific
anti-IgG for the negative control, respectively, and washed
afterwards five times with immunoprecipitation buffer (20
mM Tris/HCI pH 7.4, 150 mM NaCl, 5 mM MgCl,, 10 mM
B-glycerophosphate, 0.5 mM Na3VO4, 10% glycerol, and
EDTA-free protease inhibitor). Afterwards, iPSCs cells were
lysed in lysis buffer (immunoprecipitation buffer with 0.5%
NP-40) by 30 min rotation in a reaction tube at 4°C.
Immunoprecipitation from total cell lysates was carried out
for 1 h, at 4°C. Beads were washed five times with
immunoprecipitation buffer, and eluted proteins were heated
in SDS/Laemmli sample buffer at 95°C for 10 min before
subjected to immunoblotting.

Analysis of cardiomyocyte cell surface

Analysis of CM cell surface was conducted using a Java-
based open-source image processing software Imagel.
Software pixel length was calibrated to the pm scale bar on
the used confocal images. After background elimination, the
Region of Interest-tool (ROI) was used to mark the borders
of single cells. For each condition, multiple confocal images
were evaluated in order to evaluate a sufficient number of
images. Finally, the cell area was extracted and compared
between the conditions.

Transmission electron microscopy (TEM)

Small cardiac tissue samples were fixed with 6%
glutaraldehyde/0.4 M phosphate buffered saline (PBS) and
processed with a Leica EM TP tissue processor. Cardiac
bodies were fixed with 3% glutaraldehyde/0.1 M Cacodylate
buffer. The cell pellets were processed by hand according to
the automated tissue processor. For electron microscopy of
the small cardiac tissue samples, ultrathin sections were
contrasted with 3% lead citrate trihydrate with a Leica EM
AC20 (Ultrastain kit II) and were examined using a ZEISS
EM 109 transmission electron microscope equipped with a

Slowscan-2K-CCD-digital camera (2K-wide-angle Sharp:
eye), while CBs were imaged using a Hitachi H-7100.

Measurement of Ca®* cycling in cardiac bodies

iPSC-derived CBs were dissociated and grown on gelatin
coated cover slips for up to 7 d before loading with the
fluorescent Ca* indicator Fura-2 by adding 1 pg Fura-2-
AM/mL cell medium. After a 15 min incubation at 37°C,
cells were washed in pre-warmed 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, IonOptix Corp., Milton,
MA, USA). Data were acquired as the ratio of measurements
at 340 and 380 nm and analyzed using IonWizard software
(Version 6.4, Ion Optix Corp).
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Figure 1. Study overview and details of 3D cardiac differentiation of iPSCs with WNT signaling modulation.

A) Summary of the donor cells and the iPSC lines together with an overview of different analysis approaches used in this
study.

B) Schematic overview of embryoid body (EB) formation using agarose microwells combined with the stages and time lines
of EBs differentiation to cardiac bodies (CBs).

C) Light microscopic pictures of EBs/CBs during the course of cardiac differentiation and metabolic selection. Scale bar, 200
pm.

D) Exemplary histograms of flow cytometric analysis of dissociated CBs displayed efficient cardiac differentiation towards
ventricular cardiomyocytes by analysis of MLCV2 and ¢TNT positive cells (RAF15%7--1). Tsotype controls depicted in light
gray.

E) Immunofluorescence staining of a representative CB for ¢cTNT and a-actinin expression (RAF15%71-1). Scale bar, 20 pm.
F) Ilustration of mitotic cells stained with the mitotic marker p-H3 in iPSC cells and CMs. CMs showed no proliferative
behavior as compared to iPSCs, which were arrested in mitosis by 100 nM nocodazole (NC) treatment. Scale bar, 200 pm.
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Figure 2. The effect of the RAF15%"" variant on the activity of selected effector kinases downstream of RAF1.

A) Domain organization of RAF1 kinase with the typical functional domains, including the RAS-binding domain (RBD), the
cysteine-rich domain (CRD), and the kinase domain. The adjacent sites of S257L variant and the inhibitory S259
phosphorylation (p-S259) are highlighted.

B) Immunoprecipitation and quantification of total and p-RAF15>° in WT and RAF15%"" iPSCs. Total RAF1 was pulled
down from lysates of WT and RAF15%7% iPSCs using an anti-RAF1 specific antibody. IgG was applied as an isotype control.
Immunoblotting was carried out using anti-RAF1 and anti-p-RAF15% antibodies. For quantification, signal intensities of p-
RAF15% were divided by those for total RAF1. GAPDH was used as a loading control. TCL, total cell lysate; IP,
immunoprecipitation; IgG, Immunoglobulin G.

C) Schematic diagram summarizing the signaling molecules investigated downstream of hypertrophic stimuli and RAF1.
Proteins marked in blue letters were investigated at the protein level by immunoblotting.

D) Representative immunoblots of p-AKT vs. AKT, p-S6K vs. S6K, p-RAF1%*? vs. RAF1, p-ERK1/2 vs. ERK1/2, p-YAP vs.
YAP, p-p38 vs. p38, and p-JNK vs. INK using cell lysates from WT and RAF13%7 CBs (d24).

E) Phospho-protein vs. total protein ratio quantification as shown in D. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
unpaired 2-tail t-test. * P < 0.05, * P < 0.01, unpaired 1-tail t-test. n<2.
F) Phospho-protein vs. total protein ratio quantification of western blot results for selected pathways in RAF15%"" CBs vs.
gene corrected line, RAF1%° CBs (d24). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired 2-tail t-test. n<2.
G) qPCR analysis of NPPB transcription levels. **P < 0.01, ****P < 0.0001, unpaired 2-tail t-test, n=3.

H) ELISA analysis of pro-BNP levels released in the cell culture supernatant of CB’s (pg/ml). ***P < 0.001, ****P < 0.0001,
unpaired 2-tail t-test. n=8.
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Figure 3. Aberrant RAF15%" activity impairs the cytoarchitecture of human iPSC-derived cardiomyocytes.

A) Dissociated cardiac bodies were seeded on Geltrex-coated coverslips for 7 d and stained for cTNT and F-actin (Scale bar,
10 pm).

B) Representative EM images from RAF15%7- CBs revealed a stronger myofibrillar disarray accompanied by shortened 1-
bands and a thickened Z-line pattern as compared to WT CBs.

C) IHC analysis of RAF13*"™ CTs from one of the NS individuals with RAFI ¢.770C>T variant for desmin and troponin
showed myofilament disarray.

D) Representative EM images of the same RAF152" CTs as in C exhibited shortened I-bands and a thickened Z-line pattern
consistent with RAF15%7" CBs in B.

E) Representative ICC images of RAF15%7L and WT CM:s at d90 post-differentiation showed RAF1 co-localization with
¢TNT and F-actin at the sarcomere (Scale bar, 10 um).

F) EM images of RAF1 mutated RAF152%7- CBs (d40) treated with 0.2 uM MEK:i from d12 of differentiation.
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Figure 4. Hyperactive RAF15%7 triggers a shorter I-band phenotype

A) Schematic view of the sarcomeric organization.

B) IHC analysis of 8-pum cryosections of WT and RAF15%7- BCTs with PEVK segment of titin’s [-band, a-actinin 2 as the Z-
line marker, and DAPI for DNA staining.

C) Histogram of selected boxes on G were imported base on the intensity and overlaps of emitted fluorescent lights using the
Zeiss LSM 880 Airyscan confocal microscope software.

D) Averaged distance (nM) between two adjacent PEVK segments was measured for more than 50 different sarcomeric units
for each condition and statistically evaluated. ****P < 0.0001, unpaired 2-tailed t-test.

E) Averaged sarcomere length (nM) was measured for more than 50 different sarcomere units for each condition by
measuring the distance between two parallel Z-lines (¢-actinin) and statistically evaluated. ****P < 0.0001, unpaired 2-tailed
t-test.

F) gqPCR analysis of ratio of the N2B-to-N2BA titin isoforms expression levels in CBs. *P < 0.05, ¥*P < 0.01, unpaired 2-
tailed t-test.
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Figure 5. Abnormal expression of proteins involved in sarcomere function and calcium handling.

The experiments in A-F were conducted with WT CBs, RAF157" CBs, and RAF15%"" CBs treated with 0.2 pM MEKi from
d12 of differentiation. The data are averaged from three independent experiments in biological triplicates, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001, unpaired 2-tail t-test.

A) qPCR analysis of mRNAs related to sarcomere proteins.

B) MYH7-to-MYHG ratio.

C) qPCR analysis of mRNAs related to regulation of calcium transients.

D) SERCA2a-to-PLN ratio.

E) Immunoblot analysis of SERCA2, PLN, and p-PLN%'¢ in CBs at d24.

F) The ratio of SERCA?2 to PLN was calculated by measuring the ration of SERCA?2 to PLN/p-PLN5%!¢

G-I) Ca* transients were measured in Fura2-loaded CMs and expressed as the ratio of fluorescence emission at 340 nm and
380 nm. Bar graphs display the peak height of Ca* transients (G) and the velocities of cytosolic Ca>* increase (H) and
decrease (I). Each data point represents the average of 10 transients obtained from a single CM. Nine wild-type and twelve
RAF15%7- CMs were analyzed in total.
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Figure 6. Aberrant contractility of RAF15%7L BCTs and partial rescue by MEKi.

Physiological measurements were conducted on day 24-28 of culture using WT, RAF15%7% and RAF15%71 +MEKi BCTs. N
=9-26 individual tissue samples per group. Depending on the presence of normally distributed values, one-way ANOVA or
Kruskal-Wallis test was applied. *P<0.05, #*P<0.01, ***P<0.001, ****P<0.0001.

A) Spontaneous beating frequencies.

B) Quantification of cross-sectional areas.

C) Maximum contraction forces.

D) Maximum contractile tensions based on the cross-sectional areas.

E) Time to peak.

F) Time to 80% relaxation.
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Figure 7. A proposed model of both RAFI-dependent cardiac signaling pathways, coupling calcium transients and
contraction, and RAF152"L_enhanced impairment of cardiac contraction, force generation, and calcium transients (for details,
see “Discussion”).
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Abstract

Heterozygous germline missense variants in the HRAS gene underlie Costello syndrome (CS). The molecular basis for cutaneous
manifestations in CS is largely unknown. We used an immortalized human cell line, HaCaT keratinocytes, stably expressing wild-
type or CS-associated (p.Gly12Ser) HRAS and defined RIN1 as quantitatively most prominent, high-affinity effector of active HRAS in
these cells. As an exchange factor for RABS GTPases, RIN1 is involved in endosomal sorting of cell-adhesion integrins. RIN1-dependent
RABSA activation was strongly increased by HRASSIY125¢T and HRAS-RIN1-ABL1/2 signaling was induced in HRASWT- and HRASGIY125er-
expressing cells. Along with that, HRASSW12Ser expression decreased total integrin levels and enriched $1 integrin in RABS- and EEA1-
positive early endosomes. The intracellular level of active 1 integrin was increased in HRASSY125¢f HaCaT keratinocytes due to impaired
recycling, whereas RIN1 disruption raised 1 integrin cell surface distribution. HRASSY125¢r induced co-localization of #1 integrin
with SNX17 and RAB7 in early/sorting and late endosomes, respectively. Thus, by retaining g1 integrin in intracellular endosomal

compartments, HRAS-RIN1 signalin$ affects the subcellular availability of g1 integrin. This may interfere with integrin-dependent

processes as we detected for HRASC!

y125er cells spreading on fibronectin. We conclude that dysregulation of receptor trafficking and

integrin-dependent processes such as cell adhesion are relevant in the pathobiology of CS.

Introduction

Costello syndrome (CS) (OMIM #218040), a rare developmental
disorder, is characterized by a multiorgan presentation with dis-
tinctive facial features, failure-to-thrive, developmental delay, car-
diac manifestations and a history of polyhydramnios (1). More-
over, patients show distinct dermatologic features including loose,
redundant and soft skin on the neck, hands and feet, deep pal-
mar and plantar creases, hyperpigmentation and prematurely
aged skin. With increasing age, patients develop palmoplantar
keratoderma and facial papillomata, preferentially in the face
and perianal region. Individuals with CS have sparse and curly
hair, frontotemporal alopecia, brittle and thin fingernails and
toenails as well as spatulate finger pads (1,2). CS is caused by
pathogenic heterozygous germline variants in the proto-oncogene
HRAS, which cause constitutive HRAS activation (3). Approxi-
mately, 80% of CS-associated HRAS variants result in the missense
change p.Gly12Ser (1).

HRAS acts as molecular switch by alternating between an
active guanosine triphosphate (GTP)-bound and inactive guano-
sine diphosphate (GDP)-bound state. Active HRAS binds to diverse
effectors and, thereby, controls a variety of cellular signaling

pathways. Amongst HRAS effectors the serine/threonine RAF
kinases, the catalytic subunits of phosphoinositide 3-kinases
(PIK3CA), phospholipase C1 (PLCE1) and RAL guanine nucleotide
dissociation stimulator (RALGDS) are best characterized (4). Less
is known about the HRAS effector RAS and RAB interactor 1 (RIN1)
and its associated signaling pathways (5,6): binding of active HRAS
to RIN1 promotes the activation of RAB5 GTPases (7) and ABL1/2
tyrosine kinases (8). Through these two signaling branches, endo-
somal sorting events and cytoskeletal dynamics are cocrdinated
(7-12). Translocation of RIN1 between cytoplasmic and membrane
compartments is controlled in part by Ser®*! phosphorylation-
dependent binding to 14-3-3 proteins (10,13).

The molecular pathophysiology caused by disease-associated
HRAS variants has been investigated in various cell types includ-
ing neuronal cells, heart muscle cells, fibroblasts and others (14—
19). However, up to date the molecular basis for dermatologic/epi-
dermal findings in CS and other RASopathies is largely unknown.

The epithelium of the skin, the epidermis, is composed of
four layers of keratinocytes that undergo proliferation and pro-
grammed differentiation (20). This process—also known as epi-
dermal stratification—is the prerequisite for a functional and
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healthy skin, and HRAS has been shown to be an important
modulator in keratinocyte stratification (21,22). The basal ker-
atinocytes are highly proliferative and connect the epidermis with
the extracellular matrix (ECM) and the dermis via focal adhe-
sions and hemidesmosomes (20,23). Moreover, keratinocytes are
in close contact with neighboring keratinocytes through cell-cell-
contacts, including adherens junctions, tight junctions, desmo-
somes and gap junction (20,23). All of these cell-cell and cell-ECM
contacts are facilitated by diverse transmembrane and cell adhe-
sion proteins such as cadherins, claudins and integrins (20,23).
Transmembrane integrins connect the actin cytoskeleton of the
cell with the ECM and transduce signals in both directions. Inte-
grin receptors consist of alpha and beta subunits, and the majority
of these heterodimers contain the g1 subunit that plays a central
role in the maintenance of epidermal stratification and adhesion
to the basement membrane (23-25).

In line with the dynamic nature of the epidermis and to main-
tain epidermal homeostasis, keratinocytes continuously reorga-
nize their cell-cell contacts and adhesion sites with neighboring
cells and to the ECM, respectively (20). For this, a tightly regu-
lated vesicle-based endosomal sorting (trafficking) machinery is
essential to internalize, recycle back to the plasma membrane
and/or degrade contact and adhesion proteins. Accordingly, the
surface availability and activity of integrins in keratinocytes and,
consequently, the efficiency to get in contact with the ECM and
to appropriately respond to environmental cues is controlled by
marked trafficking of these receptors within a cycle of endocyto-
sis, recycling and lysosomal degradation (24,26). Notably, a large
proportion of integrins is recycled back to the plasma membrane
resulting in a remarkably protein half-life (12-24 hours) (24).

The RAB family of GTPases, in particular the RIN1 effector
RABS, regulates vesicle-dependent cellular distribution of
integrins and, thereby, controls cell adhesion and adhesion-
dependent processes such as cell spreading and migration (24,27).
Spatiotemporal reorganization of the actin cytoskeleton is central
for both integrin-dependent cell adhesion and motility (28), and
the tyrosine kinases ABL1/2 downstream of RIN1 can promote
actin polymerization during these processes (29,30).

Here we provide evidence for a critical function of the HRAS-
RIN1 signaling node for adhesion-associated integrin trafficking
in immortalized HaCaT keratinocytes, and we add a novel aspect
in the molecular pathogenesis of CS.

Results

RIN1 is the quantitatively most prominent and
high-affinity effector of HRAS in immortalized
HaCaT keratinocytes

As an epidermal cellular model system, we used immortalized
human keratinocyte cells (HaCaT) stably expressing HA-tagged
HRASYT (HA-HRASWT) and HRASGY!2%er (HA-HRASCY!2er) two
clones each (indicated as 1 and 2). To identify keratinocyte-
specific binding partners of HRAS, we affinity purified HA-
HRASWT and HA-HRASSY!25¢ from HaCaT lysates and analyzed
precipitates by differential quantitative proteomics. In total, 885
proteins were quantified (Supplementary Material, Table S1). A
missing value tolerant nonlinear iterative partial least squares
(NIPALS) principal component analysis (PCA) demonstrated
the clear distinguishability of HA-HRASYT and HA-HRASCW!2ser
clones, based on the relative abundance of the proteins in the
precipitates, according to principal component 1 (PC1, 78% of the
explained variation) and PC2 (27%). Native and empty vector (EV)

transfected HaCaT cells formed a separate cluster (Fig. 1A). Quan-
titative comparison of HA-HRASWT and HA-HRASSY125¢T samples
identified 82 significantly differential abundant proteins (P < 0.05
or=1 and FoldChange difference > 1.5, Supplementary Results
and Discussion, Supplementary Material, Table S1). Pearson’s
correlation-based hierarchical clustering was performed for all
genes/proteins listed in the WP_RAS_SIGNALING gene-set (Www.
gsea-msigdb.org). Nineteen known HRAS-associated proteins
where found (Fig. 1B). We identified the RAS and RAB interactor 1
(RIN1) (FC difference: 78) and Ras-related proteins Rapla (RAP1A)
and Raplb (RAP1B) as highly abundant in HA-HRASGY!2Ser yg
HA-HRASWT precipitates (Fig. 1B; Supplementary Material, Table
S1). Notably, proteomic analyses of HaCaT cells expressing the
oncogenic variant HA-HRAS1?Y2! resulted in a similar but not
identical pattern compared with CS-associated HA-HRASG125er
expressing HaCaT keratinocytes (Supplernentary Material, Fig.
51); this suggests mutation-specific consequences in addition
to mutation effect overlaps. In this study, we focused on RIN1
(for details see Supplementary Material, Results and Discussion)
Co-immunoprecipitation of endogenous RIN1 was increased by
approximately 7-fold in HA-HRASCY1?5¢" compared to HA-HRASWT
expressing HaCaT keratinocytes cultured in 10% serum (Fig. 1C).
Moreover, we used the GST-tagged RAS association domain of
RIN1 (RIN1[RA]) and precipitated HA-tagged HRAS from HaCaT
extracts. Whereas HA-HRASYT was pulled down (PD) weakly,
HA-HRASCY125er strongly co-precipitated with GST-RIN1[RA]
demonstrating RIN1 binding with activated HRAS (Fig. 1D). By
fluorescence polarization, we detected an approximately 2-
fold increased binding affinity of RIN1[RA] with HRASGW12Ser
vs HRASWT (Fig. 1E and Supplementary Material, Fig. dS2). The
mildly hyperactive HRASSW136U showed an affinity to RIN1[RA]
comparable with HRAS"T, while no binding was detected for
dominant negative HRASS®"7As" Finally, we compared expression
of HRAS pathway proteins in HaCaT, HEK-293, Hela cells as
well as primary keratinocytes and primary fibroblasts. RIN1 is
strongly expressed in HaCaT cells and primary keratinocytes,
however, (very) weakly in primary fibroblasts and in Hela cells
(Fig. 1F). We did not detect RIN1 in HEK-293 cells. Similar to RIN1,
strongest expression of HRAS was detected in HaCaT and primary
keratinocytes (Fig. 1F). Whereas expression of PI3K and PLCe was
robust in (HaCaT and primary) keratinocytes, RALGDS protein
levels were moderate, each compared to the remaining cell types
(Fig. 1F). RAF1 was well expressed in HEK-293 and HelLa cells
but weakly in HaCaT keratinocytes (Supplementary Material, Fig
S3A). Accordingly, expression of HA-HRASOY12%T oy HA-HRASWT
did not significantly affect RAF-mediated phosphorylation of
MEK1/2 and ERK1/2 (Supplementary Material, Fig. S3B). These
data indicate that HRAS-RIN1 signaling is relevant in keratinocyte
biology.

HRAS controls RIN1 effector pathways

RIN1 is a guanine nucleotide exchange factor for the RAS-
related protein RABSA and an activator of non-receptor tyrosine-
protein kinases ABL1/2 (7,8). To determine HRAS-RIN1 stimulated
RABSA activation, we measured the release of fluorescently
labeled GDP (mant-deoxy-GDP) from recombinant RABSA. In
the absence of active HRAS protein, recombinant RIN1[GEF-
RAJWT (comprising the guanine exchange factor and RAS
association domains) did not affect nucleotide exchange on
RABSA. Upon addition of GppNHp-loaded HRASWT, HRASGY125er
or HRASCY*G the nucleotide exchange rate of RABSA was
significantly increased by 34-, 52- and 68-fold, respectively
(Fig. 2A and Supplementary Material, Fig. S4). As a negative
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Figure 1. RIN1 is a highly abundant and high-affinity effector of HRAS in HaCaT keratinocytes. (A) Distinct proteomic relative quantitative differences
between HaCaT keratinocytes expressing HRAS™WT and HRASGYY125¢r. HRAS was precipitated with anti-HA magnetic beads and subjected to LC-MS/MS
analysis. Scatter plot distribution of HRAS™T (blue) HRASCW175¢T (green) native (HaCaT, orange) and EV (pink) transfected (HA-EV) samples for the top
two principal components in NIPALS PCA, based on 885 proteins quantified. PC, principle component. (B) RIN1 is highly abundant in HA-HRASGIy12Ser
precipitates. Pearson's correlation-based hierarchical clustering of HRASWT HRASCY!25er native (HaCaT) and EV transfected (HA-EV) samples, based
on all quantified proteins implemented in the WP_RAS_SIGNALING (www.gsea-msigdb.org) gene-set. The relative protein abundance is coded by
colors from red (high abundant) to blue (low abundant). (C) RIN1 strongly co-precipitates with HRASCY!25er TCL of HaCaT cells stably expressing
HA-tagged HRAS variants and controls were subjected to IP with anti-HA magnetic beads. Co-precipitation and input levels of endogenous RIN1
were assessed by anti-RIN1 immunoblotting. Actin was used as loading control. The graph shows relative amounts of co-immunoprecipitated RIN1
normalized to immunoprecipitated HA-HRAS and to total amounts of RIN1 and HA-HRAS in cell lysates (n=3). One-way ANOVA, Tukey's multiple
comparison test, P <0.05, n=3. (D) HRASS125¢" efficiently co-precipitates with RIN1 in GTPase pulldown assays. HA-HRAS was PD from cell extracts
of HaCaT keratinocytes stably expressing HA-HRAS™WT or HA-HRASSI125¢T by using GST-fused RIN1[RA]. Precipitates (PCPT) and TCL were subjected to
immunoblotting as indicated. The graph shows mean relative protein amounts of precipitated HA-HRAS normalized to total HA-HRAS (n=3). One-way
ANOVA, Tukey's multiple comparison test, P <0.05. RIN1[RA], Ras and Rab interactor 1 [RAS association domain]. (E) RIN1 is a high-affinity effector
of HRAS. Fluorescence polarization experiments were performed to determine the dissociation constants (Kd) by titrating mantGppNHp-bound HRAS
variants with increasing concentrations of RIN1[RA]. mantGppNHp is a fluorescent, non-hydrolyzable GTP analog under the experimental conditions.
(F) HaCaT and primary keratinocytes (strongly) express RIN1 and HRAS. TCLs of primary fibroblasts and primary keratinocytes, (derived from three
juvenile individuals each), as well as HaCaT keratinocytes, HEK-293 cells and HeLa cells were subjected to immunoblotting as indicated. o-tubulin and
GAPDH were used as loading controls. RIN1, RAS and RAB interactor 1; PI3K, phosphoinositide 3-kinase; RALGDS, RAL guanine nucleotide dissociation

stimulator; PLCe, phospholipase C1.

control, we used inactive HRASSe™74sh The RIN1[GEF-RA]GHus74Ala
variant with reduced RABSA GEF activity (31) resulted in lower
increase of RABSA nucleotide exchange rates (by 16-, 20- and
38-fold for HRASWT, HRASOW12%" and HRASCY13C respectively)
(Fig. 2A and Supplementary Material, Fig. S4). These findings
suggest that the HRAS-RIN1-RABS signaling pathway is functional
and depends on HRAS activity. As the cellular level of GTP is
much higher than GDP, we conclude that increased RABSA GDP
release rates in the presence of HRASCW!ZSer (or HRASGW13GIM)
compared to HRASWT likely render RABSA in an active GTP-
bound state. To prove HRAS-RIN1-ABL signaling in immortalized
keratinocytes, we generated RIN1-deficient HaCaT cells by
using the Type II CRISPR-Cas systemn with tracrRNAs (32). As
read-out, we determined Tyr*?! phosphorylation of the adaptor
protein CRKII, a well-established ABL substrate (33). CRKII
phosphorylation was significantly reduced in RIN1-deficient
HaCaT cells us native HaCaT cells (Fig. 2B). Conversely, cells stably
overexpressing HRASW" or HRAS®Y1?5¢" strongly increased CRKII
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phosphorylation (by 4- to 5-fold) compared with control (EV) cells
(Fig. 2B). HRAS-promoted CRKII phosphorylation does require
RIN1, because transient overexpression of HA-HRASYT or HA-
HRASCY12%¢r enhanced CRKII phosphorylation in native HaCaT
cells but not in RIN1-deficient HaCaT cells (Fig. 2C). Finally, we
detected strong and medium expression of p-CRKII in HaCaT
and primary keratinocytes, respectively (Fig.2D). Thus, HRAS
and RIN1 control ABL kinase-mediated downstream signaling
in keratinocytes. RIN1 is regulated by the phosphorylation of
serine 351 (Ser®™!), which enhances interaction with 14-3-3
adaptor proteins and reduces RIN1 membrane residence and RAS
accessibility (13). Phospho-Ser®! levels were only tendentially but
not significantly reduced in HaCaT cells expressing HRASEY!25er
vs. HRASWT (Fig. 2E). However, transiently expressed EGFP-RIN1WT
was clearly enriched at the membrane of HRASSW125¢ cells (Fig. 2F
and Supplementary Material, Fig. S5). Taken together, these
data suggest that HRASSW!ST affects RIN1-mediated signaling
pathways.
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Figure 2. HRAS controls RIN1 effector pathways. (A) The HRAS-RIN1-RABS signaling axis is functional. The release of mant-deoxy-GDP from RABSA was
measured intrinsically (NE, nucleotide exchange) and in the presence of RIN1[GEF-RA] and HRAS variants as indicated in a fluorimeter instrument. Kypg
(5'1), observed fluorescent rates per second; *, P < 0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001; unpaired 2-tailed T-test. (B) HRAS stimulates activity of
ABL. TCLs of native and RIN1-deficient HaCaT cells as well as HaCaT keratinocytes stably expressing HA-HRAS variants and EV-contrels were subjected
to immunoblotting as indicated. Phosphorylation levels of the c-ABL substrate CRKII (p-CRKIIY?21) were normalized to actin. The mean + SD of four
independent experiments (n=4) each is shown relative to native HaCaT controls or EV-controls. One-way ANOVA; Sidak’s multiple comparisen test;
*, P <0.05; c-ABL, tyrosine kinase ABL1. (G) HRAS-promoted CRKII phosphorylation does require RIN1. Native and RIN1-deficient HaCaT cells were
transiently transfected with EV (HA-EV), HA-HRASWT or HA-HRASCW1?%" and TCLs were subjected to immunoblotting as indicated. Actin was used
as loading control. (D) Phospho-CRKII is expressed in HaCaT and primary keratinocytes. TCLs of primary fibroblasts, primary keratinocytes, HaCaT
keratinocytes, HEK-293 cells, and HeLa cells were subjected to immuncblotting using anti phospho-CRKII antibody (p-CRKII™™21). GAPDH was used
as loading control. (E) HRASEY125er reduces RIN15¢73° phosphorylation. Radioimmunoprecipitation assay buffer (RIPA) cell extracts were subjected to
immunoblotting with antibodies against phosphorylated and total RIN1. Levels of phosphorylated RIN15¢™5! were double normalized to total RIN1 and
actin. The graph shows relative phosphorylation of RIN1 (+ SD) in four independent experiments (n=4); EV was considered as 100%. One-way ANOVA
with Tukey's multiple comparison test (P < 0.05) showed no significant difference. (F) Expression of HA-HRASGY125T promotes membrane localization
of RIN1. HaCaT cells expressing HRASWT or HRASSY125¢r and control cells (EV) were transiently transfected with EGFP-RIN1WT, fixed and stained with
DAPI to visualize nuclei. Cells were imaged by confocal microscopy, scale bar 25 um

47

220z 1equialdag Q} UO JBsN YauloNqigsapueT “N-sjeysionlun Aq 9061 299/88L9EPP/BWU/EE0L 0 L/10p/BloIE-80UBAPE/BUL LGS dNO-0WBPEOE// SANY WO} PEPEO|UMOQ



HRAS affects concentration and/or localization of
integrins

Due to strong involvement of RAB5 GTPases and ABL kinases in
integrin regulation (24,27-30), we compared levels of g1 and g4
integrin in various cell types. 1 integrin was robustly expressed
in primary fibroblasts and keratinocytes, in HaCaT and Hela
cells, but not in HEK-293 cells (Fig. 3A). g4 integrin was detected
only in HaCaT and primary keratinocytes but not in primary
fibroblasts, HEK-293 and HeLa cells (Fig. 3A). Next, we examined
the impact of HRAS and RIN1 on integrin expression in HaCaT
cells. Immunoblotting analysis revealed a significant decrease
of g4 integrin level in cells expressing HRAS™T or HRASCY!12%er
compared to control (EV) cells (Fig. 3B). The level of g1 integrin
was not significantly affected by the presence of HRAS™T or
HRASCY1ZSer (Fig 3B). g1 and B4 integrin levels in RIN1-deficient
HaCaT keratinocytes were similar to those in HaCaT control cells
(Fig. 3B). Integrins are embedded in a dynamic cycle of endocy-
tosis, recycling and degradation; depending on their activation
state, they localize in endosomal structures or at the plasma
membrane (34). We analyzed the distribution of g1 integrin by
immunocytochemistry. Both active and total 1 integrin predom-
inantly localize at the cell membrane in control (EV) and HRASWT
expressing cells (Fig. 3C; Supplementary Material, Fig. S6). HaCaT
cells expressing HRASSY!2%¢ showed a strong enrichment of 1
integrin positive vesicles inside the cell body (Fig. 3C and D; Sup-
plementary Material, Fig. S6). Co-staining with RABS, a marker
protein for early endosomes (24,35), revealed co-localization of
B1 integrin with RABS at these intracellular vesicles (Fig. 3C;
Supplementary Material, Fig. S6). We determined moderate occur-
rence of A1 integrin-positive vesicles in RIN1-deficient cells, how-
ever these only marginally colocalized with RABS (Fig. 3C and D;
Supplementary Material, Fig. S6). Next, we visualized the early
endosomal marker protein EEA1 (35). We detected a rather weak
co-localization of EEA1 with B1 integrin both, in control (EV)
and HRASWT expressing cells; the size of EEA1 positive vesicles
was slightly increased in HRASWT cells compared to control cells
(Supplementary Material, Fig. S7). HRASSH125¢! expression was
associated with clearly enlarged or clustered EEA1-positive vesi-
cles and partial co-localization with 81 integrin (Supplementary
Material, Fig. §7). RIN1~~ HaCaT keratinocytes showed very small
EEA1-positive vesicles with very weak or without g1 integrin co-
localization, which was similar to native HaCaT cells (Supple-
mentary Material, Fig. S7). Our data suggest that HRASGY12%er
promotes enrichment of g1 integrin in the early endosomal com-
partment. In addition to HRAS-induced deregulation of g1 and
B4 integrin, we detected decreased abundance of o6 and a2 inte-
grins in HaCaT cells expressing HRASWT (Supplementary Mate-
rial, Fig. S8A). Finally, immunofluorescence analysis revealed a
strong enrichment of E-cadherin positive intracellular vesicles
in HRASEY!?%er HaCaT cells (Supplementary Material, Fig. S8B).
Taken together, altered HRAS signaling may interfere with a cen-
tral cellular mechanism that controls abundance and distribution
of diverse cell contact and adhesion molecules.

HRASS125er gffects integrin trafficking

Surface availability and activity of integrins is controlled by
trafficking within a cycle of endocytosis, recycling and lysosomal
degradation (24,26). We used antibody TS2/16 specific for
the active conformation, applied flow cytometry (34,36) and
determined the amount of active integrin both on the cell surface
before internalization and in intracellular compartments after
internalization, HaCaT cells stably expressing HRASYT showed
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a similar relative amount of active cell surface g1 integrin
as control cells (EV) (Fig. 4A). Stable over-expression of active
HRASO12%er glightly but not significantly reduced the relative
amount of A1 integrin at the cell surface in both HRASGY!25er
cell lines (1 and 2) (Fig. 4A). Quantification of intracellular g1
integrin over time revealed strongest differences between cell
clones after 15 min internalization (Supplementary Material,
Fig. S9). At this point, the fraction of internalized g1 integrin
was increased by approximately 1.5-fold in HaCaT keratinocytes
expressing HRASCY12%¢r vs HRASWT or control (EV) cells (Fig. 4B).
These results suggest that HRASCY125¢ affects integrin trafficking
by increasing the intracellular fraction of active A1 integrin. To
discriminate if HRASW125er gtimulates endocytosis or impairs
recycling of 1 integrin, we performed internalization assays in
the presence of the recycling inhibitor primaquine (37). Upon
15 min internalization, the amount of intracellular g1 integrin
was similar in HaCaT cells expressing HRASCW1Z%r HRASWT
or control cells (Fig. 4C). These data suggest that expression
of CS-associated HA-HRASY1% interferes with recycling of
active integrin. Knock out of RIN1 did not affect internalized
B1 integrin level, however, cell surface level was slightly—
but not significantly—increased (Supplementary Material, Fig.
S10). We could support these results by immunocytochemical
examination using the marker protein SNX17 (sorting nexin
17) that promotes recycling of the receptor over lysosomal
degradation at early and sorting endosomes (24,26,38). Stable
expression of HRASCGWIZSer regulted in increased localization
of active/total g1 integrin at SNX17-positive vesicles (Fig. 4D,
Supplementary Material, Fig. S11A). Knockout of RIN1 had no
effect on this localization (Supplementary Material, Fig. S11B).
Inactive p1 integrins are rapidly recycled in a RAB4-dependent
manner, whereas active receptors are trafficked through the
RAB11 long-loop pathway (26). Expression of HRASSWI?5er had
no significant effect on the distribution of active/total integrin at
RAB4-positive vesicles (Supplementary Material, Fig. 512A) and
slightly increased localization of active 81 integrin at RAB11-
positive vesicles (Supplementary Material, Fig. S12B). RIN1-
deficient cells showed an increased number of RAB4-positive
vesicles without g1 integrin co-localization (Supplementary
Material, Fig. S12C). Taken together, our data suggest that CS-
associated HRASSY1?5* enriches g1 integrin in the endosomal
compartment on the cost of surface integrin. In line with this,
visualization of RAB7, a marker for late endosomes, showed
enhanced co-localization with total g1 integrin in HRASGW!2Ser
cells (Supplementary Material, Fig. S13). In contrast, by using
lysosomal marker LAMP1 we detected no co-localization with
B1 integrin in these cells (Supplementary Material, Fig. S14).
We conclude that over-expression of HRASCY!?*" disturbs the
balance between cell surface and intracellular g1 integrin pools
in HaCaT keratinocytes and HRAS-RIN1 signaling regulates g1
integrin availability at the cell surface.

HRAS-RIN1 signaling controls HaCaT

keratinocyte spreading on fibronectin

Integrin trafficking is directly implicated in the regulation
of cell spreading and cell migration (24,39). We studied the
consequences of HRAS-RIN1 signaling on spreading of HaCaT
cells on fibronectin-coated coverslips. Cells expressing HRASWT
or HRAS125¢" showed significantly fewer cell protrusions (i.e.
filopodia) and a general decreased spreading ability compared to
EV transfected cells (Fig. 5A). HaCaT cells deficient for RIN1 are
rich of actin bundles, spread very quickly, and were significantly
larger compared to native HaCaT cells (Fig 5B). These findings
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Figure 3. HRAS-RIN1 signaling controls expression and localization of integrins. (A) Primary and HaCaT keratinocytes express g1 and g4 integrin. TCLs
of primary fibroblasts, primary keratinocytes, HaCaT keratinocytes, HEK-293 cells and HeLa cells were subjected to immunoblotting as indicated. Both,
mature (upper band) and precursor (lower band) 81 integrin were detected. a-tubulin was used as loading control. (B) HRAS-RIN1 signaling modulates
expression of integrins. TCLs of HaCaT keratinocytes stably expressing HA-HRAS variants, EV-controls, native HaCaT cells and RIN1-deficient cells were
subjected to immunoblotting as indicated. Graphs show the mean (+ SD) of 1 (left) and B4 (right) integrin levels from three independent experiments
relative to EV and HaCaT cells. One-way ANOVA, Tukey's multiple comparison test, P < 0.05 was used. (C) A1 integrin is enriched in RABS-positive vesicles
in cells expressing HA-HRASCY1258r HaCaT cells were plated on coverslips, fixed and Rab5 was stained by mouse anti-Rab5 antibody followed by anti-
mouse Alexa Fluor 568-conjugated antibody. After blocking, cells were stained by directly conjugated mouse g1 integrin PSD2-Alexa 488. Nuclear DNA
was labeled by DAPL Scale 10 um. n=3. (D) g1 integrin positive vesicles are increased in HA-HRASSY125¢r HaCaT keratinocytes. HaCaT keratinocytes
stably expressing HRASWT, HRASSW125eT or EV-controls, as well as native HaCaT cells and RIN1-deficient cells were stained for A1 integrin. Microscopic
images were analyzed for g1 integrin positive intracellular vesicles with Imaris as described in the methods section. Graph shows mean numbers of g1
integrin positive vesicles per cell (+ SD) from 3-5 independent experiments. One-way ANOVA, Tukey’s multiple comparison test, P < 0.05 was used.

suggest that HRAS-RIN1 signaling is a key pathway to control cell integrin dysfunction has been associated with CS-typical epider-

spreading. mal manifestations including epidermal thickening, prematurely

aged skin, keratosis and papillomata as well hair abnormalities

. . (for details see Supplementary Material, Results and Discussion)
Discussion

(40-45).
The epidermal manifestation in patients with CS raises the ques-

tion on the functional impact of CS-associated HRAS variants in
keratinocytes, the major cell type in the human skin. We report
here for the first time on the crucial function of HRAS-RIN1
signaling in endocytic sorting of integrin receptors in immortal-
ized epidermal HaCaT keratinocytes. Expression of the CS-typical
HRAS variant p.Gly12Ser essentially affected integrin trafficking,
suggesting a role of altered integrin availability in the pathogen-
esis of the epidermal manifestation in CS. In line with this, g1

HRAS-RIN1 signaling in HaCaT keratinocytes

We showed that the previously less perceived HRAS effector
RIN1 is strongly expressed both in permanent and primary
keratinocytes and greatly enriched in HRASCY'2%*" precipitates.
RIN1 binds with high affinity and specificity to activated HRAS
(6,13,46). Similarly, we found a high binding affinity of RIN1
with HRASSW!25¢r [t has been demonstrated that RIN1 efficiently
competed with RAF1 for binding to activated RAS in vitro (13).
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Figure 4. (A-C) HRASCY!25¢T interferes with integrin trafficking. Cells were starved, incubated on ice, labeled with antibodies against active g1 integrin
(TS2/16-Alexa Fluor 488) and further processed as described in methods. Graphs show the mean (+ SD) amounts of 1 integrin on the cell surface before
internalization (A), intracellular g1 integrin after 15 min internalization (B) and intracellular 81 integrin after 15 min internalization in the presence
of primaquine (C) from three independent experiments each (n=3). After internalization, remaining fluorescence on the cell surface was quenched
by acidic wash treatment and fluorescence intensities of internalized g1 integrin (B and C) were normalized against total cell surface fluorescence
intensities from (A). Fluorescent intensities of EV-transfected control cells were considered as 100%. P values were calculated by one-way ANOVA with
Tukey’s multiple comparison test (P <0.05). (D) A1 integrin is enriched at SNX17-positive vesicles in HaCaT keratinocytes expressing HA-HRASGI125er,
HaCaT cells stably expressing HA-HRAS variants or transfected with EV were seeded on coverslips, fixed and stained with rabbit anti-SNX17 antibody
followed by anti-rabbit Alexa Fluor 568 (red) and Alexa Fluor 488-conjugated mouse anti A1 integrin TS2/16 (green) antibodies (upper part of the figure).
To visualize total 81 integrin, cells were stained with mouse anti-g1 integrin (clone P5D2) and rabbit anti-SNX17 antibody followed by anti-mouse Alexa
Fluor 568 (red) and anti-rabbit Alexa Fluor 488 (green) antibodies. Nuclear DNA was labeled by DAPI. Scale 25 pm. n=3
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Figure 5. HRAS-RIN1 signaling controls spreading of HaCaT keratinocytes on fibronectin (FN). HaCaT cells stably expressing HA-HRAS variants, EV-
controls, native HaCaT cells and RIN1-deficient cells were starved and plated on FN-coated coverslips. After 60 min, cells were fixed and F-actin was
stained by using Texas Red-phalloidin. Nuclear DNA was labeled by DAPL. Scale 50 um. (A) Expression of HRASWT or HRASCY1?5¢T inhibits protrusion
formation and spreading. The number of cell protrusions was counted by microscopic analysis of EV transfected and HRAS variant expressing cells
Representative pictures of cells during spreading are given. The left graph shows the mean number (+ SD) of actin protrusions per cell (left graph)
determined in three independent experiments. The right graph shows the mean number (+ SD) of spread cells from three independent experiments.
The exact numbers of analyzed cells are given. One-way ANOVA, Tukey's multiple comparison test, P < 0.05. (B) Knockout of RINT promotes cell spreading
Cells were visualized by microscopy and cell areas were measured by using Image J. Representative pictures of spreading cells are given. The graph shows
the mean areas (+ SD) of >200 spread cells determined in three independent experiments each. One-way ANOVA, Tukey's multiple comparison test,

P <0.05.

In HaCaT keratinocytes, however, RAF1 was expressed at low
levels suggesting that RAF1 is a rather minor competitor of
RINT in this cell type. Accordingly, RAF-MAPK signaling was only
marginally altered by expression of active HRASSW125¢" in HaCaT
cells. This is in contrast to data from neuronal cells or fibroblasts,
in which RAS-RAF kinase signaling was significantly altered by
CS-associated HRAS variants (15-17). A particular relevance of
the HRAS-RIN1 signaling axis has been demonstrated in neuronal
cells, mammary epithelial cells, mouse fibroblasts and in various
heterologous cell lines, such as HeLa, HEK293T, NIH3T3 and A549
cells (7,8,10,11,31,47-49). Briefly, binding of active HRAS to RIN1

promotes the activation of RABS GTPases (7) and ABL1/2 tyrosine
kinases (8). In line with these previous data, we found that HRAS
and RIN1 control RAB5- and ABL kinase-dependent signaling in
HaCaT cells. Taken together, our results suggest that RIN1 is a
major HRAS effector in epidermal keratinocytes.

HRAS-RIN1 signaling in integrin trafficking

A function of RIN1 in the regulation of endocytic trafficking is
well established: RIN1 stimulates ligand-induced receptor inter-
nalization in fibroblasts, epithelial cells and cancer cells (7,10-
12,31,50-52). Moreover, RIN1 has strong impact on endosome
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morphology and endosome fusion (7,12,53-55). On the other hand,
an involvement of RIN1 in endocytic sorting of integrin receptors
has not yet been described in any cell type. A role of HRAS as
a regulator of endocytic sorting has not gained much attention
to date.

Here, we show that HRAS-RIN1 signaling controls integrin
trafficking and, therefore, the availability of integrins on the
cell surface of epidermal HaCaT keratinocytes, a cell type that
upkeeps a potent and tightly controlled integrin trafficking
machinery (23,24). Based on our results we suggest that activation
of HRAS-RIN1 signaling enhances the intracellular g1 integrin
fraction at the expense of surface 1 integrin (for an overview
of relevant results, see Supplementary Material, Table S2). In
line with this, most of available data indicate that HRAS-RIN1
signaling increases the intracellular fraction of cell surface
receptors (10,31,50,51).

There are significant data on the HRAS homologues GTPase
RRAS and its involvement in integrin regulation (56). Previous
overexpression studies showed that RRAS promotes endocytosis,
spatio-temporal clustering and recycling of g1 integrin (57). More-
over, it was demonstrated that RRAS induces active A1 integrin
endocytosis depending on RIN2 and RABS (58). Our data suggest
a different function for HRAS-RIN1 signaling in integrin traf-
ficking; activation of this cascade promotes intracellular enrich-
ment of 1 integrin by acting on trafficking between different
endosomal compartments because: First, active/total g1 inte-
grin was enriched in SNX17-positive vesicles in cells expressing
HRASCW125¢r (Supplementary Material, Table $2); SNX17 promotes
receptor recycling over lysosomal degradation at early and sort-
ing endosomes (24,26,38). In this context, it has previously been
shown, that HRAS forms a complex with SNX17 (59), supporting
arole of HRAS-RINT1 at early and sorting endosomes. And second,
we detected increased levels of active/total g1 integrin in RAB7-
positive vesicles (late endosomes) but not in lysosomes of cells
overexpressing HRASSW!25¢r (Supplementary Material, Table S2).
Based on the postulated function of RRAS as a positive regulator of
B1 integrin endocytosis and recycling and, thereby enhancement
of integrin function in cell adhesion and spreading (57), we suggest
a complementary function for HRAS. The latter rather holds back
p1 integrin in the endosomal compartment and thus decreases
its surface availability. In line with this, HRAS and RRAS have
been reported to play opposite and counteracting roles in integrin-
mediated adhesion in some cell types (60).

The function of HRAS in the epidermis

The epidermal manifestation in patients with CS (1,2) proves a
critical function of HRAS signaling in epidermal development
and/or homeostasis. Mice expressing an activated HRASSY12Val
transgene showed aberrant g1 and g4 integrin expression
and developed massive hyperplastic skin papillomas at sites
of wounding (61-63). RAS function in epidermal homeostasis
has mainly been attributed to RAF-MAP kinase and PI3 kinase
signaling (21,22,63). Here, we put forward the HRAS-RIN1 signaling
axis that regulates the expression and/or distribution of integrin
receptors. Integrins underlie the ability of keratinocytes for
adhesion to the ECM (23-25,39) and an altered cellular distribution
of integrin is in well agreement with affected cell adhesion. In line
with this, we show that expression of HRASGY125¢ affects HaCaT
keratinocyte spreading on fibronectin. Notably, overexpression of
wild-type HRAS (HRASWT) is also sufficient to induce the observed
effects on HaCaT keratinocyte adhesion, suggesting a dose effect
in this specific cellular context. Finally, knockout of RIN1 resulted
in an overspread HaCaT cell phenotype. We conclude that
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HRAS-RIN signaling likely controls cell adhesion by acting on
integrin availability.

In addition to dysregulated 81 integrin that is core constituent
of focal adhesions (20,23,25), we detected reduced levels of
B4 integrin in HaCaT keratinocytes over-expressing HRASWT
or HRASCW1Zer Together with w6 integrin, g4 integrin forms
the central core of the hemidesmosome (23). Available data
suggest that dysregulation of g4 integrin results in defective
basement membrane adhesion and migration deficits (for details
see Supplementary Material, Results and Discussion) (20,25).
Since g4 integrin, similar to g1 integrin, is sorted via endosomal
compartments (64,65), it is plausible, that trafficking defects may
affect the cellular distribution and/or amount of g4 integrin.
Moreover, we detected altered expression or distribution of
other contact and adhesion molecules in cells overexpressing
HRASWT or HRASSW12%er (for details see Supplementary Material,
Discussion). Taken together we suggest that HRAS controls
subcellular distribution and availability of various contact and
adhesion proteins in keratinocytes.

Integrin-mediated adhesion and spreading results in intracel-
lular reactive oxygen species (ROS) production and modulation of
various signaling pathways (66-69). Vice versa, intracellular ROS
levels have an effect on integrin mediated signaling and thereby
influence cell adhesion and migration (70). Oncogenic RAS pro-
teins also promote the generation of ROS, which in turn mod-
ulate multiple signaling pathways (71,72). Accordingly, primary
fibroblasts from subjects with CS showed increased levels of ROS
resulting in enhanced AMP-activated protein kinase @ (AMPKa)
and p38 activation as well as dysregulated energetic metabolism
(73). In conclusion, HRASSW12S¢ ggsociated defects in integrin
trafficking, as we describe in our study for HaCaT keratinocytes,
as well as increased ROS levels, as shown in CS fibroblasts (73),
may conjointly contribute to specific cellular pathophysiologic
features, such as adhesion and migration deficits.

Dysregulated endosomal sorting is a novel
pathomechanism in RASopathies

CS belongs to the RASopathies, a group of disorders caused by
germline variants in genes encoding components or regulators
of RAS signaling pathways. Mostly gain-of function or hyperacti-
vation of the RAS-MAPK pathway is cited to explain the molec-
ular consequences of pathogenic variants. Our data point to a
novel aspect in the molecular pathogenesis of RASopathies as
we describe HRAS-RINT as regulatory signaling axis for (integrin)
trafficking in HaCaT keratinocytes. Defective endocytic sorting of
receptors, i.e. EGFR and glutamate receptors, has been already
proposed and demonstrated as a pathomechanistic basis for Noo-
nan syndrome related phenotypes (74-76). In analogy, bi-allelic
pathogenic variants in RIN2, an ubiquitously expressed protein
that interacts with RABS and is involved in the regulation of
endocytic trafficking, cause a syndromic disorder characterized
by a significant skin manifestation (77). In conclusion, altered
endosomal sorting of cell surface receptors may explain certain
epidermal manifestations in various RASopathies and related
disorders.

Limitations

This study also has limitations. As a cellular model, we used
HaCaT cells that is a spontaneously immortalized epithelial
cell line with loss-of-function variants in tumor protein p53
(TP53) (78,79). TP53 is involved in the regulation of keratinocyte
homeostasis (growth, differentiation and senescence) (80), thus, it
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cannot be excluded that the loss of TP53 influences experimental
results in HaCaT cells

Materials and Methods

Cell culture

The HaCaT keratinocyte cell line is a spontaneously immortalized
and non-tumorigenic cell line that maintains typical characteris-
tics of keratinocytes and is widely used for in vitro skin models (81).
HaCaT cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA)
containing 10% serum (Sigma-Aldrich, Merck, Darmstadt, Ger-
many) and penicillin-streptomycin (100 U/ml and 100 mg/ml,
respectively) (Sigma-Aldrich) at 37°C and 5% CO;. Human pri-
mary keratinocytes were freshly isolated from juvenile foreskin
as previously reported (82). Briefly, foreskin tissue was cut into
small pieces, which were incubated in trypsin solution (0.25% v/v
in phosphate buffered saline, Merck) to separate epidermis and
dermis. Mechanical dissociation of the epidermal layer produced
a suspension of keratinocytes that were cultivated for 5 days
at 37°C and 5% CO; in serum-free EpiLife medium (Life Tech-
nologies, Thermo Fisher Scientific). Primary fibroblasts obtained
from skin biopsies of three juvenile individuals were cultured in
DMEM (Gibco, Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (GE Healthcare, Chalfont St Giles, UK) and
penicillin-streptomycin (100 U/ml and 100 mg/ml, respectively;
ThermoFisher).

Generation of stable cell lines

The coding sequences of HA-tagged HRASYT (GenBank acces-
sion number NM_005343.4) and the HRAS mutants c.34G> A
(p.Gly12Ser) and c.35G>T (p.Glyl2Val) were sub-cloned into
PcDNA 3.2-DEST Mammalian Expression Vector (Thermo Fisher
Scientific). HaCaT cells were transfected by electroporation
using the Neon transfection system (Thermo Fisher Scientific)
according to the manufacturer's instructions (pulse voltage
1600 V; pulse width 10 ms; pulse number 3). Cells were selected
with 500 pg/ml Geneticin (Gibco, Thermo Fisher Scientific)
according to the manufacturer's instructions. Cells were single
cell sorted by fluorescence activated cell sorting (FACS) (FACS
Aria II[; BD Biosciences, San Jose, CA, USA) and single cell clones
were analyzed for expression.

Generation of RIN1 knockout cells

Two specific crRNAs targeting RIN1 (Design ID: Hs.CasS.RIN1.1.AA:
CATTGGGCACGTCATACAGT, Hs.Cas9.RIN1.1. AC: CAGATGAGCTG-
GACTAGGTC), the tracrRNA and Cas9 protein were synthesized by
Integrated DNA Technologies (IDT, Inc.; Iowa, USA). The assembly
of the ribonucleoprotein (RNP) complex and the delivery by Neon
electroporation system (Thermo Fisher Scientific) were performed
according to the manufacturers’ instructions. Briefly, crRNA and
tracrRNA were hybridized at the same molar ratios in IDT duplex
buffer (30 mM HEPES, pH 7.5; 100 mM potassium acetate) at 95°C
for 5 min and were allowed to slowly cool to 20°C. To generate
Cas9 RNPs, Cas9 protein and RNAs duplex (ctRNA:tracrRNA)
were incubated in Resuspension Buffer R (from Neon System
Kit) for 20 min at room temperature. 5 x 10° HaCaT cells were
resuspended in Resuspension Buffer R and RNPs were added.
Electroporation was performed with a 10 uL Neon System Kit
(pulse voltage 1600 V, pulse width 10 ms, pulse number 3). Cells
were grown under normal conditions, single cell sorted into 96
well plates using FACS sorter (FACS Aria III; BD Biosciences) and
analyzed for RIN1 knockout clones by immunoblotting.

Sample preparation for proteomics

In-gel digestion was done following established protocols (83)
Shrinking and swelling was performed with 100% acetonitrile
(ACN) and 100 mM NH;HCOj3. In-gel reduction was achieved with
10 mM dithiothreitol (dissolved in 100 mM NH4HCOs). Alkylation
was performed with 55 mM iodacetamide (dissolved in 100 mM
NH:HCOs). Proteins in the gel pieces were digested by covering
them with a trypsin solution (8 ng/ul sequencing-grade trypsin,
dissolved in 50 mM NH4HCO; containing 10% ACN) and incu-
bating the mixture at 37°C for overnight. Tryptic peptides were
yielded by extraction with 2% formic acid (FA), 80% ACN. The
extract was evaporated. For liquid chromatography-mass spec-
trometry (LC-MS/MS) analysis, samples were dissolved in 20 uL
0.1% FA.

Differential quantitative proteomics
Chromatographic separation of peptides was achieved by nano
ultra-performance liquid chromatography (UPLC, nanoAcquity
system, Waters, Milford, MA, USA) with a two-buffer system
(buffer A: 0.1% FA in water, buffer B: 0.1% FA in ACN). Attached
to the UPLC was a peptide trap (180 um x 20mm, 100 A pore size,
5pm particle size, Symmetry C18, Waters) for online desalting
and purification followed by a 25-cm C18 reversed-phase column
(75 um x 200mm, 130A pore size, 1.7 um particle size, Peptide
BEH C18, Waters). Peptides were separated using an 80-min
gradient with linearly increasing ACN concentration from 2%
to 30% ACN in 65 minutes. The eluting peptides were analyzed
on a Quadrupole Orbitrap hybrid mass spectrometer (QExactive,
Thermo Fisher Scientific). Here, the ions being responsible for
the 12 highest signal intensities per precursor scan (1 x 10° ions,
70000 Resclution, 240 ms fill time) were analyzed by MS/MS
(higher-energy collisional dissociation (HCD) at 25 normalized
collision energy, 1 x 10% ions, 17 500 resolution, 50ms fill time) in
a range of 400-1200m/z. A dynamic precursor exclusion of 20s
was used.

LC-MS/MS data were searched with the Sequest algorithm
integrated in the Proteome Discoverer software (v 2.41.15,
Thermo Fisher Scientific) against a reviewed human Swissprot
database, obtained in April 2020, containing 20365 entries
Carbamidomethylation was set as fixed modification for cysteine
residues and the oxidation of methionine, and pyro-glutamate
formation at glutamine residues at the peptide N-terminus, as
well as acetylation of the protein N-terminus were allowed as
variable modifications. A maximum number of 2 missing tryptic
cleavages was set. Peptides between 6 and 144 amino acids where
considered. A strict cutoff (false discovery rate (FDR) < 0.01) was
set for peptide and protein identification.

Constructs, recombinant proteins and nucleotide
loading

PGEX vectors were used for bacterial overexpression of RIN1 [GEF-
RA] (amino acids 293-716) variants (wild-type and p.Glu574Ala),
full length variants of HRAS [wild-type, c.34G > A (p.Gly12Ser),
¢.38_39delGCinsAA (p.Gly13Glu) and c.50G=>A (p.Serl7Asn)]
and full length RABSA. Proteins were isolated as glutathione S-
transferase (GST) fusion proteins in Escherichia coli BL21 (DE3) and
purified after cleavage of the GST tag via gel filtration (Superdex
75 or 200; GE Healthcare). Nucleotide-free and fluorescent
nucleotide-bound proteins (RABSA and HRAS) were prepared
using alkaline phosphatase (Roche, Basel, Switzerland) and
phosphodiesterase (Sigma-Aldrich) at 4°C. Methylanthraniloyl
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(mant-) GppNHp (guanosine 5'-g,y-imidotriphosphate), a non-
hydrolysable GTP analog and methylanthraniloyl (mant-) dGDP
(deoxyguanosine-5'-diphosphate) were used as fluorescent
nucleotides. The mant-GppNHp content of each labeled protein
was determined by HPLC using a buffer containing 20-25%
acetonitrile. All proteins were analyzed by sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and stored at
—80°C.

Fluorescence polarization

Increasing amounts of RIN1[RA] were titrated to mantGppNHp-
bound HRAS proteins (1 pM) in a buffer, containing 30 mM
Tris/HC (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 3 mM dithiothreitol
and a total volume of 200 ul at 25°C. For excitation, wavelength of
362 nm (slit width: 8 micron) was used for the mant fluorophore
and 450 nm was used for emission (slit width: 10 micron).
The dissociation constants (Kd) were calculated by fitting the
concentration-dependent binding curve using a quadratic ligand-
binding equation. Fluorescence experiments were performed in a
Fluoromax 4 fluorimeter in polarization mode.

Fluorimeter measurements

Guanine nucleotide exchange reactions were performed with a
Fluoromax 4 fluorimeter instrument. The excitation and emission
wavelengths for mant-deoxy-GDP were 360 nm and 450 nm,
respectively. For nucleotide exchange reactions, 1 uM mant-
deoxy-GDP RABSA, 100 M GDP, 10 uM RIN1 [GEF-RA] and 1 pM
GppNHp-bound HRAS were used in 200 pL of measurement buffer
containing 30 mM Tris/HCl, pH 7.5, 10 mM K,HPO4/KH,PO,, 2 mM
MgCl, and 3 mM dithiothreitol at 25°C.

GTPase pull down assay

The RAS-association (RA) domains of RIN1 (amino acids 624-716)
was used to specifically pull down GTP-bound HRAS from cell
extracts. Preparation of GST-RA beads, cell lysis and precipitation
of GTP-bound GTPases have been described previously (14).

(Co-)Immunoprecipitation

Cells were washed and scraped off in ice-cold PBS. Cell pellets
were lysed on ice for 60 min in ice-cold co-immuncprecipitation
buffer (50 mM Tris-HCl pH 8.0, 120 mM NacCl, 0.5% Nonidet
P40, supplemented with complete Mini Protease Inhibitors and
PhosStop (Roche)) and clarified by centrifugation (14000 rpm,
15 min, 4°C). After removing small aliquots (total cell lysates
- TCL), supernatants were incubated with 20 pl Pierce Anti-HA
magnetic beads (#88836, Thermo Fisher Scientific) at 4°C with
rotation for 60 min. Beads were magnetically separated from cell
lysates and subsequently washed (3x) with Co-IP-buffer by rota-
tion for 3 min at room temperature. After final wash, beads were
supplemented with sample buffer, heated to 95°C and precipi-
tated proteins were subjected to SDS-PAGE and immunoblotting
or to sample preparation for proteomics,

Immunoblotting and antibodies

Cells were cultured as specified, washed with PBS and scraped
off in ice-cold PBS. Cell pellets were lysed on ice for 60 min with
cell lysis buffer (50 mM Tris-HCl, pH 8.0; 150 mM NacCl; 1% Non-
idet P-40; supplemented with complete Mini Protease Inhibitors
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and PhosStop (Roche)). Cell lysates were clarified by centrifu-
gation (14000 rpm, 15 min, 4°C) and supernatants were sup-
plemented with sample buffer. Proteins were separated on SDS-
polyacrylamide gels and transferred to PVDF membranes. Follow-
ing blocking (20 mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.1% Tween-
20; 5% non-fat dry milk) and washing (20 mM Tris-HCI, pH 7.4;
150 mM NaCl; 0.1% Tween-20), membranes were incubated in
primary antibody solution (20 mM Tris-HCl, pH 7.4; 150 mM NaCl;
0.1% Tween-20; 5% BSA or 5% non-fat dry milk) containing the
appropriate antibodies. Rabbit polyclonal antibodies against RIN1
(Thermo Fisher Scientific; PA5-57292, 1:1000/Sigma; HPA035491
1:1000), PI3K (Upstate Biotechnology Inc., Thermo Fisher Scien-
tific; 06-195, 1:1000), PLCE1 (Abbexa Ltd, Biozol, Cambridge, UK;
abx147622, 1:1000), RAF-1 (Santa Cruz Biotechnology Inc., Dallas,
Texas, USA; sc-7267, 1:200), RALGDS (Thermo Fisher Scientific;
PA5-49099, 1:1000), MEK1/2 (Cell Signaling Tech., Danvers, MA;
no. 9122; 1:1000), phospho-MEK1/2 (Ser217/221) (Cell Signaling
Tech,; no.9121; 1:1000), p44/42 MAP kinase (ERK1/2) (Cell Signaling
Tech,; no. 9102, 1:1000), phospho-p44/42 MAP kinase (ERK1/2)
(Thr202/Tyr204) (Cell Signaling Tech.; no. 9101, 1:1000), Akt1/2/3
(Cell Signaling Tech.; no. 9272; 1:1000), phospho-Akt1/2/3 (Ser473)
(Cell Signaling Tech.; no. 9271; 1:1000), HRAS (Proteintech; 18 295-
1-AP, 1:1000), actin (Sigma; A5060, 1:250), c-ABL (Cell signaling;
2862, 1:1000), and p-CrkIl Tyr221 (Cell signaling; 3491, 1:1000)
as well as rabbit monoclonal phospho-RIN1 antibodies (abcarm;
ab172976, [EPR2734(2)] phospho Ser351, 1:1000) were used. Mouse
monoclonal antibodies against «-Tubulin (Sigma-Aldrich; clone
DM1A, T9026 1: 3000), GAPDH (abcam, Cambridge, UK; ab8245,
1:10 000), CD29 g1 integrin (BD; 610467, 1:500), CD104 g4 inte-
grin (BD; 611233; 1:500), RAB5 (BD; 610724, 1:500) were applied.
Rat monoclonal HA-HRP (Roche; 12013819001, 1:10 000) was
used to detect HA-HRAS. Membranes were washed and incubated
with secondary horseradish peroxidase (HRP)-coupled anti-rabbit
(NA934V) and anti-mouse (NA931V) antibodies (GE Healthcare; 1:
7500) or with goat anti-mouse IgG StarBright Blue 700 Fluorcphore
antibodies (BioRad; 12 004 159, 1:10 000). After final washing, pro-
teins were visualized using the ChemiDoc MP Imaging System
(Bio-Rad Laboratories, Inc.; Hercules, CA, USA). Data shown are
representative of three independent experiments.

Immunocytochemistry and antibodies

HaCaT cells were seeded on coverslips (300000 cells/3.5 cm?) and
cultivated overnight. For transient expression of RAB4 (pEGFP-
C1 Rab4B WT), RAB7 (pmEGFP-C1 Rab7a WT), RAB11 (pmEGFP-
C1 RAB11A WT), LAMP1 (plasmid RFP-LAMP1, addgene #1817)
and EV RFP-N1 (control), cells were transfected with jetOPTIMUS
(1:1.25) for 24 h according to manufacturer’s protocol (Polyplus
transfection, Ilkrich, France). Subsequently, cells were rinsed
with PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich) in
PBS and washed three times with PBS. After treatment with
permeabilization/blocking solution (2% BSA, 3% goat serum,
0.5% Nonidet P40 in PBS), cells were incubated in antibody
solution (3% goat serum and 0.1% Nonidet P40 in PBS) containing
appropriate primary antibodies: Alexa Fluor 488 or unconjugated
mouse monoclonal A1 integrin antibody clone P5D2 (abcam,
total g1 integrin; ab193591/ab24693, 1:200); Alexa Fluor 488 or
unconjugated mouse monoclonal A1 integrin clone TS2/16 (Santa
Cruz Biotechnology; active g1 integrin, TS2/16, sc-53711, 1:100);
mouse monoclonal RABS antibody (BD Biosciences; 610724,
1:100); rabbit monoclonal anti-RABS antibody (cell signaling Tech.,
3547, 1:100); rabbit monoclonal EEA1 (Cell Signaling Tech.; 3288S,
1:100); rabbit polyclonal SNX17 antibody (Novus Biologicals;
NBP1-92417, 1:100); rabbit monoclonal E-cadherin antibody
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(abcam; ab40772 [EP700Y], 1:250). Cells were washed with PBS
and incubated with Fluorophore-conjugated secondary goat anti-
mouse Alexa Fluor488 antibody, Alexa Fluor568 antibody or Texas
Red-X phalloidin (Life Technologies,) in antibody solution. After
extensive washing with PBS, cells were embedded in ProLong Dia-
mond Antifade Mountant with DAPI (P36962, Life Technologies).
Fixed samples were analyzed with Zeiss Axiovert 200 M with
ApoTome for structured illumination (63x Plan-Apochromat Oil
DIC, NA 1.4; Carl Zeiss Microscopy, Jena, Germany) and confocal
laser scanning microscopes (Leica TCS SP5/SP8, 63x HC PL APO
0il CS2, NA 1.4; Leica Microsystems, Wetzlar, Germany) were used
for image acquisition, respectively. Confocal images of 81 integrin
labeled HaCaT keratinocytes were analyzed for intracellular
vesicles using Imaris (v7.6.1, Oxford Instruments, Abingdon, UK).
After background subtraction, relevant vesicles were identified
applying an automatic threshold based segmentation algorithm
(i.e. surface tool), followed by a sphericity filter (sphericity
parameter > 0.87) on the segmented objects.

Antibody-based integrin internalization assay

Cells were kept under serum-deprived conditions (0.1% serum) for
2-3 h and harvested with StemProAccutase (Thermo Fisher Sci-
entific). Cells were incubated on ice and cell surface g1 integrins
were stained with directly conjugated antibody clone TS2/16-
Alexa Fluor 488 (detects the active conformation of g1 integrin, sc-
53711 AF488, Santa Cruz Biotechnology) or isotype control mouse
I1gG1, « (14-4714-82, Invitrogen) diluted 1:100 in FACS-buffer (PBS
containing 0.5% BSA and 2 mM EDTA) for 60 min at 4°C and
rotation. After 1 h cells were washed twice with FACS-buffer. To
start integrin internalization, cells were incubated in pre-warmed
media (0.1% serum/DMEM) at 37°C for 15, 30 or 60 min. After inter-
nalization, cells were immediately transferred on ice and coocled
down. The remaining cell surface bound antibody was removed
by acidic wash buffer (0.2 M acetic acid, 0.5 M NaCl, pH 2.2) in
three washing steps (3 min each), followed by neutralization with
0.3% BSA/DMEM. In parallel, antibody treated cells were left on ice
{0 min internalization) as a control for endocytosis. Controls and
isotype controls confirmed functionality and antibody specificity
of the internalization assay (data not shown). To measure the
total amount of cell surface integrin stained by the g1 integrin
antibody, cells were left on ice without acid wash. Fluorescent
intensities of total cell surface and internalized g1 integrin of
20000 cells per condition were measured with FACS Canto II (BD
Biosciences). Viable, single cells were gated by forward scatter
(FSC) and side scatter (SSC) dot blot (Flowing Software by Perttu
Terho, Turku Centre for Biotechnology, Finland). Fluorescence
intensities of internalized A1 integrin were normalized against
total cell surface fluorescence intensities. Relative fluorescent
intensities of HaCaT/EV and HaCaT control cells were considered
as 100%. To inhibit integrin recycling, cells were treated with
300 M primaquine during 15 min internalization.

Analysis of cell spreading and protrusion
numbers

Cells were kept under serum-deprived conditions (0.1% serum)
over-night and then seeded on fibronectin-coated coverslips.
Beforehand, coverslips were coated with 10 wg/ml fibronectin
(F2006, Sigma) in PBS over night at 4°C, washed with PBS and
blocked in 1% BSA/PBS for 60 min at 37°C. Cells were harvested
with StemProAccutase (Thermo Fisher Scientific), washed with
PBS, and seeded in DMEM/0.3% BSA. After 1 h at 37°C, samples
were fixed with 4% PFA for 10 min at room temperature and
subsequently treated with permeabilization/blocking solution

(2% BSA, 3% goat serum, 0.5% Nonidet P40 in PBS), followed
by antibody solution (3% goat serum and 0.1% Nonidet P40
in PBS) containing Phalloidin TexasRed (Life Technologies).
After extensive washing with PBS cells were embedded in
ProLong Diamond Antifade Mountant with DAPI (P36962, Life
Technologies). Cells were visualized by using a confocal laser
scanning microscope (Leica TCS SPS5, 63x HC PL APO Qil CS2,
NA 14; Leica Microsystems, Wetzlar, Germany) and images
were taken. The numbers of spread and not spread cells were
determined by visual inspection, with only sclitary cells with
a clear flat spread out cell morphology being considered as
fully spread. The number of cell protrusions (i.e. filopodia) was
determined by visual inspection of confocal images and the area
of cells was measured using ImageJ area measurement tool.

Statistical analysis

Fluorescent signals on blots from three independent experiments
were quantified by densitometric analysis using the Image Lab
software (v6.0.0, Bio-Rad Laboratories). A ONE-WAY-ANOVA in
combination with Tukey’s or Sidak’s post-hoc multiple comparison
test was used to determine the significance of the difference
between cells overexpressing HRASWT and HRASSY125T Values
are presented as the meand=standard deviation and were con-
sidered significant at P-value <0.05. For differential quantita-
tive proteomics, obtained relative differences of protein abun-
dances where log2 transformed. Median normalization was per-
formed for each sample. Missing value-tolerant NIPALS PCA cal-
culation and visualization were performed, using the MixOmix
package implemented in the R software environment (84). Details
and background information on NIPALS PCA calculations are
described in the Supplementary Materials and Methods. To inves-
tigate the abundance distribution of HRAS signaling-associated
proteins, Pearson’s correlation-based hierarchical clustering was
performed, based on all proteins present in the WikiPathways-
RAS signaling genset (85), obtained from the Molecular Signa-
ture Database (MsigDB) (86). Heatmap visualization of clustering
results was performed using the pheatmap package, implemented
in the R software environment. To test for the overrepresentation
of GO terms and pathways across differential abundant interac-
tors between WT and Gly12Ser HRAS gene-set enrichment analy-
sis (GSEA) (version 4.1) was used (86). Log2 transformed, centered
protein abundances were tested against gene ontology gene-sets
(Cellular Component, Biological Process, Molecular function) and
curated gene-sets from the WikiPathway database. Permutation
was performed based on gene-sets. A weighted enrichment statis-
tic was applied, using the signal-to-noise ratio as a metric for
gene ranking. Balancing and normalization where disabled within
GSEA. Gene-sets with a P-value < 0.01 and an FDR < 0.25 were con-
sidered significantly enriched. Enriched gene-sets where plotted
according to their normalized enrichment score using Microsoft
Excel. T-testing was performed in Perseus (Version 1.6.5.0). Pro-
teins with a P-value < 0.05, exceeding a FoldChange difference of
>1.5 between HRASYWT and HRASSY!?5¢"_derived IPs were consid-
ered as statistically significant differential abundant.

Supplementary Material

Supplementary Material is available at HMG online
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Abstract

Pathological cardiac hypertrophy is a key risk factor for the development of heart failure and
predisposes individuals to cardiac arrhythmia and sudden death. While physiological cardiac
hypertrophy is adaptive, hypertrophy resulting from conditions comprising hypertension, aortic
stenosis, or genetic mutations, such as hypertrophic cardiomyopathy, is maladaptive. Here,
we highlight the essential role and reciprocal interactions involving both cardiomyocytes and
non-myocardial cells in response to pathological conditions. Prolonged cardiovascular stress
causes cardiomyocytes and non-myocardial cells to enter an activated state releasing
numerous pro-hypertrophic, pro-fibrotic, and pro-inflammatory mediators such as vasoactive
hormones, growth factors, and cytokines, i.e., commencing signaling events that collectively
cause cardiac hypertrophy. Fibrotic remodeling is mediated by cardiac fibroblasts as the
central players, but also endothelial cells and resident and infiltrating immune cells enhance
these processes. Many of these hypertrophic mediators are now being integrated into
computational models that provide system-level insights and will help to translate our
knowledge into new pharmacological targets. This perspective article summarizes the last
decades' advances in cardiac hypertrophy research and discusses the herein-involved
complex myocardial microenvironment and signaling components.

Key words: cardiac hypertrophy; cardiomyocytes; heart failure; myocardial microenvironment;
myofibroblasts; pressure overload; scar formation; vasoactive hormones

1. General introduction
Myocardial remodeling associated with cardiac hypertrophy is one of the critical causes in the
development of heart failure 2. The pathogenesis of heart dysfunction is one of the primary
causes of morbidity and mortality in elderly people *.

Cardiac hypertrophy is the most frequently compensatory or adaptive process to numerous
physiological or pathological conditions (Table 1) 3. Hypertrophic enlargement is characterized
by an increase in the cell size of cardiomyocytes. The heart can dynamically change its muscle
mass to cope with the stimuli of development, physiological conditions of exercise and
pregnancy, or pathological disease stimuli (Table 1) 4. Increased workload as a consequence
of volume or pressure overload due to pathological or physiological stimuli increases tension
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on the cardiac walls of the heart chambers 5 ®. This ultimately triggers stress signals released
by different cell types of the microenvironment to compensate for the wall tension increase,
resulting in a hypertrophic growth response % . Individual cardiomyocytes can increase in
length and/or width in response to hypertrophic stimuli depending on the intracellular signaling
cascades involved 7-8,

Physiological and pathological cardiac hypertrophy is associated with distinct molecular
characteristics (Table 1) involving alterations in the expression of fetal genes, and contractile
and calcium-handling proteins °. A major molecular characteristic of pathological hypertrophy
is the re-expression of fetal genes. Pathological settings such as hypertension cause the
induction of the stress program that involves increased expression of atrial natriuretic peptide
(ANP), B-type natriuretic peptide (BNP), and alpha-skeletal actin (a-sk actin) °. In contrast, an
important characteristic of physiological hypertrophy is the absence of molecular stress
programs ''. In addition, expression of cardiac contractile proteins, such as alpha- and beta-
myosin heavy chain and calcium-handling proteins, e.g., sarcoplasmic reticulum Ca?*-ATPase
2a (SERCAZ2a) remain unchanged during physiological cardiac hypertrophy, whereas
pathological cardiac hypertrophy is closely associated with alterations in the above-named
genes and proteins '°.

While the events associated with physiological hypertrophy are generally reversible, those
associated with pathological cardiac hypertrophy are commonly irreversible and impose a high
risk of heart failure (Table 1). A common disease stimulus, such as long-standing hypertension
usually causes pressure overload and increases systolic wall stress 2. In this case, individual
cardiomyocytes typically grow in width more than in length, leading to the thickening of the
cardiac walls, a condition referred to as concentric hypertrophy # '*. Hypertrophic changes
have been rationalized employing Laplace’s law, which says wall stress (or tension) is an
inverse function of wall thickness (tension= (pressure x radius)/ 2x wall thickness). Thus,
compensated growth of the cardiac muscle is a physiological response to decrease wall
tension and thereby maintain cardiac pump function 5. Prolonged pathological stress, however,
causes maladaptive changes at the cellular and molecular level resulting in pathological
cardiac hypertrophy. Untreated pathological cardiac hypertrophy predisposes individuals to
heart failure, arrhythmia, and sudden death 7 &.

Triggers of pathological cardiac hypertrophy include extrinsic drives such as pressure overload
due to long-standing hypertension or valvular stenosis, as well as volume overload due to
mitral regurgitation or aortic insufficiency (Table 1), loss of contractie mass (myocardial
infarction), or intrinsic causes such as hereditary defects * '*. Although a notable feature of
physiological and pathological cardiac hypertrophy is the increase in heart size, pathological
cardiac hypertrophy involves the loss of myocytes and fibrotic replacement, leading to cardiac
dysfunction, heart failure, and/or sudden death '5'7. Despite views that the length of stress has
a significant impact on the distinction between pathological and physiological cardiac
hypertrophy, the nature of stress and the intracellular signaling cascades involved are thought
to be more important in the development of maladaptive cardiac dysfunction than the chronic
duration of exposure 8.

The role of the heart's microenvironment and the inter-cell communication in the cardiac niche
has become more evident for future studies and therapeutic interventions, as also recently
highlighted by Tazhor et al. '°, challenging the traditional view on the heart as a cardiomyocyte-
centered and directed regenerative and therapeutic target in cardiovascular disease. Future
therapeutic and mechanistic investigations should take into account the fact that immune cells,
fibroblasts, and endothelial cells collectively outnumber cardiomyocytes by a significant margin
as the resident cells in the heart, making this viewpoint increasingly important as a crucial
element in the study of the intercellular communications and the treatment of heart disease.
Therefore, the aim of this review article was to focus on these processes related to the onset,
progression, and pathogenesis of hypertrophic cardiomyopathy and to complement previous
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work by incorporating molecular axes and details of intercellular communication in the cardiac
microenvironment that have not yet been illuminated.

2. An interplay of different cells in hypertrophic remodeling

The heart consists of various cell types, including myocytes, endothelial cells, fibroblasts,
vascular smooth muscle cells, sympathetic neurons, and immune cells, which collectively
account for a synchronized cardiac function 2> ', However, it has been shown that owing to
their enormous size, cardiomyocytes in particular account for the majority of heart mass,
increase in size and reprogram transcription in the process of cardiac hypertrophy 3 22,
Crosstalks between cardiomyocytes and non-myocytes lead to the secretion of bioactive
mediators, which operate in an autocrine and paracrine manner (Table 2). This is followed by
microenvironmental stimulation of different cell types and the activation of various signhaling
pathways within the cells (Fig. 1,2) 2 2. Altogether these complex processes result in
cardiomyocyte hypertrophy, fibroblast hyperplasia, interstitial tissue composition changes, and
remodeling of the ventricular chambers .

Fibroblast remodeling. Pressure overload triggers resident cardiac fibroblasts originating
from the epicardium and endocardium to undergo rapid expansion and activation, rather than
previously reported hematopoietic precursor-derived fibroblasts or endothelial-to-
mesenchymal transition (EndMT) as a contributing source (Fig. 1,3) 25 26. Despite this, the
exact origins of cardiac fibroblasts as well as the delineation of their characteristics and
plasticity remain a field of the current investigation and controversy ?’. Like cardiomyocytes,
fibroblasts respond to external stress stimuli, but in a slightly different manner. Mechanical
stress promotes fibroblast differentiation to a myofibroblast-like phenotype (Fig. 1,3) 22 2,
which has been shown to develop from tissue-derived fibroblasts rather than endothelial or
smooth muscle cells ?® with the expression of a-skeletal actin *°. Myofibroblasts overproduce
and release extracellular matrix (ECM) components and pro-hypertrophic mediators, including
TGF-R (Table 2), and are engaged in a wide range of pathological conditions, particularly
fibrosis and tissue remodeling (Fig. 3) *'. Notably, myofibroblasts do not reside in normal
cardiac tissue except the valve leaflets 2. Enhanced release of ECM by myofibroblasts
contributing to mechanical stiffness accompanied by increasing fibrosis evolves into severe
consequences causing cardiac diastolic dysfunction (Fig. 4) *. Moreover, progressing fibrosis
can affect systolic function by building a barrier between the resident cardiomyocytes, thereby
provoking defective electrical coupling within the myocardium . Additionally, an increased
level of ECM, such as collagen, can disrupt the oxygen diffusion capacity leading to hypoxia
in the affected myocytes a process that may further enhance pathological remodeling *. In
conclusion, cardiac fibroblasts react to pressure overload-induced injury with activation,
accumulation, and excessive ECM deposition (Fig. 1,3). The resulting conditions including
mechanical stiffness, myocyte uncoupling, and ischemia comprise key contributors to heart
failure 25. These lines of evidence also emphasize the identification of mechanical stress in
cardiac hypertrophy as an independent risk factor for arrhythmias, myocardial infarction, and
sudden death (Fig. 4) "°.

Endothelial cell activation. In response to pressure overload, cardiac endothelial cells,
similar to cardiac fibroblasts, are capable of changing their phenotype (Fig. 1). It has been
reported that endothelial cells can undergo an EndMT, differentiate into myofibroblast-like
cells, and thereby contribute to cardiac fibrosis *. Others outlined that EndMT recruits
circulating hematopoietic progenitors to the heart thereby generating significant numbers of
cardiac fibroblasts (reviewed in *7) but also their origin from tissue-resident fibroblasts is being
discussed 2 26 Altogether, left ventricular myocardial tissue of end-stage cardiac failure
patients revealed dramatically increased expression levels of EndMT-related genes *,
indicating the need for further investigation to clarify the exact contribution of EndMT.

Major factors secreted by cardiac endothelial cells (Table 2) comprise nitric oxide (NO),
endothelin 1 (ET-1), prostaglandin 12 (PI2), and angiotensin Il (AT-II), which directly influence
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cardiac metabolism, growth, contractile performance, and rhythmicity of the adult heart *. In
response to various stimuli, activated endothelial cells express adhesion molecules, including
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM),
which attract and further promote the infiltration of immune cells into the myocardium (Fig. 1).
One major mediator produced and secreted by endothelial cells is NO (Table 2; Fig. 1). Among
the numerous functional influences of NO are cardiac-related functions, including key
regulators of vasodilation, reduction of permeability and thrombogenesis, and inhibition of
inflammation . Another active mediator secreted by endothelial cells is CNP (Table 2).
Together, NO and C-type natriuretic peptide (CNP) contribute to the suppression of cardiac
hypertrophy by up-regulating cyclic GMP (cGMP)-dependent protein kinase 1 (PKGI) signaling
“1 by inhibiting calcineurin (Fig. 2). Another endothelium-derived factor next to NO and CNP is
ET-1 (Table 2) *2. Originally identified as an endothelium-derived vasoconstrictor *, ET-1
contributes to cardiac hypertrophy and fibrosis as a major growth factor. Aside from endathelial
cells, ET-1 is, amongst others, also expressed in non-endothelial cells, such as fibroblasts and
cardiomyocytes (Table 2; Fig. 1). Functioning in an autocrine and paracrine manner, ET-1
seems to have important effects during the development of cardiomyocyte hypertrophy . ET-
1 exhibits a positive inotropic effect *2 as well as triggers cardiomyocyte hypertrophy responses
4 Moreover, cardiac endothelial cells carry enzymes with protease activities, like the
angiotensin-converting enzyme (ACE) and chymase (Table 2; Fig. 1), which may contribute to
changes in local levels of AT-Il 6. Besides fibroblasts, endothelial cells may also contribute to
cardiac fibrosis (Fig. 3). For example, it is known that endothelial cells and pericytes as the
capillary lining cells wrapped around them, control cardiac fibroblast numbers % 47 Whether
this contribution is similarly relevant as the proliferation and activation of resident fibroblasts
upon exposure to pressure overload awaits further investigation 25.

The role of immune cells in cardiac hypertrophy

The pathogenesis of pressure overload and heart failure has been suggested to be in close
context with the activation of inflammatory cells and the release of inflammatory mediators
(Fig. 1) 8.

Cardiac mast cells. |dentification of the presence of mast cells in the heart tissue of animals
4 and humans 5% as well as the discovery of mast cells as the source of an array of
mediators (Table 2) %, clearly emphasize the crucial participation of innate immune cells,
especially cardiac mast cells, in cardiac hypertrophy and remodeling (reviewed in 55 56).

Activated cardiac mast cells were identified in spontaneously hypertensive rats as a major
source of growth factors (Fig. 1), such as TGF-B and bFGF, in areas of myocardial fibrosis 7.
This is consistent with findings that the release of TGF-3 provokes an increase in collagen
production alongside the differentiation of fibroblasts to myofibroblasts (Fig. 1) *8, and indicates
that cardiac mast cells also contribute to the key steps of cardiac tissue fibrosis *. Another
major mediator that is released upon mast cell degranulation in the heart is histamine (Table
2)51_Histamine is a neurohormonal mediator that binds to histamine H1, H2, and H3 receptors,
thereby inducing various cellular functions ¢! as well as cardiac hypertrophy (Fig. 1) 52
Notably, cardiomyocytes express the histamine H2 receptor, which is coupled to the beta
receptor and Gs proteins #%7. Consistently, histamine triggers positive inotropic effects %5 58,
In contrast, blocking the histamine H2 receptors decreases cardiac output 5. The application
of famotidine, a histamine H2 receptor antagonist, in chronic heart failure (CHF) patients, was
found to decrease left ventricular remodeling .

Another characteristic of mast cells involves their strategic location often at a perivascular site,
thereby exerting regulatory functions on endothelial cells. Mast cells synthesize several
endothelial cell activators comprising, amongst others, the platelet-activating factor (PAF), IL-
1B, IL-4, and tumor necrosis factors alpha (TNFa) %72, Several studies have indicated mast
cell degranulation as a major source of TNFa (Table 2; Fig. 1) 7*75. Even though many cardiac
cells have been described to generate TNFa, cardiac mast cells appear to constitutively
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express TNFa 7 7 and activate TNFa/nuclear factor kappa B (NF-xB)YIL-6 cascades .
Activation of the TNFo/NF-xB axis |leads to the activation of p38-MAPK (Fig. 2), collectively
causing hypertrophy and dysfunction of the heart 7> 78, Moreover, mast cells release other
cytokines including IL-1 and IL-6 (Table 2; Fig. 1) 5472, IL-6 cytokine family binds the common
coreceptor glycoprotein 130 (gp130) and thereby potentially takes an active role in cardiac
hypertrophy induction via the JAK/STAT pathway (Fig. 2) 881,

Although several studies suggest that cardiac mast cells are a source of renin, released upon
mast cell degranulation (Table 2) 8 %, the major source of renin in the myocardial
microenvironment is complex % 8. Mast cells release the proteolytic enzyme chymase, which
catalyzes, independently of ACE, the conversion of angiotensin | to AT-Il (Fig. 1) . Thus, mast
cell renin and chymase may serve as an alternative way to upregulate AT-Il levels in the
myocardial microenvironment, and it has been demonstrated in rat models that mast cell
inhibition using mast cell stabilizer cromolyn sodium reduces pathological left ventricular
remodeling &.

Monocytes & Macrophages. Healthy and injured cardiac tissues possess heterogeneous
populations of macrophages, in both humans and mice (Fig. 1) . Most macrophages within
the heart are established embryonically from the yolk sac and fetal liver progenitors, similar to
tissue macrophages of the liver or brain. Local proliferation in contrast to monocyte recruitment
serves to maintain resident macrophage subsets % In the absence of disease, self-renewal
serves to maintain local tissue macrophage populations '. Despite this, in response to
pressure overload or ischemic injuries, the majority of macrophages are derived from the
recruitment and differentiation of blood monocytes .

Cardiac macrophages are key effector cells mediating tissue remodeling and fibrosis (Fig. 3)
9 The initial and significant event for vascular lesion formation results from inflammatory
cytokine and growth factor-producing migrating macrophages (Fig. 1) *. The accumulation of
macrophages has been found in the perivascular space, where they co-localize with fibroblasts
collectively producing collagen during cardiac hypertrophy (Fig. 3) % %. Consistent with this,
other studies have found that pressure overload initiates endothelial cells of the
intramyocardial arteries to exhibit intercellular adhesion molecule (ICAM)-1, and that
accumulation of macrophages occurs adjacent to the ICAM-1 expressing arteries in the
perivascular space (Fig. 1) ¥. Additionally, vascular cells and monocytes synthesize and
express monocyte chemoattractant protein (MCP)-1, a potent monocyte chemoattractant %,
primarily regulating the recruitment of macrophages to the vessels ®. For example, the
continuous infusion of angiotensin Il (AT IlI) or norepinephrine in hypertensive rats
demonstrated that MCP-1 induction was associated with adventitial macrophage accumulation
in the aortic wall 8.

Collectively, this suggests that resident and recruited macrophages actively take part in the
early responses to stress preceding hypertrophic remodeling.

Neutrophils. Under normal reparative conditions, neutrophil granulocytes are recruited to
areas of acute inflammation, where they perform functions such as the clearance of dead cells
and matrix debris (Fig. 3) (95, 96). As key components of the inflammatory response,
neutrophils also act on the recruitment, activation, and programming of antigen-presenting
cells (APCs). Specifically, they attract monocytes and dendritic cells (DCs) by generating
chemotactic signals, thereby influencing the differentiation of macrophages into a
predominantly pro- or anti-inflammatory state (97-99). Because neutrophil granulocytes are
one of the most important cellular components of the body for the destruction of
microorganisms, there is also the possibility that these cells damage host cells and tissues
(100, 101). Accordingly, they may have deleterious effects on cardiac tissue when recruited to
sites where pressure overload is present (Fig. 3).
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Several studies have reported that in response to hypertrophy triggered by pressure overload,
the first leukocytes to appear in the myocardium within 3 days of injury are neutrophils (Fig. 3)
(102, 103). Activation of endothelial cells and subsequent expression of adhesion molecules
allow the transmigration of neutrophils (Fig. 3) (104, 105). In addition, inflammatory mediators
such as TNF-a, IL1B, and mast cell-derived histamine enhance this process (106-108).
Additionally, macrophage and neutrophil infiltration appeared in the first 3 days after injury next
to ICAM-1 containing coronary arteries in the left and right ventricle, using a mouse model with
inter-renal aortic banding. Moreover, these alterations of macrophage and neutrophil content

occurred ahead in perivascular fibrosis (10 days), and cardiomyocyte hypertrophy (28 days)
100

Neutrophils have been described to produce cytokines such as TNF-a that drive macrophage
and dendritic cell differentiation '0-'9%  Additionally, neutrophilic nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase gets activated in response to pressure overload
injury '™, resulting in the degranulation of neutrophils and thereby release of pro-fibrotic
proteases (Fig. 3) as well as reactive oxygen species (ROS) '%.

Sympathetic neurons. ET-1-induced norepinephrine (NE) release by sympathetic nerve
terminals has been reported to mediate arrhythmia effects, contribute to cardiac remodeling
events, and increase the prevalence of heart failure due to reduced ejection fraction volume
(Fig. 4) (113-116).

Substantial amounts of renin released in the cardiac microenvironment result in both AT-II
formation within striking distance of AT1 receptor-expressing cardiac sympathetic nerve
terminals and enhanced NE release (Fig. 1) and arrhythmias (Fig. 4) (117, 118). The fact that
these events can be prevented by mast cell-stabilizing agents confirms the central role of
cardiac mast cell-derived renin in AT1 receptor signaling (78). Locally produced AT-Il thus
activates the AT1 receptor at sympathetic nerve endings, resulting in increased NE release
(Fig. 1) (78).

3. Mediators of cardiac remodeling

Mechanical stretch and neurohumoral mechanisms identify the most proximal stimuli for
initiating hypertrophic signaling pathways (Fig. 1) % Due to hemodynamic overload,
cardiomyocytes undergo mechanical stress and thereby release autocrine and paracrine
signaling factors, such as growth factors, hormones, cytokines, and chemokines (Table 2) '°.
Furthermore, mechanical stress is sensed by both cardiac fibroblasts resulting in the
production and release of signaling mediators (Fig. 1) %, and cardiac endothelial cells, which
communicate with cardiomyocytes by secretion of autocrine and paracrine mediators 4 197,
Cardiomyocytes sense these ligands through a multitude of G-protein-coupled receptors,
growth factor receptors, and cytokine receptors (Fig. 1,2) *. Orchestrated mechanisms of the
induction, maintenance, and progression of cardiac hypertrophy, particularly left ventricular
hypertrophy, underlie a series of events that follows the activation of cardiomyocytes upon
pressure overload/mechanical stress.

Activation of the local renin-angiotensin system (RAS). In addition to the classical
circulating renin-angiotensin system (RAS) (121, 122), the heart has a local RAS that mediates
autocrine, paracrine, and intracrine effects (Fig. 1) (122-124). Components of the RAS,
including angiotensinogen (AGT), renin, ACE, AT-l, and AT-Il, are expressed in the heart (125,
126), and component expression is upregulated in cardiomyocytes in vitro in response to
stretch (127, 128). Several studies have indicated that hemodynamic overload activates the
local RAS and highlighted the crucial role of the AT1 receptor in strain-induced cardiac
hypertrophy (127, 129-137). Thus, mechanical stress can be considered the major upstream
trigger that activates the local RAS and leads to increased AT-Il levels throughout the
microenvironment.
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Reactive oxygen species (ROS). Reactive oxygen species (ROS) such as superoxide anion
(O2), hydroxyl (OH), and hydrogen peroxide (H202), and reactive nitrogen species including
nitric oxide (NO) and peroxynitrite (ONOQ") classify reactive species involved in redox
signaling. The latter results from the reaction of (O) with NO "%, Data suggest that both direct
and indirect mechanisms resulting from redox signaling within and between endothelial cells
and cardiomyocytes are responsible for functional communication between these cells (17).
Moreover, redox signaling not only influences many physiological processes in the heart but
also plays an important role in pathological cardiac remodeling (139, 140).

In cardiac cells, several sources of ROS have been described, such as mitochondria
xanthine oxidase (XO) ', uncoupled NO synthases (NOS) "', and NADPH oxidases (NOXs)
"2 The interactions of NOX proteins with NOS-derived NO have been highlighted to be
particularly important for redox signaling in the development of heart failure (Fig. 1) "1214,

109
s

An increase in the cardiac generation of ROS and therefore an increase in oxidative stress has
been implicated in pressure-overload-induced left ventricular cardiac hypertrophy (LVH) and
heart failure (Fig. 1) ""*'". Additionally, the development of cellular hypertrophy and
remodeling has been found to implicate increased ROS production, and activation of the
mitogen-activated protein kinase (MAPK) superfamily, where redox-sensitive protein kinases,
are known to be partly responsible. Moreover, cardiomyocyte apoptosis and necrosis may be
due to increased oxidative stress (Fig. 4), which is described to be associated with the
transition from compensated pressure-overload-induced hypertrophy to heart failure.
Furthermore, alterations in the redox-sensitive activity of several key proteins including
sarcolemma ion channels and exchangers and sarcoplasmic reticulum calcium release
channels, which collectively account for excitation-contraction coupling, contribute to
myocardial contractile dysfunction (Fig. 4). Beyond that, the consequent generation of
peroxynitrite (ONOO") as a result of increased inactivation of NO has been attributed to indirect
effects of ROS, leading to coronary vascular endothelial dysfunction and peroxynitrite-induced
inhibition of myocardial respiration 8.

Several mediators including AT-Il, ET-1, alpha-adrenergic agonists, TNF-a, and mechanical
forces trigger NOX2 activation. Via induction of four cytosolic regulatory subunits (p47°Pho,
p67Phx, p40rex and RACT), these mediators initiate Oz production '*°, indicating that pressure
overload subsequently increases O levels (Fig. 1). Excessive Oz levels interact extremely
rapidly with NO, resulting in peroxynitrite formation, thereby disrupting physiological NO
signaling "% 12°. Hence, pressure overload shifts the balance towards increased ROS (Fig. 1),
a condition that suppresses the physiological functions of NO. Consistently, O has long been
recognized to be implicated in severe cardiovascular diseases. Moreover, reports indicate that
NOS may generate Oz instead of NO, a condition referred to as uncoupled NOS. The switch
to Oz generation appears as a consequence of tetrahydrobiopterin (BH4) depletion (usually
through oxidation to BH2) or as NOS enzymes undergo post-translational modification 2.
Consistent, increased levels of Oz and ONOO- may be implicated in an amplifying mechanism
that aggravates NOS uncoupling through oxidation of BH4 22,

Hence as outlined above, reactive oxygen species should be considered as a group of key
mediators driving pathological remodeling in the microenvironment of cardiac hypertrophy (Fig.
1), especially regarding pressure overload.

Endogenous storage pools of AT-Il in secretory granules. AT-Il secretion into the culture
medium upon mechanical stress of isolated cardiomyocytes has been observed and provides
some evidence supporting the concept of increased local concentrations of AT-11 '%. Potential
autocrine and paracrine regulatory mechanisms of AT-lIl may activate the AT1 receptor on
cardiomyocytes and surrounding cells (Table 2) '?*. This in turn has been proposed to induce
the release of autocrine and paracrine mediators, including vasoactive peptides, growth
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factors, cytokines, and ECM components, such as collagen (Fig. 1) * '35'%, Potentiated or
sustained AT1 receptor activation is likely associated with cardiomyocyte hypertrophy,
fibroblast hyperplasia, and fibrosis (Fig. 4) '2513°_ Alternative mechanisms have been proposed
to contribute to the activation of the AT1 receptor upon binding of AT-Il ¥, including membrane
stretch and mechanecactivation that can in turn promote distinct conformational
rearrangements in the receptor, leading to alternative signaling outcomes 32 33 Several
proteins have been implicated as sensors of mechanical stretches, such as muscle LIM
proteins, integrins, and their associated signaling pathways '** 15, Network models have been
developed to predict how these mechano-sensitive proteins work together to coordinate
cardiomyocyte hypertrophy 3¢ 37 Mechanisms that integrate these events and propagate the
stress signal to the AT1 receptor after activation by mechanical stress remain areas of active
investigation. Interestingly, despite the absence of AT-II/AT1 signaling, cardiac hypertrophy,
systolic dysfunction, and fibrosis occurred in response to pressure overload (Fig. 4) .

The two faces of the TGF-B signaling. AT-Il-activated fibroblasts release TGF-R and ET-1
in a paracrine manner into cardiomyocytes, leading to hypertrophy (Table 2) . Similar to
mechanical stress, autocrine TGF-B signaling promotes fibroblast proliferation and ECM
production (Fig. 1), especially collagen and fibronectin, whereas degradation of these
components is reduced '*®. Several studies report that the canonical TGF-R/SMAD2/3
signaling pathways (Fig. 2) induce the expression of genes related to collagen, fibronectin, and
other ECM proteins '**'2 which concomitantly contribute to cardiac fibrosis (Fig. 1) '*.
Experiments using pressure-overload rats demonstrated that a TGF-3 neutralizing antibody
inhibited fibroblast activation and proliferation, and diastolic dysfunction '*3. These data
suggest TGF-B as a central target and the inhibition of TGF-B signaling as beneficial. In line
with this, cardiac fibrosis was attenuated in SMAD3 deficient mice subjected to cardiac
pressure overload, but interestingly cardiac hypertrophy and cardiac dysfunction were
aggravated . Also, another rat model revealed that worsened cardiac remodeling and
increased mortality correlate with a reduction of ECM using a TGF-R neutralizing antibody after
myocardial infarction 5. Transforming growth factor beta (TGF-R)-activated kinase 1 (TAK1)
binds directly to type Il (TBRII) TGFR receptors. Identification of this interaction links TAK1 to
the TGF-R signaling cascade, implicating an additional way of hypertrophy induction in
cardiomyocytes by TGF-R signaling '#¢. Thus, aside from contributing to cardiac fibrosis, the
non-canonical TGF-R/TGF-R activated kinase 1 (TAK 1) signaling pathway has also been
reported to promote cardiac hypertrophy (Fig. 2)'7. Altogether, TGF-R is released from
cardiomyocytes, fibroblasts, and endothelial cells in the healthy heart (Table 2) *® ' and in
the context of injury and repair also from myofibroblasts and infiltrating immune cells 13 157,
Thus, TGF-B seems to be involved in adaptive or maladaptive processes most likely depending
on the context, and may locally trigger interactions between different cell types such as
cardiomyocytes and fibroblasts (Fig. 1) and thereby impact cardiac hypertrophy, fibrosis, and
the development of heart failure (Fig. 4).

Endothelin-1 effects. Endothelin-1 (ET-1) is an endothelium-derived vasoconstrictor of 21
amino acids. Later, two additional homologs (ET-2 and ET-3) were identified. ET-1 is released
from vascular endothelium and other cells including cardiomyocytes (Fig. 1) after cleavage
from a large precursor peptide 2. ET-1 is the predominant endothelin in the heart and is
identified as a potent hypertrophic stimulus in neonatal cardiomyocytes %3, ET-1 is a ligand for
two GPCRs: ET-A and ET-B where 90% of the endothelin receptors on cardiomyocytes belong
to the ET-A subtype (Fig. 2) . In rat hearts, the ET-A is predominant and identified to be
coupled to both the Gq and Gi subfamily of G-proteins (Fig. 2) '°. In addition, a characteristic
pattern of gene expression is induced by ET-1 in ventricular neonatal rat cardiomyocytes
(NRC) including immediate early genes (c-FOS, c-JUN, EGR-1), early genes (ANF, 3-MHC,
o-sk actin), and later on, ventricular MLC-2 and a-cd actin . The Gq-RAS-RAF-ERK
pathway may be involved in these transcriptional changes (Fig. 2). Furthermore, ET-1 activates
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the Ras-MEKK1-SEK-JNK pathway contributing to the hypertrophy-associated gene
expression program field '%7.

ET-1 causes cell damage in cardiomyocytes in vivo, and experiments with long-term treatment
with the ET-A receptor blocker BQ-123 showed improved survival of rats with heart failure 1%

The release of ANP and BNP from cardiomyocytes can also be triggered by AT-Il and ET-1,

though cardiomyocyte stretch is the main regulatory mechanism for ANP and BNP production
159

FGF-2 effects in scar formation. In general, considering the epigenetic state and very low
proliferative potential of adult cardiomyocytes, consensus exists that there is only a small ability
to regenerate injured myocardium through the proliferation of cardiomyocytes '€ 18 Instead,
scar formation occurs through infiltrating highly proliferative cardiac fibroblasts (Fig. 1,3) "62. A
key player is FGF-2 (bFGF), which is expressed by numerous cell types in the adult
myocardium. FGF-2 is released upon cardiac injury from its “storage site” (Table 2) thereby
potentially activating cell surface receptors, such as FGFR (Fig. 2) '8%. Moreover, AT-Il, ET-1,
and FGF-2 itself are known to promote FGF-2 gene expression (Table 2) ' %4 Accordingly,
FGF-2 increases both fibroblast and myofibroblast proliferation % '8, therefore contributing to
both enhanced scar formation and stiffness during cardiac injury (Fig. 3). Noteworthy, FGF-2
exists as an isoform with a high molecular weight (Hi-FGF-2) and low molecular weight (Lo-
FGF-2) %7, thus it is important to determine the potential effects of both in the context of cardiac
hypertrophy and tissue remodeling. In the past, several in vitro studies revealed evidence for
an important role of FGF-2 in cardiac hypertrophy (Fig. 1). Consistent with reports Lo-FGF-2
alters the gene profile of contractile proteins from “adult’ to “fetal” programs when added to
cultured neonatal cardiomyocytes '°8 a distinct characteristic that is attributed to pressure
overload-induced cardiac hypertrophy in vivo. Although data seems contradictory as others
reported that cardiomyocyte hypertrophy is stimulated only by Hi-FGF-2, both in vive and in
vitro ¥, Hi-FGF-2 accumulates preferentially in response to stress stimuli (Fig. 1), including
AT-Il '® and oxidative stress '7°. This is further supported by others who found that Hi-FGF-2
is preferentially accumulated and released by cardiac fibroblasts which induce paracrine
cardiomyocyte hypertrophy (Table 2) '2¢. Once released, Hi-FGF-2 may directly interact and
activate the tyrosine kinase receptor FGFR-1 (Fig. 2) "', and downstream mitogen-activated
protein kinase signaling 2 172, Lo-FGF-2 exhibits cardioprotective effects, especially against
post-ischemic cardiac dysfunction . One mechanism for the effects of Lo-FGF-2 is its potent
angiogenic activity that may increase resistance to ischemic injury and cardioprotection 83 174,
7% In conclusion, these data imply that Hi-FGF-2 is a contributor to cardiac hypertrophy,
fibrosis, and heart failure (Fig. 4), while Lo-FGF-2 seems to exert opposite functions as a
component of adaptive responses in the injured myocardium 76,

FGF-2 null mice had a marked reduction of the hypertrophic response in cardiomyocytes in
response to pressure overload '"7; however, questions remain whether the entire blockade of
FGF-2 signaling is therapeutically beneficial. Considering data highlighting the role of FGF-2
in the progression of many cancer types 882 plocking of FGF-2 may have beneficial effects
as shown in reports on the elimination of tumor angiogenesis 3. But, in the context of ischemic
heart disease, inhibition of FGF-2 signaling may be detrimental, since an angiogenic effect by
Lo-FGF-2 upregulation may be desirable 83 174175 Although data suggests functions for Hi-
FGF-2 and Lo-FGF-2 in the myocardium, further investigations are certainly needed to
understand a) the precise outcomes of targeting one or the other isoform, b) the effects on
exact organs/cells, and c) to define the precise function of the isoforms in the context of
cardiomyocyte hypertrophy and fibrosis. Additionally, unwanted effects of Hi-FGF-2 and Lo-
FGF-2 need to be considered. Moreover, in addition to FGF-2, TGF-, AT-Il, catecholamines,
and other molecules as well orchestrate the response to hemodynamic stress (Fig. 1), which
suggests that targeting just one mediator may not be sufficient.
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ERK as the most prominent downstream effector of FGF-2 signaling plays a predominant role
in the development of both physiological and pathological cardiac hypertrophy (Fig. 2). While
cytosolic functions of ERK upon activation through pressure overload and mediators are
believed to promote the development of physiological hypertrophic conditions, nuclear
transcriptional activations mediated by ERK promote a pathological hypertrophic response in
CMs (Fig. 2) ' 18 Hypertrophic stimuli such as angiotensin I, ET-1, cytokines,
catecholamines, and biomechanical stress may also contribute to detrimental ROS formation
in cardiomyocytes, and additional autophosphorylation of ERK1/2 has been reported to trigger
pathological ERK1/2-mediated cardiac hypertrophy (Fig. 2) '®® ¥7. These changes can then
activate several hypertrophic signaling mediators regulated by ERK1/2 135 188,

Hyperactivation of ERK1/2 activity is most frequently linked to HCMs caused by genetic
abnormalities '8 1% While genetic variant-induced hyperactivation of ERK is closely linked to
pathogenic remodeling, normalization of ERK activation by simvastatin treatment restores
contractility and protects against fibrosis in animal models #1192,

One study reported different cardiac hypertrophic responses using both mice that completely
lacked ERK1/2 protein in the heart and mice that expressed an activated MEK1 in the heart.
Inhibiting MEK-ERK1/2 in mice lacking ERK1/2 in the heart causes eccentric cardiac growth
with elongated cardiomyocytes, whereas activation of MEK1-ERK1/2 signaling by the
overexpression of an active MEK1 mutant appears to be responsible for the concentric type of
hypertrophy with thicker cells '*3. Thus, increased pre- versus afterload have been described
to result in typical hypertrophic responses, and ERK1/2 seem to exhibit a central role, partially
regulating the underlying molecular mechanisms. Induction of ERK1/2 translocation to the
nucleus in adult rat myocytes, corresponded to reduced myocyte lengths and increased width,
under both baseline and chronic pacing conditions ', pointing to the critical role played by
ERK signaling in balancing concentric and eccentric hypertrophic growth (Fig. 2).

Cytokines and inflammasome in cardiac remodeling. Cytokines of the interleukin-6 (IL8)
family are key molecules for the local regulation of hypertrophic responses in cardiomyocytes
(Fig. 1). Pressure overload acts as a strong trigger for the upregulation of genes related to
leukemia inhibitory factor (LIF) and cardiotrophin-1 (CT-1) in the adult human myocardium %
1% Cardiomyocytes and cardiac fibroblasts produce leukemia LIF and CT-1 (Table 2) 197 1%
The release of Hi-FGF-2 from cardiac fibroblasts (Table 2) has been suggested to act in an
autocrine way and trigger the release of pro-hypertrophic CT-1 126 198 200 Moreover,
cardiomyocytes also express autocrine-acting CT-1, and CT-1 induces hypertrophy of
cardiomyocytes in vitro 2°'. Increased production and release of LIF, CT-1, and IL-6 in cardiac
fibroblasts in response to AT-Il can contribute to cardiomyocyte hypertrophy by paracrine
activation of the gp130-linked downstream signaling (Fig. 2) 2. Interestingly, IL-6 contributes
to the induction of massive collagen release by cardiac fibroblasts in response to AT-Il and
narepinephrine stimulation 203 204 consistent with a pro-hypertrophic response. Alternatively,
LIF stimulates several beneficial effects including reduction of collagen production and matrix
metalloproteinase activity in cardiac fibroblasts, resulting in an inhibition of differentiation of
cardiac fibroblast to myofibroblast 2%. Likewise, the role of CT-1 seems unclear as consistent
with reports describing CT-1 as having a potent hypertrophic effect on cultured cardiomyocytes
208 in addition to cardioprotective effects such as promoting cardiomyocyte survival 7. In
conclusion, during the process of developing cardiac hypertrophy, cytokine release is
increased in response to a variety of stress stimuli, including pressure overload, injury, and
mediators like AT-Il. However, since IL-6 has a negative inotropic effect, its function is still
unclear, 2%, suggesting the possibility of detrimental impacts by IL-6 driving hypertrophy toward
heart failure.

According to data binding of all IL-6-type cytokines to their common receptor subunit gp130
potently activates STAT3 and to a lesser extent STAT1 (Fig. 2) 2°°. Transgenic mice with
cardiac-specific STAT3 over-expression found that STAT3 holds a key role in hypertrophic and
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protective signaling, respectively. STAT3 induced the expression of cardiac protective factors
and guarded against decreases in the expression rates of cardiac contractile genes in the case
of doxorubicin-induced cardiomyopathy 2°. In line with this, another study that used pressure
overload on ventricular-restricted gp130 receptor knockout mice found a rapid onset of dilated
cardiomyopathy and induction of cardiomyocyte apoptosis. In comparison, a normal cardiac
structure and function were found under basal conditions, and compensated hypertrophy was
found in control mice under pressure overload 2''. These observations suggest a key role of
the gp130/STAT pathway in cardiomyocytes for transmitting adaptive and protective functions
in response to pressure overload and injury. However, a study on transgenic mice that
expressed a dominant negative mutant of gp130 (to decrease activation of this pathway)
reported concomitant to a suppressed STAT3 activation a significantly smaller hypertrophic
response when subjected to pressure overload 2'2, suggesting a pro-hypertrophic function for
STAT3. Whether the effects of the gp130 signaling pathway are beneficial or detrimental
remains unclear. Since pressure overload triggers hypertrophic responses in cardiomyocytes
via GPCRs in turn activating PKC and PKD (Fig. 2) 2'*, potential crosstalk of signaling
pathways could be involved. Likewise, neonatal rat cardiomyocytes showed that stretch
induces a transient activation in a sequential time order on PKC and other downstream targets
as the successive components of the MAPK signaling cascade (Fig. 2) 2™

In contrast, YAP1, a downstream effector of Hippo signaling regulating proliferation, survival,
and organogenesis in mammalian cells, that can also be activated through SRC-mediated
gp130 activation in cardiomyocytes 2'5, is involved in cardio-protective mechanisms against
pressure overload stimulation of cardiac hypertrophy (Fig. 2). Under chronic pressure overload
conditions, activation of YAP transcriptional activity reduces the development of cardiac
hypertrophy. Additionally, apoptosis and fibrosis effects on cardiomyocytes that can be
prerequisites for myocardial infarction are reduced 2. The transcriptional activity of YAP
mediates compensatory cardiac hypertrophy under pressure overload conditions 2'7 to stop
the progression of wall stress into myocardial infarction, while CMs are driven toward heart
failure by the detrimental effects of YAP signaling loss-of-function 2'¢.

Concomitant hypertrophic responses via activation of PKC and MAP kinases can also be
triggered by AT-Il (Fig. 2). Cardiomyocytes under mechanical stress secrete AT-Il ', Here,
active PKC, with its numerous nuclear and cytosolic substrates 2'°, specifies the extensive
crosstalk of signaling pathways in response to pressure overload. The alpha-isoform of PKC
directly activates RAF1 220, providing evidence for a complex link between the signaling
pathway downstream of growth factor receptors in the context of cardiac hypertrophy. Others
have reported that GPCR signaling can be crosslinked directly to RAS (Fig. 2) '**, and GTP-
bound RAS interacts with many downstream effectors which in turn transmit the signal for
activating multiple signaling pathways 2!, potentially promoting hypertrophic responses in
cardiomyocytes. Additionally, others reported that the C-terminus of the AT1 receptor
associates with JAK2 upon binding of the ligand, resulting in JAK2/STAT3 pathway activation
222225 indicating another example of the crosstalk interaction of signaling pathways in response
to hypertrophy-associated stress signals. These lines of evidence indicate that the discrepancy
of data regarding the gp130 signaling pathway may be due to the extensive crosstalk between
intracellular signaling pathways (Fig. 2). Taken together, there are contradictory reports
regarding the individual effects of IL-6, LIF, CT-1 and their signaling via the gp130 pathway in
cardiac hypertrophy, thus further investigation is necessary for elucidating the exact
mechanisms.

Calcineurin/NFAT in cardiac hypertrophy. Calcineurin as a Ca*-dependent
serine/threonine protein-phosphatase has been found to exhibit central pro-hypertrophic
functions in the myocardium (Fig. 2) ??°. Calcineurin contains two subunits: the 57-61-kDa
catalytic subunit (CnA) and the 19-kDa regulatory subunit (CnB). Activation of this dimeric
protein occurs through direct binding of the Ca?*-saturated adaptor protein calmodulin ?27. The
mammalian heart only expresses CnAc, CnAB, and CnB1, although there are three genes
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including CnAa, B and y encoding for CnA, and two genes (CnB1 and B2) encode for CnB.
Calcineurin becomes activated in response to increased Ca?* levels, which enables binding to
transcription factors of the nuclear factor of activated T cells (NFAT) family (Fig. 2) %'.

Pro-hypertrophic gene expression is activated upon binding, and through dephosphorylation
of conserved serine residues at the N terminus of NFAT by calcineurin, resulting in NFAT
translocating into the nucleus (Fig. 2) ??. Here, NFAT regulates the expression of cardiac
genes via association with GATA4 and myocyte enhancer factor 2 (MEF2), which are also
transcription factors 228 22°. Noteworthy, several studies indicate that NFAT transcription factors
act as primary calcineurin effectors in the heart, as they have been identified as necessary and
sufficient mediators promoting cardiac hypertrophy 226 228, Moreover, cardiomyocytes contain
structural proteins located in the repetitive Z-disc that have been found to regulate calcineurin
in addition to the activation via increased Ca?* 239233,

GPCR stimulation with hypertrophic agonists, including AT-Il and PE on cultured neonatal rat
cardiomyocytes indicated an increase in calcineurin enzymatic activity, which was induced by
increased calcineurin AR (CnAB) mRNA and protein, compared to CnAo. or CnAy 2*4. By that,
human hypertrophied and failing hearts (Fig. 4) also exhibit increased calcineurin activity 2%,
as well as in ventricular muscle with exposure to AT-Il, ET-1, and Urotensin Il in human failing
heart 2% Significantly, hypertrophied hearts in rodents subjected to aortic banding displayed
upregulated calcineurin activity 2*”-2*" and profound cardiac hypertrophy with rapid progression
to dilated cardiomyopathy, extensive fibrosis, congestive heart failure, and sudden death (Fig.
4) were observed in active calcineurin expressing transgenic mice 22°.

Upregulated NFAT activity has been observed upon both physiological stimuli (exercise
training, growth hormone-IGF1 infusion) and pathological stimuli (pressure overload,
myocardial infarction) (Table 1) ''. In contrast, the hypertrophic response to pressure overload
and GPCR agonists was impaired in a model of transgenic mice exhibiting a targeted
inactivation of calcineurin Ap 2*2 and in transgenic mice expressing a dominant negative form
of calcineurin A 2%° Furthermore, cardiac hypertrophy was prevented in a model using
pharmacological inhibition of calcineurin A activity on transgenic mice with constitutively active
calcineurin A %8,

These lines of evidence taken together indicate that calcineurin/NFAT plays a major role in the
conversion of pathogenic stimuli into pathological cardiac remodeling, suggesting it is a key
target in the setup of clinical prevention of cardiac hypertrophic (Fig. 4). But data seems
contradictory, as a study reported accentuated hypertrophy, impaired histopathology as well
as risk for early death when applying calcineurin inhibitors 243, Thus, further investigation is
necessary to clarify if calcineurin/NFAT could be considered as a key target.

ANP/BNP in cardiac hypertrophy. Development of pathological cardiac hypertrophy is
frequently linked to increased mRNA expression of atrial natriuretic peptide (ANP) and B-type
natriuretic peptide (BNP), according to studies in both human and animal models %4 245, as
well as an increase in the plasma levels of ANP and BNP with the severity of heart
failure. Under critical conditions, more BNP than ANP is secreted, largely in the ventricles and
atria, respectively. However, as heart failure worsens, ANP is also secreted in the ventricles;
for this reason, the ventricles are crucial locations for both BNP and ANP 26, Both ANP and
BNP, as well as their more stable cleavage products, NT-proANP and NT-proBNP,
respectively, are efficient biomarkers in the clinical diagnosis and management of heart failure
(Fig. 4) 247,248

Besides the physiological effects of ANP and BNP such as vasodilation, regulation of sodium
reabsorption and water balance as well as inhibition of the renin-angiotensin-aldosterone
(RAA) system, collectively directed towards responding to cardiac pressure and volume
dynamics and suppression of heart failure 24%25°, ANP/BNP causes the cGMP-dependent PKG
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to be activated (Fig. 2), which in turn prompts the Ca*"/calmodulin-dependent endothelial nitric
oxide (NO) synthase to aid in the production of more NO, which relaxes the vascular smooth
muscle cells and lowers systemic blood pressure 24 25 252 ANP/BNP and NO can also
counteract NE effects on the size expansion of cardiomyocytes, presumably through the
cGMP-PKG-mediated cardioprotective axis resulting in the reduction of NE-stimulated Ca?*
influx 251 253,

Moreover, while ANP and BNP expression is being regulated by pro-hypertrophic
transcriptional activation of NFAT, on the other hand, ANP and BNP can counteract as
negative regulators of hypertrophy by PKG-mediated inhibition of calcineurin to curb nuclear
translocation of NFAT (Fig. 2) 25425¢,

4. Computational models of cardiac hypertrophy

Many mediators and pathways implicated in cardiac hypertrophy hinder the field’s ability to
integrate individual findings into a common framework. To address this, several computational
models have been developed that provide systems-level insight into how cardiac hypertrophy
is regulated. In the first model of hypertrophic signaling, Cooling et al. examined the factors
that control the kinetics of IP3 2°7. They found that ET-1 induced a much more sustained IP3
signal than AT-Il, which was best explained by differences in receptor kinetics. To obtain a
more global view of hypertrophic signaling, Ryall et al. used a logic-based modeling framework
%8 to simulate 193 reactions integrated across 14 pathways 2*°. Comprehensive knockout
simulations supported the conclusion that Ras is the hub of a bow-tie control structure, which
integrates signals from many receptors and stimulates hypertrophy through partially redundant
MAPK pathways. This was validated in new experiments comparing the effects of inhibition of
RAS, MEK, p38, and JNK %°.

While neonatal cardiomyocytes have been extremely useful in the study of cardiac
hypertrophy, it is well-known that they show limited maturity compared to adult cells 2%°. But
quantitatively, to what extent are in vitro data predictive of in vivo cardiac hypertrophy? To
address this question comprehensively, Frank et al. used the model of neonatal cardiomyocyte
hypertrophy 2% to attempt to predict the in vivo hypertrophy for 52 cardiac-specific transgenic
mice %', Strikingly, they found that the model correctly predicted 78% of cardiac outputs,
including four double-transgenic mouse models. Differences between model predictions and
in vivo experiments may indicate differences between in vitro and in vivo mechanisms or
specific transgenic mice whose hypertrophic phenotype depends on specific contexts (e.g.,
hormones, genetic background).

Indeed, examination of context-dependent regulation can elucidate new aspects of signaling
networks. Khalilimeybodi et al. developed a computational method called CLASSED to
systematically revise the previous model of Ryall et al. ?*® using context-dependent
experimental data from 550 experimental data from 230 literature articles. Examining areas of
a model-experiment disagreement using CLASSED, they identified the reactions that should
be removed or added from the network. They also found new crosstalks between Gfy and
CaMKIl or calcineurin, which were validated in neonatal cardiomyocytes 2*. Most recently,
models of cardiomyocyte signaling are being incorporated into models of multiscale integration
of mechanics and signaling in pressure overload, hormones 262, or pregnancy 2. Recently,
researchers have attempted to mature iPSC-CMs by prolonged culture duration, metabolic
substrates, and mechanical and electrical stimulation to model HCM and measure cellular
morphology, contractility, electrophysiological property, calcium handling, and metabolism 284
25 Therefore, network model reparameterization for iPSC-CM will be advantageous from the
perspective of translational applications. Cardiac hypertrophy is associated with an increased
occurrence of ventricular arrhythmia 2, Interestingly, several nodes in the signaling network
of hypertrophy (such as CaMKII, PKA, and calcineurin) modulate the ion channels 27 268,
Therefore, the involvement of these node states in multiscale electromechanical models may
predict the association of hypertrophy and arrhythmia.

13

72



5. Concluding remarks and future directions
The microenvironment involved in the development of cardiac hypertrophy involves
cardiomyocytes and non-myocardial cells, and the accompanying release of numerous pro-
hypertrophic, pro-fibrotic, and pro-inflammatory mediators facilitating reciprocal interactions.

Cardiac fibroblasts are the main players in the development of fibrosis, nevertheless,
endothelial cells that can undergo EndMT toward a myofibroblast-like phenotype are closely
involved as well. Resident and infiltrating immune cells (mast cells, macrophages, neutrophils)
enhance these processes while simultaneously contributing to tissue inflammation. Thus,
considering all these mechanisms in the hypertrophic microenvironment, it appears that
tailoring an efficient treatment regimen is extremely complex. Sophisticated strategies and
most likely multidirectional approaches are needed and should be well-approachable using
computational modeling systems that allow the integration of all signaling components.

Since it is not feasible to discuss every cellular and molecular process involved in the
development of different types of cardiac hypertrophy, we aimed to outline the main drivers of
the hypertrophic microenvironment and the respective signaling pathways being affected. A
necessary future approach will be the identification of the precise involvement of different cell
types, cellular mediators released by them, and the respective activation of second
messengers. This will allow us to evaluate the known and thus far unrecognized molecular
signaling axes during disease development. Moreover, such data collection within a
computational model will help to guide effective and selective targeting strategies in cardiac
hypertrophy. Given the high prevalence of heart disease in the Western world, an important
future effort should be to translate the knowledge gained into new pharmacological targets that
help to delay or even stop the remodeling process and the severe consequences that patients
experience after diagnosis of a diastolic or systolic dysfunction.
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factor; Lo-FGF-2, low molecular weight FGF-2; MAPK, mitogen-activated protein kinase ;
MAPKKK, mitogen-activated kinase kinase kinase; MCP-1, monocyte chemoattractant
protein-1; MEF2, myocyte enhancer factor 2 ; MEK, mitogen activated ERK activating kinase;
MLC, myosin light chain; NADPH, nicotinamide adenine dinucleotide phosphate; NFAT,
nuclear factor of activated T cells ; NE, norepinephrine; NF-xB, nuclear factor kappa B ; NO,
nitric oxide; NOS, uncoupled NO synthases; NOX, nicotinamide adenine dinucleotide
phosphate oxidase ; NRCs, neonatal rat cardiomyocytes; O2-, superoxide anion; ONOO,
peroxynitrite; PDE3A, phosphodiesterase-3a; PAF, platelet-activating factor; PDGF, platelet-
derived growth factor; PE, phenylephrine; PI2, prostaglandin I12; PKA, protein kinase-A; PKC,
protein kinase-C; PKD, protein kinase-D; PI3K, phosphoinositide 3-kinase; PKGI, cyclic GMP
(cGMP)-dependent protein kinase 1; PLC, phospholipase-C; RAAS, renin-angiotensin-
aldosterone system; Rac, RAS-related C3 botulinum toxin substrate; Raf, rapidly accelerated
fibrosarcoma; RAS, renin-angiotensin system; Ras, rat sarcoma ; ROS, reactive oxygen
species; SERCA2, Ca-pump of sarcoplasmic reticulum ; SMAD, Suppressor of Mothers
Against Decapentaplegic, Src, sarcoma; STAT, signal transducer and activator of
transcription; TGF-B, transforming growth factor beta; TFs, transcription factors; TNFa, tumor
necrosis factor-a; VCAM-1, vascular cell adhesion molecule-1; LVH, ventricular cardiac
hypertrophy; XO, xanthine oxidase; YAP, yes-associated protein.
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Table 1. Characteristics of physiological and pathological cardiac hypertrophy?

Physiological Pathological
Characteristic cardiac hypertrophic cardiac hypertrophic

Stimuli Exercise, pregnancy i.a. pressure or volume overload
Cardiomyocyte size Increased Increased
Concentric or eccentric eccentric > concentric concentric or eccentric
Adaptivity yes initially yes/ advanced maladaptive
Contractility preserved or increased preserved or decreased
Cardiac metabolism

- Fatty acid oxidation increased decreased

- Glycolysis increased increased
Structural and functional

- Replacement no yes

- Interstitial fibrosis no yes

-  Cardiomyocyte apoptosis no yes

- Capillary network sufficient insufficient
Molecular characteristics

- Fetal gene expression unmodified upregulated

- Contractile linked genes normal or increased downregulated
Cardiac function normal or increased depressed
Reversible yes no
Heart failure unlikely Prone

a Adapted from Bernardo et al., 2010 (Ref. 10) and, Nakamura and Sadoshima, 2018 (Ref. 9).
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Table 2. Mediators influencing the microenvironment in cardiac hypertrophy

Chymase (alternative ACE)

mast cell

Vasoactive peptides Secretion from/ Location References
AT-l cardiomyocyte 124,130
AT-II endothelial cell 39
ET-1 cardiomyocyte it 20
ET-1 fibroblast da-izo 12 bl
ET-1 endothelial cell Sz
Catecholamines Secretion from/ Location References
NE sympathetic nerve ending i
Growth factors Secretion from/ Location References
FGF (aFGF, bFGF) cardiomyocyte 163,270
FGF (aFGF, bFGF) non-myocyte i
FGF-2 (bFGF) fibroblast 126, 163, 172
FGF-2 (bFGF) endothelial cell ik
FGF-2 (bFGF) mast cell b
High-FGF-2 (Hi-bFGF) fibroblast g2
TGF-B cardiomyocyte 143, 148, 149
TGF-R fibroblast 44,125,126, 143, 148, 149
TGF-B endothelial cell i3 14020
TGF-B mast cell T 6
TGF-B myofibroblast 31,150, 151
Cytokines Secretion from/ Location References
IL-6, CT-1, LIF cardiomyocyte TR ALl 2 2 ]
IL-6, CT-1, LIF fibroblast (a0 1S6R20, 270
IL-6 mast cell i
IL-1 mast cell gt
TNFa mast cell H £5:i8,79
Various other components Secretion from/ Location References
VCAM-1, ICAM-1 endothelial cell 40
ECM components cardiomyocyte 280
ECM components fibroblast 280
ECM components endothelial cell A
ECM components myofibroblast S e
Histamine mast cell 2
Chemotactic factors mast cell st
Anti-hypertrophic peptides Secretion from/ Location References
ANP, BNP cardiomyocyte 41,282
NO endothelial cell 39,40
CNP endothelial cell 58
Enzymatic activities Secretion from/ Location References
Local RAS cardiac tissue bl
AGT, renin, ACE, AT1, AT2 cardiac tissue 280 200
AGT cardiomyocyte 288
AGT fibroblast 288
Renin mast cell 82,83
ACE endothelial cell 48
Chymase (alternative ACE) endothelial cell 46

54,79, 289
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Figure 1.

A microenvironmental

model

of pressure overload-induced cardiac

hypertrophy. The model also illustrates multiple cell types' substantial roles and reciprocal
interactions in the myocardium. In response to pressure overload cardiomyocyte and non-
myocardial cells are transformed into an “activated state”, releasing numerous pro-
hypertrophic, pro-fibrotic, and pro-inflammatory mediators. In addition, vasoactive hormones,
various growth factors, cytokines, and the local renin-angiotensin system (RAS) act in an
autocrine and/or paracrine mode. Collectively, the above-mentioned mechanisms orchestrate
effects that contribute to pathological remodeling processes leading to cardiac hypertrophy,
fibrosis, and inflammation. AT Il angiotensin II; CT-1: Cardiotrophin-1; ECM: extracellular
matrix; ET-1: endothelin-1; FGF-2: fibroblast growth factor 2; ICAM-1: Intercellular Adhesion
Molecule 1; IL-1: interleukin-1; IL-6: interleukin-6; NE: norepinephrine; TGF-: transforming
growth factor-3; TNFa: tumor necrosis factor-a.
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Figure 2. An overview of the pro-hypertrophic (left panel) and anti-hypertrophic (right
panel) signaling pathways regulating the hypertrophic response in the cardiomyocyte.
Increased intracellular Ca®* levels mediated by TRPCs and Ca®* import promote pro-
hypertrophic transcriptional signaling events via calcineurin-NFAT and activation of PKC. PLC
may contribute to these axes in the activation of alpha-adrenergic receptor signaling. Although
canonical MAPK signaling via RTKs including FGFR-1 promotes pro-hypertrophic signaling,
the PIBK-AKT axis plays an opposing role in hypertrophic signaling via inhibition of GSK3B and
activation of YAP transcriptional activity. Increased secretion of cytokines promotes
transcriptional activation of the pro-hypertrophic gene program in the nucleus not only via JAK-
STAT but also the MEK5-ERKS axis. On the other hand, increased pressure overload in
cardiac tissue promotes secretion of ANP and BNP by cardiomyocytes, leading to vasodilation
and an anti-hypertrophic response in cells via an increase in intracellular cGMP levels, which
leads to activation of PKG, in turn mediating reduced hypertrophic growth. Activation of JNK
and p38 stress signaling events in the cardiomyocytes, although leading to cardiomyopathy
and heart failure, results in inhibition of NFAT through phosphorylation events that prevent its
nuclear localization and pro-hypertrophic transcriptional regulation activities, thereby blocking
the calcineurin axis. Increased secretion of TGFB during increased pressure stress can lead
to mixed responses, with canonical TGFB-SMAD2/SMAD3 signaling leading to anti-
hypertrophic responses, whereas activation of noncanonical SMAD1/SMAD5 leads to pro-
hypertrophic responses.
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Figure 3. Schematic illustration of the process of fibrotic scar formation at the cellular
level. The myocardium develops cardiomyocyte hypertrophy under pressure overload
conditions, triggering concomitant inflammatory processes and fibrotic scar formation. The
evidence discussed in the text suggests a central role for resident fibroblasts, nonetheless
cardiac endothelial cells may also contribute to myofibroblast-like cells and drive cardiac
fibrosis. Resident and infiltrating immune cells, including mast cells, macrophages, and
neutrophils, enhance this phenotype change by releasing TGF-R while mediating tissue
inflammation via cytokines such as TNFa, IL-6, and IL-1. These mechanisms increase the
number of myofibroblasts and the accumulation of collagen, which accelerates fibrotic scar
formation in the microenvironment of cardiac hypertrophy.
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Figure 4. Schematic diagram of how changes in the microenvironment affect cardiac
function. Hypertension, a common cardiovascular disease, causes pressure overload
followed by a massive release of pro-hypertrophic, pro-fibrotic, and pro-inflammatory
mediators. At this stage, when individuals do not experience symptoms, hypertension and its
accompanying microenvironmental complications may be reversible with strategies such as
lifestyle modification, however without any intervention, this could evolve into cardiac
hypertrophy and fibrotic remodeling. Increasing fibrosis leads to mechanical stiffness and
impaired filling phase, both prominent features of diastolic dysfunction. Common symptoms
include headache, dizziness, palpitations, and chest discomfort. Notably, this phase is not
reversible and requires pharmacological management. Late diagnosis or inadequate treatment
leads to progressive fibrosis and detrimental changes at the molecular level, such as a barrier
between cardiomyocytes at the cellular level, impaired electrical coupling, and hypoxia of
affected cardiomyocytes, collectively resulting in cardiomyocytes’ cell death. The subsequent
decreased contractile force characterizes systolic dysfunction while having severe
consequences as individuals suffer from shortness of breath. Biomarker identification in a
diagnostic screening approach could help detect early onset diastolic dysfunction in affected
individuals, setting the platform for early management and preventive course of action to avoid
the subsequent detrimental outcomes of the developing condition.
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Chapter 5

A comprehensive analysis of RAS-effector interactions reveals
interaction hotspots and new binding partners
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nucleotide-free and fluorescently labeled forms of GTPases, protein interaction analyses
including fluorescence polarization measurements, Cell culture and transfection, Pull-
down and western blotting, figure preparation and illustration, drafting of manuscript and
discussion.
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RAS effectors specifically interact with GTP-bound RAS
proteins to link extracellular signals to downstream signaling
pathways. These interactions rely on two types of domains,
called RAS-binding (RB) and RAS association (RA) domains,
which share common structural characteristics. Although the
molecular nature of RAS-effector interactions is well-studied
for some proteins, most of the RA/RB-domain-containing
proteins remain largely uncharacterized. Here, we searched
through human proteome databases, extracting 41 RA domains
in 39 proteins and 16 RB domains in 14 proteins, each of which
can specifically select at least one of the 25 members in the RAS
family. We next comprehensively investigated the sequence—
structure—function relationship between different representa-
tives of the RAS family, including HRAS, RRAS, RALA, RAP1B,
RAP2A, RHEBI1, and RIT1, with all members of RA domain
family proteins (RASSFs) and the RB-domain-containing
CRAF. The binding affinity for RAS-effector interactions,
determined using fluorescence polarization, broadly ranged
between high (0.3 pM) and very low (500 puM) affinities, raising
interesting questions about the consequence of these variable
binding affinities in the regulation of signaling events.
Sequence and structural alignments pointed to two interaction
hotspots in the RA/RB domains, consisting of an average of 19
RAS-binding residues. Moreover, we found novel interactions
between RRAS1, RIT1, and RALA and RASSF7, RASSF9, and
RASSF1, respectively, which were systematically explored in
sequence—structure—property relationship analysis, and vali-
dated by mutational analysis. These data provide a set of
distinct functional properties and putative biological roles that
should now be investigated in the cellular context.

RAS family proteins control activities of multiple signaling
pathways and consequently a wide array of cellular pro-
cesses, including survival, growth, adhesion, migration, and
differentiation (1). Any dysregulation of these pathways
leads, thus, to cancer, developmental disorders, metabolic
and cardiovascular diseases (2). Signal transduction implies a
physical association of RAS proteins with a spectrum of

* These authors equally contributed to this study.
* For correspondence: Mohammad R. Ahmadian, reza.ahmadian@hhu.de.
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functionally diverse downstream effectors, e.g, CRAF,
PI3Ka, TIAM1, RALGDS, PLCg, and RASSF5 (3—11). RAS-
effector interaction essentially requires RAS association
with membranes (12), and its activation by specific regula-
tory proteins (e.g., guanine nucleotide exchange factors or
GEFs), leading to the formation of GTP-bound, active RAS
(13-15). Notably, RAS proteins change their conformation
mainly at two mobile regions, designated as a switch I (res-
idues 30-40) and switch II (residues 60—68) (16—18). Only in
GTP-bound form, the switch regions of the RAS proteins
provide a platform for the association of the effector proteins
(19, 20).

To date, two types of domains, the RAS-binding (RB) and
RAS association (RA) domains, have been defined for various
effectors. They are comprised of 80 to 100 amino acids and
have a similar ubiquitin-like topology (8, 21-24). Consid-
ering different RAS effectors, RB and RA domain in-
teractions with RAS proteins do not exhibit the same mode
of interaction between different RAS effectors. However,
CRAF RB and RALGDS RA domains share a similar struc-
ture and contact the switch I region via a similar binding
mode (25, 26). In contrast, PI3Ka RB, RASSF5 RA, and PLCe
RA domains do not share sequence and structural similarity
but commonly associate with the switch regions, particularly
switch I (27-29). RAS-effector interaction strikingly shares a
similar binding mode adopted by three components: two
antiparalle] B-sheets of the RA/RB domains and the RAS
switch I region, respectively, and the first a-helix of the RA/
RB domains (30).

In this study, we conducted an in-depth database search in
the human proteome and extracted 57 RA/RB domains. We
used ten RASSF RA domains to analyze their interactions
with seven representatives of the RAS proteins family,
including HRAS, RRAS1, RAP1B, RAP2A, RALA, RIT1, and
RHEBI1. CRAF RB domain was used as control. The binding
analysis was performed under the same conditions using
fluorescence polarization. Obtained dissociation constants
(K4) with a broad range (0.3—-500 pM) along with a matrix for
a potential interaction of 25 RAS proteins and 57 RA/RB
domains provide us a detailed view of the sequence—struc-
ture—property relationships of RAS-effector binding
capabilities.

J. Biol. Chem. (2021) 296 100626 1
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Results

Human proteome contains 39 RA and 14 RB domain-
containing proteins

Mining in the UniProt database led to the extraction of 130
RB and 145 RA-domain-containing proteins, respectively. In a
parallel search using HMMER, 127 RB and 164 RA-domain-
containing proteins were extracted. These numbers were
reduced to 46 RB and 97 RA-domain-containing proteins by
excluding proteins containing RHO-binding domains, mito-
chondrial proton/calcium antiporter domain, and receptors. In
the last step, all isoforms with identical sequences of the RB
and RA domains were excluded using multiple sequence
alignments generated with the ClustalW algorithm. This
approach identified a total number of 16 RB domains in 14 RB-
domain-containing proteins and 41 RA domains in 39 RA-
domain-containing proteins, (Fig. S1; Tables S1 and S2).
Both types of RAS effector domains share sequence identity of
10.5% and 9.2% and sequence similarity of 25.5% and 20.2%
(Figs. S2 and S3).

The direct interaction of different RA-domain-containing
proteins with RAS proteins has been comprehensively
analyzed (23, 31). However, the majority of proteins with a RA
domain remain uncharacterized (Table S1). The RAS associ-
ation domain family (RASSF), which controls a broad range of
signaling pathways (8, 32), is the largest RA-domain-
containing protein family (Fig. 1). Their RA domains differ-
ently interact with classical RAS proteins (8, 24). Among them,
only the interaction of RASSF1 and RASSF5/NORE1 RA do-
mains has been characterized quantitatively so far (23, 31).
Other  characterized  RA-domain-containing  proteins,
including RALGDS-like proteins, PLCe, AF6, RIN1/2, and
PDZGEF1/2, regulate diverse cellular processes. They share
high structural similarity and exhibit differential selectivity for
HRAS and RAP1B (23, 31).

RB-domain-containing proteins are mostly kinases
(Table S2). The serine/threonine RAF kinase family proteins

(A/B/CRAF; (33)) activate the MEK-ERK axis and control cell
proliferation and differentiation (34, 35). PI3Ka generates
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and regulates
cell growth, cell survival, cytoskeleton reorganization, and
metabolism (36). RGS12/14, which usually act as inactivators
of Ga proteins (37), physically interact with various members
of the RAS family. They appear to facilitate the assembly of the
components of the MAPK pathway through direct association
with activated HRAS (38). TIAM1/2, which act as specific
GEFs for the RHO family proteins and control cell migration
(39, 40), have been suggested to recognize activated RAS
proteins (41). However, their direct interaction with RAS
proteins has not been shown to date (23). Moreover, a few
proteins, reported as RAS effectors, do not apparently contain
an RA/RB domain (Table S3).

Variable affinities for the RAS-effector interactions

To determine the binding capability between the effector
domains and diverse proteins of the RAS family, the following
proteins were selected for this study: (i) all ten RASSF family
proteins as representative RA-domain-containing effector
proteins; (ii) CRAF RB domain (Fig. 1) was used as a repre-
sentative of the RB-domain-containing proteins; and (iii) the
RAS family includes 23 genes coding for at least 25 proteins,
which share, considering their G domains, sequence identity of
48.6% and sequence similarity of 61.5% (Fig. S4). Based on
sequence identity, structure, and function of their G domains,
the RAS proteins were divided into eight paralog groups
(Table S4): RAS, RRAS, RAP, RAL, RIT, RHEB, RASD, and
DIRAS (42). RAS-related proteins RASLs, RERG, RERGL,
NKIRAS1/2 were excluded from this list and study due to their
major sequence deviations.

To monitor binding we applied a fluorescence polarization
assay (21) to determine the dissociation constants (Ky) for the
RAS-effector interactions. For this, we prepared HRAS, RRAS,
RAP1B, RAP2A, RALA, RIT1, and RHEBI1 in complex with a
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Figure 1. Domain organization of effector proteins. Schematic representation of RASSF1-10 proteins and CRAF. Different domains are highlighted,
including RAS association domain (RA) in red, RAS-binding domain (RB) in yellow and other domains in blue. Based on their domain organization, the RASSF
family proteins are divided in group 1 (RASSF1-6) and group 2 with N-terminal RA domains (RASSF7-10). Coomassie brilliant blue stained SDS gels show

purified RAS proteins as well as the RA/RB domains purified as MBP fusion
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nonhydrolyzable, fluorescent analog of GTP, called
mGppNHp. Representatives of RASD and DIRAS groups were
not applied due to their physical instability in vitro. Small-sized
RB and RA domains were fused to maltose-binding protein
(MBP, 42 kDa) to increase their overall molecular weight and
to ensure a homogeneous monomeric form of the fusion
proteins. Figure 1 shows SDS gels for all purified proteins used
in this study.

Increasing concentrations of MBP-fused effector proteins
were titrated to RASemGppNHp proteins to assess the
binding capability of the respective interaction pairs. We
observed a significant change in fluorescence polarization
for the majority of the measurements (Figs. S5 and S6A).
However, evaluated Ky values ranged from 0.3 to more than
500 pM. These data are summarized in Table S5 and
illustrated in Figure 2, Under these experimental conditions,
the CRAF RB domain revealed the highest affinity for HRAS
and RRAS1 while the RASSE5 RA domain exhibited a
relatively high affinity for HRAS, RAP1B, and RAP2A
(Fig. 2, A and B, green bars). The intermediate affinities
were obtained for the interaction of the CRAF RB domain
with RAP1B as well as RASSF1 with RAP1B, RAP2A and
RALA, RASSF9 with RIT1 and RASSF7 with RRASI (Fig. 2,
A and B; blue bars). The majority of the interaction pairs
showed, however, low and very low affinities (Fig. 2B, red
and black bars, respectively). Among them, RHEB notably

RAS-RASSF selectivity

revealed the majority of low-affinity interactions. No bind-
ing was observed for 12 pairwise interactions.

Purified MBP, which was titrated to HRASemGppNHp as a
negative control, exhibited no interaction (Fig. S7A). The
reproducibility of the fluorescence polarization measurements
was assessed by determining the K, value for the interaction
between HRASemGppNHp with RASSF1-RA in three
different experiments.

Identification of common RAS-binding site pattern in RA/RB
domains

To understand the atomic interactions between RAS and
effector proteins and explain observed variable affinities, we
analyzed various structures of RAS-effector protein complexes.
To date, 13 structures of RAS-effector protein complexes exist
in the PDB (Table S6). As some of them contain more than
one complex in the unit cell, there were altogether 19 com-
plexes available for the analysis. In order to map atomic in-
teractions responsible for observed variable affinities, we have
extracted information about interacting interface from all of
the abovementioned complex structures (Figs. S8 and S9) and
combined them with their sequence alignments (Figs. S2—54).
It is important to note that some amino acids, aligned ac-
cording to the sequence, were quite distant in the space.
Therefore, we edited the sequence alignment to synchronize it
with the structural alignment. Our python code finally took
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Figure 2. Differential binding affinities for the RA/RB domain interactions with various RAS subfamily members. The interactions between seven RAS
subfamily members with 11 effector proteins (ten RA domains of the RASSF protein family and CRAF RB domain) were determined by titrating mGppNHp-
bound, active forms of RAS proteins (1 uM, respectively) with increasing concentrations of the respective effector domains as MBP fusion proteins (Figs. 55
and 56). A, data of four representative experiments are shown for the interaction of RALA, RAP2A, RRAST, and RITT with RASSF1, 5, 7, and 9, respectively.
B, evaluated K4 values (above the bars; Table 55) were divided in high affinity (0.1-5 uM; green), intermediate affinity (6-30 uM; blue), low affinity (31-90 pM;
red), and very low affinity (91-510 pM; black). No binding (n.b.) stands for K4 values higher than 500 pM. The error bars were derived from the fitting errors.
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sequence alignments with PDB files of complex structures as
inputs and calculated all interaction pairs in analyzed complex
structures in the form of an interaction matrix. The resultant
matrix comprehensively relates the interacting residues on
both sides of the complexes, with RAS paralogs as rows and
the RA/RB domains as columns (Fig. 3). All numbering in this
study is based on HRAS on the one side and CRAF and
RASSF5, for RB and RA domains respectively, on the other
side.

Each element of the matrix that can be accounted for a
“hotspot” relates one homologous residue from RAS proteins
to one homologous residue from the RA/RB domains. The
number value of this element, ranging from 0 to 19, represents
the number of complex structures in which these residues
interact (Fig. 3). Thus, O means that these two residues do not
contact each other in any structure while a maximal value 19
means that this particular interaction exists in all analyzed
complex structures of the RAS-RA/RB domains. We have
sorted the residues at both sides of the matrix according to
their conservation versus variability. As can be seen in Figs. 54
and S9, the majority of the residues (14 out of 20) on the side
of 25 RAS proteins are conserved, nine of which (Q/N25, D/

E33, 1/V36, E37, D38, S/T39, Y40, R/K41 in switch I, and Y64
in the switch II; HRAS numbering) account for major hotspots
(Fig. 3). On the other side, and in contrast, the majority of 19
RAS interacting residues in RA/RB domains are variable and
only two distant residues are conserved (R/K59 and K/R84;
CRAF numbering; R/K241 and K/R308; RASSF5 numbering)
(Fig. 3 and Fig. S9).

However, what is striking is the middle cluster of the
matrix with the most frequent interactions between the
conserved residues in the switch I region of the RAS proteins
(p2-strand residues 36—41; HRAS numbering) and the vari-
able residues of the RA/RB domains (B2-strand residues
64-71; CRAF numbering; residues 284-291; RASSF5
numbering) (Fig. 3 and Fig. S9). This cluster adopts an
arrangement of intermolecular B-sheet interactions in an
antiparallel fashion (Fig. S8). A substantial number of the
contacts in this cluster are mediated by main-chain/main-
chain interactions, which typically involve hydrogen bonds
between the N-H group and the carbonyl oxygen of the
amino acids 37 to 39 from the RAS side and positions 66 to
69 (CRAF numbering) and 286 to 289 (RASSF5 numbering)
from the side of the RA/RB domains.
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RASSFS|ER§R | VCGVTEV|TL | EK
RASSF7TIERRVVCGVSEQVL VQR
RA RASSF6|VIRIE TKVR VNS NILEK | EN S
RASSF5|FI4P LD A | KQL HEEMV V D N
RASSF4|{NIYP AYIGEBIM TN ViRV ED G
RASSF3|LL4S SNGCMNTLESLV TE S
RASSF2|INIE4 P [AIYG SVITIN V€K | EN S
R67 RASSF1I ISP KDAVKHLHRYL VV DD
R59 RASSF5no SRR 2 B85 RS S a2
N ANNNNNNN NN nMMmom™m
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3 RB domain CRAFno. |G B8 3 S BB B R <85 SRS
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Figure 3. Interaction matrix adapted for the structures of RAS complexes with effector domains. Interaction matrix of RAS family proteins with the RA/
RB proteins used in this study is generated to demonstrate interacting residues in respective structures (see Table S6). It comprises the amino acid sequence
alignments of the RAS proteins (lower left panel) and the effector domains (upper right panel), respectively, extracted from the complete alignments in
Figs. 52-54. Each element corresponds to a possible interaction of RAS residues (row; HRAS numbering) and effector (column; CRAF and RASSF5 numbering,
respectively). The number of actual contact sites between RAS and the effector domains (with distances of 4 A or less) were calculated and are indicated
with positive numbers for matrix elements. Extracted structures of HRAS (in orchid) and the RA domain of RASSF5 and RB domain of CRAF (in olive) from
their surface complexes are presented (top left panel). Key interaction hotspots with the same color codes are highlighted on the surface structures as well
as in the interaction matrix and the secondary structures, respectively. Boxed residues in RASSF2, 4, and 9 were replaces to RASSF1 and 5, respectively, to
validate the impact of these hotspot residues on the interaction with RAS family proteins (Fig. 4).
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Switched RASSF-binding selectivity by hotspots residue
swapping

To prove the impact of the hotspot residues on the selec-
tivity of the RASSF RA domain interactions with RAS family
proteins, we selected the weak and strong RAS-RASSF in-
teractions, and substituted 4 to 5 amino acids in the hotspot
region (Fig. 3, boxed residues) RASSF2 to RASSF1 as well as
RASSF4 and RASSF9 to RASSF5. The variants, RASSF2-to-1,
RASSF4-to-5, and RASSF9-to-5 (Fig. 1), were successfully
expressed and purified. Their binding affinities for HRAS,
RIT1, RALA, RAP2A and RRAS1 were measured using fluo-
rescence polarization (Fig. S10).

Remarkable differences in binding affinities of the analyzed
RASSF variants are summarized in Figure 4 for comparison.
RASSF2-to-1 variant revealed a significant increase of RALA
(p < 0.006) and RRAS1 (p < 0.014) binding affinity compared
with RASSF2 but declined compared with RASSF1. In
contrast, RIT1, which did not show any binding to RASSF2
and a very low affinity to RASSF1, now exhibited a reasonable
Kq value of 65 uM for RASSF2-to-1. The RASSF4-to-5 variant,
on the one hand, showed a tremendous increase in affinity for
HRAS of about 20-fold (p < 0.0118) and, on the other hand,
diminished RIT1 property to bind RASSF4 by threefold (p <
0.0351). These data suggest that the hotspot residues favor
RASSF4 binding to RIT1, whereas those residues of RASSF5
counteract RIT1 binding. Similarly, the RASSF4-to-5 affinity
for RAP2A was increased by 2.5-fold (n.s., p < 0.087), which
emphasizes the high-affinity RAP2A-RASSF5 interaction. The
RASSF9-to-5 variant showed a 4.5-fold increase in HRAS-
binding affinity as compared with RASSF9 (p < 0.008) that
can be attributed to the high-affinity interaction of HRAS with
RASSF5. The intermediate affinity of RASSF9 for RIT1 of
27 uM is validated by the RASSF9-to-5 variant, which revealed
a 5.5-fold higher Ky value (p < 0.005). The interaction of the
RASSF9-to-5 variant with RALA was drastically enhanced

BMRASSF2 BMRASSF1 MRASSF2 fo 1

RAS-RASSF selectivity

(Kq =
RALA.

Our data on residue swapping in RASSF proteins success-
fully validated the key role of hotspot residues in the RAS-
RASSF interaction, particularly RASSF1-RALA, RASSF5-
HRAS, and RASSF9-RIT1.

35 uM) considering the lack of RASSF9 binding to

RIT1 puli-down from cell lysates by RASSF7 and RASSF9

To prove physiological relevance of identified RIT1 in-
teractions with RASSF7 and RASSF9, we transfect Human
Embryonic Kidney (HEK) 293T cells with human RIT1 and
used His-tagged RA domains of RASSF7 and RASSF9 to pull
down HA-tagged RIT1 from the cell lysates. As a control, we
used lysates of HRAS-transfected cells and His-tagged RASSF5
RA domain to pull down FLAG-HRAS. As shown in Figure 54,
RIT1 bound to RASSF7 and RASSF9 but not to RASSF5,
which was, in contrast, able to pull down HRAS. Data of three
independent experiments were quantified by a Li-Cor Odyssey
imaging system and expressed as signal intensity (Fig. 5B),
confirmed the significance of the RIT1 interaction with
RASSF7 and RASSF9 (p < 0.01).

Discussion

Effector selection and activation by a RAS protein in a
proper cellular context and appropriate protein network are
known to initiate a cascade of biochemical reactions and thus
control defined cellular functions in all types of cells. It is also
increasingly clear that functionalization of the effectors with
various modular building blocks, mainly the RA/RB domains,
is a prerequisite for successful orchestration of a series of
spatiotemporal events, including recruitment, subcellular
localization, assembly of proactive protein complexes, and
ultimately association with and activation via the RAS protein.
An issue that is investigated in-depth in this study is how many
effectors for RAS proteins exist in the human proteome and
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Figure 4. Validation of RAS-RASSF selectivity by hotspots residue swapping in RASSF RA domains. The interactions of the RASSF hotspot variants
(RASSF2-to-1: A186K/Y187D/V190K/T191H, RASSF4-to-5: Y185D/51871/V188K/N188L and RASSF9-to-5: V40D/G421/L43K/K45L/R46H; see Fig. 3, boxed resi-
dues) with various RAS family proteins (RIT1, RALA, RRAS1, HRAS, and RAP2A) were determined by fluorescence polarization (see Fig. S10), and evaluated Ky
values were plotted as bar charts together with K4 values of wild-type RASSF1, 2, 4, 5, and 9. (*p < 0.05; **p < 0.01). Color codes highlight RASSF wild types
(red and black) and RASSF variants (green). The error bars were derived from the fitting errors.
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Figure 5. Binding analysis of RIT1 and HRAS with RASSF1-RA, RASSF7-
RA, and RASSF9-RA using pull-down assay. A, HA-RITT and FLAG-HRAS,
overexpressed in HEK 293T cells, were pulled down using the His-tagged
MBP-RA domains of RASSF5, RASSF7, and RASSF9, respectively, and
immunoblotted (IB) using anti-HA and anti-FLAG antibodies. Immunoblots
of total cell lysates (TCL) were served as a loading control to detect HA-RIT1
and FLAG-HRAS. An anti-His antibody was used for detection of the His-
tagged MBP-RA domains of RASSF5, RASSF7, and RASSF9 as an input
loading control (more detail in Fig. S11). B, the graphs represent densito-
metric analysis of three independent experiments under the same condi-
tions as shown in (A). All values were normalized to the loading control. All
data are expressed as the mean of triplicate experiments + standard de-
viation (unpaired t-test, *p < 0.05, **p < 0.01, and **p < 0.001).

how they achieve the desired affinity and selectivity for their
cognate RAS protein.

The total numbers of RAS effectors differ from study to
study. A SMART database search has provided 108 RA and 20
RB-domain-containing proteins in one of the early and first
comprehensive studies on RAS-effector interactions (23).
These numbers have been slightly reduced to 100 RA domains
and only a few members of RB-domain-containing proteins,
including A/B/CRAF, TIAM1/2, and RGS12/14 proteins (31).
In the next studies, Kiel et al. (43) have come to around 70
human proteins, containing RA and RB domains. Ibanez
Gaspar et al. (44) have analyzed in their very recent,
comprehensive study 56 established and predicted RAS ef-
fectors with the potential ability to bind to RAS oncoproteins.
Our search, using the UniProt database and the program
HMMER, alongside with a cross-check of each individual
sequence, ended up with 41 RA in 39 RA-domain-containing
proteins and 16 RB in 14 RB-domain-containing proteins
(Fig. S1). Thus, our lists contain 53 proteins, also including
RALGDSL2 and SNX17 (Tables S1 and 52). SNX17 along with
SNX27 and SNX31, which possess a FERM-like domain, has
been shown to directly bind to GTP-bound HRAS (45) and

may thus be involved in endosomal RAS signaling processes
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(46). However, we exclude RASGEF3-5, KRIT1, and RGL4.
Sequences, related to RA or RB domains, were not found in
other proteins (Table S3), such as SIN1, SNX31, HK1
(Hexokinase 1), and SHANK2-3, which have been recently
described as new RAS effector proteins (45, 47-50).

In order to refine a comprehensive list of RAS proteins and
their effectors regarding their capabilities of mutual binding,
we have investigated pairwise interaction between selected
proteins (Fig. 2), related them to available structural data
(Fig. 3), and combined them with data described in previous
studies (Fig. S9).

The RASSF family contains ten members and is divided into
two groups; RASSF1-6 typically have C-terminal RA and
SARAH domains and RASSF7-10 an N-terminal RA domain
(Fig. 1) (51). However, RAS-binding residues are not conserved
in group 2 of the RASSF family and overall, the RA domains of
these two RASSF groups are about 25% identical. Our data
showed a much lower binding affinity between RAS family
members and RA domains of group 2 (Fig. 2).

In a very recent study, Dhanaraman et al. have performed
RASSF pull-down experiments under similar conditions as
previously published by Chan et al. (8, 24). As already stated by
the reviewer, this approach has limitations to detect affinities
lower than 10 to 30 uM, which is dependent on several vari-
ables such as the buffer and centrifugation speed. Chan et al.
have observed HRAS interactions with RASSF6 and RASSF7 as
well, which were determined in the present study, although
with very high Ky values (Fig. 2). RASSF5 binding to KRAS and
HRAS, as reported by Dhanaraman et al, also confirms a
previous study by Nakhaeizadeh et al, which has shown
similar binding affinities of the effector domains, including
RASSF5-RA, toward the RAS paralogs, HRAS, KRAS, and
NRAS (21). In contrast, Dhanaraman et al. have examined
RAP1A and RASSF5, consistent with our study with RAP1B
and RAP2A (Fig. 2), but did not consider them as interactions,
again due to the approach limitation of 10 uM (see below).

RASSF1 and RASSF5 RA domains share the highest
sequence homology and several residues, including L282,
D285, A286, 1/V287, K288, H291, K308, V311, V312, and
D313 (RASSF5 numbering), involved in RAS interaction
(Fig. 3), are almost identical. These RASSFs have been
described in many studies as effectors for H/K/NRAS, RRASI1,
and RAP1A (19, 32, 52, 53). Accordingly, we have determined
high and intermediate affinities for their association with RAS
family members in this study (Fig. 2) and in part also in a
previous report (21). Interestingly, RASSF proteins turned out
to interact with several other RAS-related proteins, beyond the
classical RAS paralogs. Shifman and colleagues have recently
shown by immunoprecipitation experiments that RASSF1 also
interacts with ERAS and DIRAS3 (54), which are atypical
members of the RAS family (42). Similarly, Dhanaraman et al.
(24) have very recently demonstrated the interaction of
RASSF1 with GEM, REM1, REM2 and RASL12 GTPase pro-
teins. These GTPases, which belong to the RGK GTPase
family, regulate voltage-dependent calcium channels and cell
shape (24). The present study showed that RIT1 interacts
RASSF7 and RASSF9, and RALA with RASSF1. These
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interactions, which successfully validated the key role of hot-
spot residues in the RAS-RASSF interaction (Fig. 4), confirmed
our predicted interaction model (Fig. 3). The RALA-RASSF1
interaction seems rather relevant since the presence of four
RASSF1 hotspot residues in RASSF2 considerably enhanced
RALA binding (Fig. 4). RALA and RALB contain lysine and
alanine at positions 36 and 37, respectively (HRAS
numbering), rather different residues than isoleucine and
glutamate in other RAS proteins, which are known to be
critical for the RAS-effector interactions (55). RALA-RASSF1
interaction has not been reported to date and awaits further
cell-based investigations, especially because the RASSF2-to-1
variant gained binding affinity toward RALA (Fig. 4). Similarly,
RALA-RASSF5 interaction appears rather relevant as the
RASSF9-to-5 variant affected the binding of RALA. This has
been also demonstrated by hotspots residue swapping of
RASSF9 to RASSFE5. While RALA showed a Ky value of 35 uM
for RASSF9-to-5 while it did not show any binding to RASSF9,
suggesting that very few key residues are sufficient to generate
the appropriate binding surface. This notion presumes that
analyzed RA domains share a conserved mode of RAS recog-
nition based on the formation of an intermolecular, antipar-
allel B sheet (21, 24).

Among all RASSF family members, only RASSF1 and
RASSF5 interact in high or intermediate affinities with all
investigated RAS family members, with an exception of RIT1
(Fig. 2). RASSF7-9 RA domains share high sequence similarity
and are different from RASSF10 (Fig. S2). A common signature
of the RASSF members is the existence of the K/R241 and K/
R308 hotspots (Fig. 3). They revealed, with a few exceptions,
comparable Ky values for different representatives of the RAS
family (Fig. 2). RIT1-RASSF7 and RIT1-RASSF9 interactions
with affinities of 34 and 27 pM are quite remarkable, especially
because these proteins have not been reported yet as RAS
effectors. RIT1 contains an alanine instead of the conserved S/
T39 (HRAS numbering), and RASSF9 contains two negatively
charged glutamic acids instead of the positively charged lysine
residues at 307 and 308 (RASSF5 numbering; Fig. S2). These
two drastic deviations may be responsible for the very low
affinity of RASSF9 for HRAS due to electrostatic repulsion
with D33. However, RIT1 contains also an aspartic acid at the
corresponding position and yet shows an intermediate affinity
for RASSF9. The relevance of RIT1-RASSF9 interaction was
successfully validated by residue swapping. Substitution of five
RASSF9 to RASSF5 residues, which did not bind RITI,
significantly impaired the interaction (Fig. 4). Moreover, cell-
based pulldown experiments confirmed the relevance of
RASSF7 and RASSF9 as potential RIT1 effectors and support
the notion that Ky values of about 30 uM can be considered
physiologically relevant. It is important to note that GTPase-
effector interactions in the cell take place in a context of
multivalent platform very different from the isolated domains
and bimolecular interaction under cell-free conditions. Effec-
tors are full-length, associated with accessory proteins, and
eventually the cell membrane, and are subjected to distinct
control mechanisms, including posttranslational modifica-
tions. Validated antibodies against these proteins will enable us
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in near future to take the next step namely determining the
appropriate cell type that endogenously expresses the desired
proteins and to unambiguously verify RIT1-RASSF interaction.

RHEB broadly exhibited low-affinity interaction with
RASSF1-7, particularly RASSF1 (Fig. 2), which may be based
on a large number of amino acid deviations in both switch
regions (Fig. 3 and Fig. S4). It has been proposed that RHEB
may complex with RASSF1 to coordinate signaling pathways,
after processing by MST/LATS and TOR kinases (56). In the
presence of RASSF1, RHEB has been shown to stimulate the
MST/LATS/YAP pathways but is suppressed in its ability to
activate the TOR pathway. The physical interaction of RHEB
with RASSFs remains to be shown in cells, like it has been
shown for other RAS and RAS-like proteins (54).

CRAF RB domain is one of the most and best studied RAS
effectors with the highest selectivity for the H/K/NRAS
paralogs and to a certain extent also for the RRAS proteins
(21). CRAF RB domain revealed an intermediate affinity for
RAP1B and RHEBL1 but not for RIT1 or RAP2A (Fig. 2). The
RAP1 and RAP2 subgroups differ at positions 25 and 39
(HRAS numbering), which are in the case of RAP1 proteins
occupied by favorable glutamine and serine (Fig. 3). The two
orders of magnitude lower affinity of RAP1B for the CRAF RB
domain stems from the drastic deviation at position 31 (HRAS
numbering). K31 in RAP proteins obviously collides with the
K84 in CRAF and disfavors a RAP-CRAF interaction (Fig. S9);
this was the reason why RAP1A mutated at this site was used
for successful determination of the complex structure between
RAP1A and the CRAF RB domain (26). Phosphorylation of
RAP1A at S11 has been recently proposed to promote RAP1A-
CRAF RB domain interaction (57). Devanand and colleagues
have proposed that phosphorylation of S11 allosterically
modulates the dynamics of RAP1A switch regions, which
consequently promotes the RAP1A-CRAF complex formation
and downstream signaling (58).

An intermediate affinity for CRAF RB domain interaction
with RHEB G domain (Fig. 2) points to previous reports of a
direct relationship between these two crucial signaling mole-
cules. PKA-dependent phosphorylation of CRAF at $43 has
been shown to reciprocally potentiate RHEB-CRAF interaction
and to decrease CRAF interaction with HRAS (59). An
asparagine instead of D38 (HRAS numbering) in the switch 1
region seems to be critical for the unique CRAF-binding
properties of RHEB. In a different study, Henske and co-
workers have shown that RHEB interacts with and inhibits
BRAF (60). In this context, RHEB not only hinders the BRAF
association with HRAS but also interferes with BRAF activa-
tion and its heterodimerization with CRAF. As the RB domains
of the RAF paralogs are conserved (33), mainly regarding their
RAS-binding residues (Fig. 53), differences between BRAF and
CRAF interactions with RHEB may stem from deviations
outside the RB domains or from different phosphorylation
states. Heard et al. (61) have recently reported a strong
interaction between RHEB-GTP and BRAF (but not with
CRAF) and that RHEB overexpression decreases and RHEB
knockdown increases RAF/MEK/ERK activation. They have
shown that a variant of RHEB (Y35 to asparagine; Y32 in
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HRAS) impedes RHEB interaction with BRAF leading to an
increased BRAF/CRAF heterodimerization and thus activation
of the MAPK pathway. Accordingly, they have proposed a dual
function for RHEB, suppression of the MAPK pathway and
mTORCI activation (61).

RIT1-CRAF interaction has been frequently proposed due
to their critical roles in developmental disorders, collectively
called RASopathy (62), but not directly shown. We observed a
very low affinity for these two proteins (Fig. 2), which may
stem from the sequence deviation between RIT1 and HRAS in
their switch I region (Fig. 3). In an early study on biochemical
characterization of RIT, Andres and coworkers have shown
that RIT1 interacts with RA domains of RALGDS and AF6 but
not with the CRAF RB domain (63). In a different study, they
have shown that RIT1 binds and activates BRAF but not CRAF
(64). This may again implicate those additional regions may
exist outside the conserved RB domains of the RAF paralogs,
which differently facilitate the interaction with the RAS pro-
teins, such as RIT1 or RHEB.

An ever-present central concern in the biophysical investi-
gation of protein—protein interactions is the relevance of low
(10-30 uM) to very low (>> 30 uM) affinity interactions in the
regulation of signaling events. These protein complexes rely on
weak, transient interactions that are emerging as important
components of large signaling complexes at the plasma
membrane that are required to respond to external stimuli.
Cellular membranes play a critical role in the localization and
orientation of protein complexes and in fine-tuning of protein
functions (65). 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 RB domain with active KRAS4B not only reorients
KRAS4B at the membrane surface but also facilitates mem-
brane binding of ARAF RBD itself (66). Four basic residues,
K28, K66, R68, and K69, are engaged in lipid binding. Another
emerging concept is based on the physical interaction of the G
domain itself with a lipid membrane. A membrane-based,
nucleotide-dependent  conformational  switch  operates
through distinct regions on the surface of RAS proteins,
including the hypervariable region (HVR), which reorients
with respect to the plasma membrane (67-76). Mazhab-Jafari
and colleagues have proposed two different orientations of
KRAS4B facing toward the membrane (66). KRAS4B in an
exposed GDP-bound form favors o4/a5 helices, which
considerably reorients upon activation, and favors p1-p3 sheets
and a2/a3 helices from the G domain, and K167/K172 from
HVR, in an occluded GTP-bound form. G-domain-membrane
interaction may not only stabilize protein complexes but may
also contribute to the specificity of signal transduction. A
critical aspect in this context is the organization of RAS pro-
teins into protein-lipid complexes. These so-called nano-
clusters concentrate RAS at the plasma membrane. They are
the sites of effector recruitment and activation and are
essential for signal transmission (67, 70, 77, 78).
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A frequently encountered issue in the enhancement of RAS-
effector interaction is posttranslational modification. Thurman
et al. (79) have recently demonstrated that the ubiquitylation
of KRAS at L147 impairs RAS-RASGAP interaction and fa-
cilitates RAS-CRAF association and MAPK signaling. Barceld
et al. (80) have shown that PKC-catalyzed phosphorylation of
KRAS at S181 results in an increased interaction of KRAS with
CRAF and PI3Ka. Several studies have previously shown that
the CRAF CR domain undergoes direct interaction with
HRAS, which appears to be enhanced by the farnesyl moiety if
using farnesylated RAS (15, 81-86). A possible HRAS-CRAF
CR domain interaction has been proposed to be, contrary to
the CRAF RB domain, outside of the switch regions of HRAS
and thus independent of its nucleotide-bound state. In
contrast, Y32 and Y64 phosphorylation by SRC alters the
conformation of switch I and II regions, markedly reduces RAS
binding to CRAF, and concomitantly increases binding to
RASGAPs and the rate of GTP hydrolysis (87, 88).

Another aspect related to very low affinity interactions in-
volves a secondary RAS-binding site, in addition to the RA/RB
domain, in terms of a two-step, two-domain binding model.
The two-domain model accommodates at least two different
enhancer mechanisms. One is the direct enhancement of a
selective RAS-effector interaction required for effector acti-
vation, proposed for the interactions of yeast RAS2 with two
sites in adenylyl cyclase (89), HRAS with RB and CR domains
of CRAF (33), and HRAS with two RA domains of PLCe (90).
The latter may involve a high-affinity, GTP-dependent binding
of the RA2 domain accompanied by low-affinity, GTP-inde-
pendent binding of the RA1 domain. The deletion of one of the
RA domains inhibits HRAS-induced PLCe activation (90).
Notably, AF6 also possesses two RA domains and two RGS12/
14 RB domains, respectively (44). Such a tandem arrangement
of RA with RB domains may enhance their affinity toward
RAS, increase effector occupancy by additional endogenous
events and thus the signaling output. An emerging concept,
therefore, is the action of membrane-binding CR domain that
stabilizes RAS-CRAF RB domain interaction accompanied by
$621 phosphorylation and 14-3-3 binding that collectively fa-
cilitates RAF activation (82, 83, 91-94).

The formation of multiprotein complexes underlies a
multistep assembly mechanism that follows a defined and
probably short path from the cytoplasm, just underneath the
membrane, to the membrane where membrane-associated
proteins, for example, RAS proteins, are anchored. The first
step, which has been designated as the piggyback mechanism
(95), most likely increases local concentrations of protein
components in a small volume and may drive cytoplasmic
phase separations (96-98). The second step is the site-specific
association of assembled protein complex with membrane-
associated components, such as RAS proteins, which in turn
are connected to receptors and coreceptors (44, 97, 98). In this
way, a machinery of signaling molecules is orchestrated before
the ligand activates the receptor. This is fine-tuned and pre-
pared for an efficient signal transduction. Of course, it remains
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to be figured out why some interactions are in the nanomolar
range (e.g., 20 nM) and some in the micromolar range (e.g,
20 uM or more). Given that the latter is involved in the
initiation of multivalent macromolecular interactions, the final
complex formation comes along after multivalent interactions
have proceeded (99). This obviously increases significantly
both the number of interacting complexes and overall binding
affinity by orders of magnitude (44). The nanomolar affinity,
however, may determine the selectivity for a sequential for-
mation of two complexes. These interactions are often char-
acterized by fast association and slow dissociation rates,
indicating the formation of stable complexes (100-102).

Experimental procedures
Constructs

Gene fragments encoding RAs of RASSF1 (accession num-
ber QINS23; amino acids or aa 194-288), RASSF2 (P50749; aa
176-264), RASSF3 (Q86WH2; aa 79-187), RASSF4 (Q9H2L5;
aa 174-262), RASSF5 (Q5EBHI1; aa 200-358), RASSF6
(Q6ZTQ3; aa 218-306), RASSF7 (Q02833; aa 6-89), RASSF8
(Q8NHQ8, aa 1-82), RASSF9 (075901, aa 25-119), and
RASSF10 (A6NKS89; aa 4-133) as well as CRAF RB domain
(P04049, aa 51-131) were cloned into pMal-c5X-His vector.
The variants RASSF2-to-1 (A186K/Y187D/V190K/T191H),
RASSF4-to-5 (Y185D/S1871/V188K/N188L) and RASSF9-to-5
(V40D/G421/L43K/K45L/R46H) were generated by BioCat
Gene Synthesis (BioCat GmbH) in pMal-c5X-His vector.
Constructs for the prokaryotic expression of human HRAS,
RRAS, RALA, RHEBI, RIT1, RAP2A, and RAP1B isoforms
were described previously (6). For mammalian expression,
human HRAS and RIT1 were cloned in pcDNA3.1-Flag and
pMT2-HA vectors, respectively.

Proteins

All RASSF and RAS proteins were expressed in Escherichia
coli using the pMal-His and pGEX expression systems and
purified using Ni-NTA and glutathione-based affinity chro-
matography as described previously (103). RASemGppNHp
was prepared as described (103). mGppNHp is a fluorescent,
nonhydrolyzable analog of GTP; m stands for the methylan-
thraniloyl (m) and GppNHp for Guanosine-5-[(B,y)-imido]
triphosphate.

Fluorescence polarization

Increasing  concentrations of RA/RB  domains
(0.002-300 pM) were added to the solution of mGppNHp-
bound RAS family proteins (1 puM) in a buffer, containing
(30 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl,,
3 mM DTT) using fluorescence polarization on a Fluoromax
4 fluorimeter as described previously (75). The excitation
wavelength was 360 nm and the emission wavelength
450 nm. The dissociation constants (K4) for the RAS-
effector interaction were evaluated using a quadratic
ligand-binding equation.
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Bioinformatics

Information about RB and RA domains was obtained
either from annotations in the UniProt database or in par-
allel using the program suite HMMER [http://hmmer.org/].
HMMER uses a Hidden Markov Model to compare se-
quences. Unlike CLUSTAL, which directly compares corre-
sponding amino acids in the alignment, HMMER also takes
adjacent amino acids into account. To do so, it calculates a
Profile HMM before sequence comparison. It determines
which amino acids are suitable at a given position. In the
context of some protein domain, Profile can be viewed as a
mapping of its characteristic features required for the
domain structure, function, or interaction. Sequence align-
ments were performed in the Bioedit program using the
ClustalW algorithm (104). By using Chimera, the sequence
alignments were adjusted with superimposed structures (25).
An interaction matrix is based on intermolecular contacts in
complex structures (21). A python code was written to
match sequence alignments with complex structures and
calculated intermolecular contacts were put in the form of
the interaction matrix. The intermolecular contacts were
defined as pair residues with a distance of 4.0 A between
effectors and RAS proteins in available complex structures in
the protein data bank (http://www.pdb.org). Biopython
modules (105) were also used to elucidate corresponding
residues in all available complex structures. The structural
representation was generated using Pymol viewer (http://
www.pymol.org).

Cell-based assays

In total, 3.2 millions of HEK 293T cells were seeded in
10 cm plates in DMEM supplemented with 10% fetal bovine
serum (FBS) 14 h prior to transfection. The cells were
transfected at 80% to 90% confluency using TurboFect
transfection reagent (R0532, Thermo Scientific), with Flag-
tagged HRAS and HA-tagged RIT1 constructs, or no
plasmid as a negative control. At 24 h posttransfection, cells
were washed in ice-cold phosphate-buffered saline (PBS) and
lysed in ice-cold lysis buffer, containing 50 mM Tris/HCl pH
7.5, 5 mM MgCl,, 100 mM NaCl, 1% Igepal CA-630, 10%
glycerol, 20 mM f3-glycerolphosphate, 1 mM Na-
orthovanadate, EDTA-free inhibitor cocktail 1 tablet/50 ml.
In total, 200 pg cell lysate was added to 20 pg His-tagged
MBP-RASSF proteins coupled with 100 ul Ni-NTA beads.
The samples were incubated for 30 min on the rotator at
4 °C. After three washing with the lysis buffer and centri-
fugation steps (30 s at 300g), the samples were subjected to
SDS-PAGE (12.5% polyacrylamide). HRAS and RIT1 were
detected by immunoblotting using a rabbit anti-His (RM146)
antibody (Thermo Fisher), a rabbit polyclonal anti-FLAG
(F7425) antibody (Sigma), and a rabbit polyclonal anti-HA
(SC-805) antibody (Santa Cruz), respectively. The immuno-
blots were evaluated using an Odyssey Fc Imaging System
(LI-CORE Biosciences).
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Abstract

Peripheral arteriovenous malformations (AVMs) are benign vascular malformations prone to
complications such as pain, bleeding and progressive growth. Treatment is often difficult and
relapse after therapy is common. AVMs are caused by somatic mutations in the
RAS/RAF/MEK/ERK pathway; however, a respective mutation cannot be identified in all
patients. Using NGS sequencing of AVM tissue, we identified three novel R/77 indel mutations,
a gene of the RAS pathway. After expression in HEK293T cells, we observed a strong increase
of ERK1/2 activation, which was suppressed by MEK inhibition. After mosaic endothelial-
specific overexpression all three RITT indels led to formation of AVMs in zebrafish embryos
and did so at a significantly higher rate than expression of RI/T7 wildtype (66-75% vs 24%).
Targeted treatment with the MEK inhibitor trametinib led to a significant decrease in bleeding
episodes and size ofthe AVM in patient P1. Our findings expand the genetic spectrum of AVMs

and pave the way for clinical trials evaluating targeted treatment in AVM patients.
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Introduction

Vascular anomalies are classified according to the Classification of the International Society
for the Study of Vascular Anomalies (ISSVA) and are grouped into vascular tumors and
vascular malformations (REF). While vascular tumors show increased proliferation, vascular
malformations represent non-proliferative lesions that are caused by errors in vascular
development. However, when transplanted into mice, vascular malformations e.g. venous
malformations (REF), and arteriovenous malformations (AVMs) almost always progress in
size (REF), suggesting that these lesions may have some tumor-like characteristics. Most
vascular malformations are caused by a somatic mutation in the affected tissue, that leads to
an activation of the PIK3CA/AKT/mTOR pathway in venous and lymphatic malformations
(REFs) and the RAS/RAF/MEK/ERK pathway in AVMs (REFs). This overactivation might
be a target for drug therapy, with the mTOR inhibitor sirolimus now being a commonly used
drug in venous and lymphatic malformations. Targeted therapies such as with the PIK3CA
inhibitor alpelisib (REFs) or the MEK inhibitor trametinib (REFs) have been reported as

successful in case reports and small case series, and are being evaluated in clinical studies.

Location of peripheral AVM is usually at the extremities in the soft tissue or rarely in bones.
Clinically presentation can be swelling, pain, pulsations and bleeding. In some cases, the skin
can be harmed due to steal phenomenacaused by the AVM. AVMs located in the face may
lead to major symptoms and complications with disfigurement (REF — recent reveiw on
AVM). AVMs belong to the most aggressive and difficult to treat vascular anomalies, as they
have an extremely high rate of progression (REF), which may lead to pain, necrosis, bleeding
and heart failure. This progression has beenclassified by Schobinger into four stages, I to IV
(REF Schobinger). Treatment is mainly interventional and surgical with embolization and
resection, however, relapse after therapy is common (REF Boston). This makes the need for

novel treatment strategies evident.
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In this project we identified novel mosaic indel variants in £/7'/, that were found in AVM
tissue of three patients. This gene of the RAS/RAF/MEK/ERK pathway has so far not been
implicated in the development of AVMs. We performed an in vitro and in vivo
characterization of these variants and assessed their effect on ERK phosphorylation in vitro
and on vascular development in vivo. We also present data on the off-label use of trametinib

in one patient.
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Results

Novel RIT1 indel variants could be identified in three patients with AVMs

Patient 1 (P1) was a 2 year-old girl with an AVM of the right face. A capillary malformation
and an inconspicuous swelling of the right cheek was noticed at birth (Fig. 1A). A diagnosis of
an infantile hemangioma was made at an external hospital and a therapy with propranolol was
initiated at one month of age. The lesion did not respond to this therapy and a first episode of
epistaxis occurred at 4 months of age. After an MRI of the head was performed, the patient was
referred to a vascular anomaly center, where an AVM of the bones and the soft tissue was
diagnosed (Fig. 1, A” and A’”). At 6 months of age, a first catheter embolization with Onyx was
performed, with two additional embolizations until the age of 22 months, the last intervention
being combined with bleomycine electro-sclerotherapy. Unfortunately, the lesion did not
respond to this therapy and the AVM progressed with intermittent life-threatening bleeding
episodes (Fig. S1 and Fig. S2). Due to the progressive symptoms, the patient was then treated
at another vascular anomaly center, where a more extensive Onyx embolization of the AVM
was performed, a molar in the maxilla within the AVM that caused recurrent bleeding was
removed, and a biopsy was taken for genetic analysis. These interventions slightly ameliorated
the symptoms and the patient was referred to a third vascular anomaly center for evaluation of
an off-label drug treatment, since interventional and surgical options were not available
anymore. Due to the extent of the disease, resection of the maxilla was considered, however,
due to infiltration of the AVM into the orbita, it was unlikely that this very invasive approach
would be curative and we thus initiated treatment with thalidomide at the age of 2 years. Under
this treatment — and after extensive embolization performed at the referring center — the severity
of the bleeding episodes improved over the next weeks and months before worsening again

after four months. In the biopsy, a RIT] indel variant was identified
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(c.=/246 248delinsCCCTCT p.=/T83delinsPL (referred to as RIT* hereafter), with a variant

allele frequency (VAF) of 3.3%.

Patient 2 (P2) was a 42-year-old man with a first episode of neck pain at the age of 35 years
followed by a continuously growing and pulsating lesion. MRI angiography showed an AVM
connected to the subclavian and the thyrocervical trunk on the right side with soft tissue
involvement including the splenius capitis muscle (Fig. 1, B and B’). A medical therapy with
sirolimus was introduced but stopped again after a few weeks due to limited effect. At the age
of 39 years, he received three direct intraarterial embolizations with alcohol in monthly intervals
without success. One year later, a debulking surgery was performed, histology showed typical
findings of an AVM. Ten months later, progression was again noted and finally a combined
embolization with Onyx and a gross total resection was conducted. Since then, the patient is
without complaints and has a stable minimal radiological residuum. In this resected tissue, a
RITI indel variant was identified (c.=/242 248delinsTCCCTCT p.=/E81 T83delinsVPL

(referred to as RITI™, hereafter) with a VAF of 6.0 %

P3 (USA)

P3 was a 17 year-old girl, who presented with a persistent prominence in the left forearm noted
the year prior (Fig. 1C). At the time of initial presentation, there was no associated pain, no
functional deficit, no overlying skin changes and only minimal swelling. An initial ultrasound
was notable fora 5.4 cm x 1.1 cm x 4.7 cm intramuscular mass in the left forearm with diffuse
internal vascularity seen on Doppler examination. An MRI of the lesion was obtained which
was notable for a solid enhancing mass in the left pronator teres muscle with imaging findings

consistent of a solid neoplasm (Fig. 1C’). She underwent IR-guided biopsy of the lesion.
8
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Histopathology was consistent with intramuscular fast-flow vascular anomaly. She was
followed for the next two years and had progressive swelling of the lesion associated with pain.
Given the worsening of her symptoms, she underwent resection of the lesion. There were no
complications and she has had minimal pain since. In the resected tissue, a RI7T1 indel variant
was identified (c.=/229delinsTTGGATACAA p=/A77delinsLDTT (referred to as RITI™,

hereafter) with a variant allele frequency of 13%.

RITI indels lead to ERK hyperactivation in HEK293T cells

All three novel RIT'l indels were localized in or close to the GTP binding domain of the Switch
2 region (Fig. 1, D and E). To assess whether these mutations would lead to an activation of the
RAS-MAPK pathway, we assessed ERK phosphorylation by western blotting after expression
of RITI in HEK293T cell. We expressed RITI*!, RIT1#?, and RIT1"3, RITI wildtype (RIT") as
well as two RIT mutations found in Noonan syndrome (p.F82L and p.M90I). All three novel
RITT indels led to a significant increase in ERK phosphorylation, while expression of RITI™
and the two Noonan 2/7'/ mutations only induced a minor ERK hyperphosphorylation (Fig. 2,

A and B).

Hyperphosphorylation can be reversed by treatment by MEK but not SHP2 inhibition

Since RIT1 is downstream of SHP2, but upstream of MEK and ERK in the
RAS/RAF/MEK/ERK signaling pathway, we hypothesized that RITl-induced ERK
hyperphosphorylation would exhibit a differential response to treatment with SHP2 and MEK

inhibition. Indeed, when we treated HEK293T cells with the SHP2 inhibitor SHP099, ERK
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phosphorylation remained unchanged. In contrast, MEK inhibition with PD0325901 returned

ERK phosphorylation to normal levels (Fig. 2, C and D)

RITT indel variants lead to the formation of AVMs in the zebrafish model

As we could show that the R/T! indels identified in AVM patients indeed resulted in an
activation of the RAS pathway, we next assessed, whether this would lead to aberrant vascular
development in the tail vasculature of zebrafish embryos. After endothelial-specific mosaic
expression was achieved by injecting UAS:RIT1 plasmids into Ig(flila:Gald, UAS:RI'P)
embryos at the one-cell stage (Fig. 3A), we observed a significantly higher rate of AVMs in
embryos expressing RITIF-F3 indels compared to RITI™ at 48 hpf (66-75% vs 24%, Fig. 3B).
AVMs were characterized by aberrant connections between the dorsal aorta and the caudal vein,
the most severe phenotypes exhibited a fusion of these two arterial and venous vessels (Fig. 3,
C-G). In some embryos, the vessels downstream of the AVM were dilated, while the distal part
of the tail vasculature was hypoplastic (Fig. 3, E and F, and Videos S1 and S2). Next, we treated
injected embryos with 0.1 pM trametinib during early development. This early treatment could
indeed prevent the formation of AVMs (Fig. 3B), further indicating that AVM formation was

dependent on overactivation of the RAS pathway.

Trametinib induced a reduction in AVM size and bleeding frequency in P1

As described above, P1 had a refractory disease and recurrent life-threatening bleeding. Due to
this aggressive course of disease, treatment with thalidomide (REF) was started but was only
transiently effective before symptoms worsened again (Fig. 4, A-C). Because of increasing
disease severity, we began treatment with trametinib, which led to a significant clinical response

10
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(Fig. 4D) and a decrease in bleeding episodes. Additionally, the size of the AVM was regressing
as assessed by MRI (Fig. 4, E and F). Due to improved disease control, the patient was able to
visit preschool for the first time in her life. Treatment tolerance was good without any
significant adverse events related to trametinib and treatment could be continued. It was then
noted, that the patient had a frontoethmoidal encephalocele, that could not be closed sufficiently
with surgery at the age of XX years and a ventriculoperitoneal shunt was put in place when the
patient was under trametinib therapy for XX months . This shunt needed to be replaced after
XX months due to a parietal skin defect above the shunt line; considering the known cutaneous
side effects of trametinib, this adverse event was considered as possibly related. Unfortunately,
the patient later developed a pneumococcal meningitis with cerebral edema and herniation
leading to death at the age of XX years. We attribute this fatal event to the underlying
insufficiently closed frontoethmoidal encephalocele, and consider this fatal event as unrelated

to the ongoing trametinib treatment.

Discussion

We describe three novel somatic activating R{7/ indel mutations in patients with peripheral
AVMSs. All three mutations are located close to the Switch 2 domain of RI7'/, a domain that
also harbors RIT1 germline mutations commonly associated with Noonan syndrome.
Interestingly, indel variants of RAS GTPases have been described in KRAS and HRAS — also
in close proximity to their Switch 2 region — in vascular anomalies (REF by Ejikelenbloom et
al.). Biochemically, the indel mutations led to an ERK hyperphosphorylation that was much
more pronounced than in Noonan-associated /77 mutations. Considering the location of
RIT1 in the RAS/RAF/MEK/ERK signaling pathway, treatment with a SHP2 inhibitor — as

expected — did not influence ERK phosphorylation in cells transfected with the indel variants.

11
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In contrast, MEK inhibition normalized ERK phosphorylation. These data suggest that RIT1

indels activate the RAS pathway in a canonical manner.

To assess the novel mutations further functionally, we used our established approach of
observing vascular development in the zebrafish after mosaic vascular expression of genes
with variants of unknown significance (REF Bell). To this end, we used plasmids, which
contain the transcriptional activating sequence UAS that controls the expression of RIT7 (wt
or mutated, without stop codon) linked to GFP with the self-cleaving peptide P2A. These
plasmids were injected in the one-cell stage of Tg(flila:Gal4; UAS:RIFP) embryos. While the
plasmid integrated randomly in the DNA of cells of the zebrafish embryo, expression of
RIT1-P2A-GFP was limited to endothelial cells that expressed Gal4 under the control of the
endothelial flila promoter. Using this approach, we could mimic the mosaic endothelial
expression that also occurs in patients. In previous work we have shown that the dichotomy of
the genetics of vascular malformations — with activation of the PI3K/mTOR pathway leading
to venous and lymphatic malformations and activation of the RAS pathway leading to
arteriovenous malformations — can also be observed in the zebrafish. Endothelial-specific
mosaic expression of 75K mutations induced venous malformations in zebrafish embryos,
while MAP2K [ mutations led to the development of AVMs (REF). In the current work, we
observed that RIT7 mutations induced AVMs in zebrafish embryos, further confirming the
activation of the RAS signaling pathway caused by R/77 indels and their deleterious effect on
vascular development. We could also show that treatment with the MEK inhibitor normalized
the activation of the RAS pathway in vitro and allowed for normal vascular development,

further confirming that AVM formation was due to an activated RAS signaling pathway.

These data paved the way for the off-label use of the cancer drug trametinib, a selective MEK
inhibitor in our severely affected patient P1. It must however be considered that prevention of

the formation of an AVM in zebrafish embryos likely has a different molecular and cellular

12
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underpinning than the vascular remodeling and regression of the AVM in a patient with a
fully developed AVM. Nonetheless, patient P1 responded very well with a significant
reduction of AVM size and associated complaints, such as bleeding episodes. Unfortunately,
the patient died due to an unrelated infectious complication (meningitis due to an
encephalocele). While we consider this event as not related to trametinib treatment, it further
highlights the need for controlled studies in the field of vascular anomalies, to assess
treatment efficacy and tolerability and advance care for patients with these diseases into an

era of evidence-based medicine.

In summary, our work highlights R/7 as a novel gene that is implicated in the development
of AVMs. After functional in vitro and in vivo testing we could show the activation of the
RAS pathway and its influence on development of AVMs, and present first promising data on

the use of trametinib treatment in a patient with a somatic RI77 mutation.

Materials and methods

Patients

Ethical Approval and Informed Consent Forms

The patient from University Hospital of Bern, Switzerland has been identified from a
prospective ongoing cohort of congenital extracranial/extraspinal vascular malformations that
has been enrolling consecutive patients since 2008 (VASCOM cohort) (REF). As of October
2020, following the advances in the realm of theranostics and precision medicine for vascular
malformations, genetic testing is performed on tissue available from diagnostic biopsies of
vascular malformations, using the TruSight Oncology 500 (TSQ500; Illumina) Next Generation
Sequencing (NGS) gene panel. Patients (or their legal guardians) are required to submit a

written general informed consent (IC) form for anonymized data collection and analysis and
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genetic testing. An approval of the Ethics Committee of the Canton of Bern has been obtained

(local ethics board number 2017--01960).

USA: IRB-P00025772

Regensburg: 17-854-101

Cell culture and Western Bot

Three million of HEK293T cells were seeded in 10 cm cell culture plates supplemented with
DMEM containing 10% fetal bovine serum (FBS) 12 hours prior to transfection. At around
70% confluency levels cells were transfected using TurboFect transfection reagent (Thermo
Fisher #R0532), with Flag-tagged RIT1 varnants in pCDNA constructs or empty vector (EV)
as negative control. The medium was refreshed the next day and at 48 hours’ post-
transfection, cells were washed in ice-cold phosphate-buffered saline (PBS) and lysed in ice-
cold lysis buffer, containing 50 mM Tris/HCl pH 7.5, 5 mM MgCI2, 100 mM NaCl, 1%
Igepal CA-630, 10% glycerol, 20 mM B-glycerolphosphate, 1 mM Na-orthovanadate, EDTA-
free inhibitor cocktail 1 tablet/50 ml. After addition of Laemimli sample buffer, the samples
were subjected to SDS-PAGE (12.5% polyacrylamide). Blots were detected by
immunoblotting using a mouse anti-y-Tubulin antibody (Sigma #T5326), a mouse anti-FLAG
antibody (Sigma #F3165), a rabbit anti-ERK antibody (Cell signaling technology #9102), and
a rabbit anti-p-ERK antibody (Cell signaling technology #4370), respectively. The
immunoblots were detected and analyzed using an Odyssey Fc Imaging System (LI-CORE

Biosciences).

Zebrafish husbandry
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Maintenance and breeding of zebrafish (Danio rerio) was performed in the fish facility of the
Developmental Biology, Institute for Biology I, University Freiburg under standard
conditions. Only embryos up to 5 days post-fertilization were used. All experiments were
carried out in accordance with German laws for animal care and the Regierungsprasidium

Freiburg.

Plasmid preparation

Plasmids were designed using ApE—A plasmid editor version 3.0.8. Homo sapiens RIT1
sequence was obtained from the online database Ensembl (Transcript ID:
ENST00000368323.8), minimally codon optimized for D. rerio and ordered as a plasmid
including Tol2 sites, a UAS promoter, RIT1B*™® and P2A-GFP from Twist Bioscience (South
San Francisco, CA, USA). Plasmids were purified using Wizard Plus SC Minipreps DNA
Purification Systems (Promega, Walldorf, Germany, A1330) according to the manufacturer’s

instructions.

Mutagenesis

RITI™ as well as all other RIT'] mutations analyzed in this study were derived from the
UAS:RIT18™ -P2 A-GFP construct using Q5 Site-Directed Mutagenesis (New England
Biolabs, E05548S). Corresponding mutagenesis primers were designed using NEBaseChanger

version 1.3.3. All plasmids were sequenced to confirm the expected sequence.

Plasmid injection

The construct was then injected into Tg(flila: Gal4FF"3; UAS:RFP) embryos at the one-cell
stage together with Tol2 mRNA (21), both at a concentration of 30 ng/ul. For better
readability, Te(flila:Gal4F[; UAS:RI'P) embryos injected with a gene of interest (e.g.
UAS:RIT1B™.P2A-GFP) are abbreviated as Tg(flila:RITI%'")G0 mosaic instead of

Tg(flila:GaldFF*s3; UAS:RFP) and Tg(UAS:RIT1%"-P2A-GFP)Go mosaie.
15
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Pharmacological treatments

For pharmacological treatiments, injected zebrafish embryos were randomized into control and
treatment groups. From the 10-somite stage on, embryos of the treatment group were
transferred in E3 Medium (5 mM NaCl, 0.17 mM KCI, 0.33 mM CaClz, 0.33 mM MgSQOy)
containing 0.2 mM 1-phenyl 2-thiourea (PTU; Sigma, Taufkirchen, Germany, P7629) and
either mTOR hibitor Sirolimus (Rapamycin; Selleckchem, S1039; 1 pM) or MEK1/2
inhibitor Trametinib (Cayman Chemical, 16 292; 50 nM) using 100x stock solutions
dissolved in dimethyl sulfoxide (DMSO; Sigma, D2650). Treatment doses of sirolimus and
trametinib were chosen by assessing the highest tolerated dose that still allowed for normal
embryonic development, defined as less than 20% of the embryos showing any
maldevelopment (such as heart edema, yolk sac edema, curved body axis or death) at 5 dpf.
The data from three independent experiments, each with » = 15 embryos (sirolimus) or n=16

embryos (trametinb), are summarized in Supplementary Material, Figure S5. These data were

the rationale for choosing a concentration of 1 uM of sirolimus and 50 nM of trametinib for

the following experiments.

Embryos of the control group were raised in E3 medium with 0.2 mM PTU and 1 pM or

50 nM DMSO (equal amounts to treatment group).
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Figure 1
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Three patients with somatic RIT1 variants identified in AVM tissue

(A) P1 was born with a capillary malformation and swelling of the right side of the face. (A")
MRI of P1 at the age of 4 months, image of a transversal T2 TSE sequence, in which an AVM
could be detected; the extent of the disease is labeled with red arrows indicating soft tissue
edema and flow-voids. (A’’) The MRI angiography shows an increased perfusion on the right
side of the face. (B) MRI of P2, image of a coronal T2 sequence with fat saturation, which
shows evident edema, flow-voids, and an intramuscular location. (B’) Hyperperfusion of the
lesion can be noted on MR angiography. (C) Clinical aspect of the swelling on the left forearme,
close to the medial side of the elbow. (C’) MRI shows typical aspects of an intramuscular fast
flow anomaly with intramuscular location, edema and flow voids. (D) Predicted protein
structure (predicted by AlphaFold (REFs), accessed through ensemble.org) of RIT1. The area
labeled by the dashed red line indicated the switch 2 domain. (E) Schematic drawing of
functional domains of human RIT1 protein (green boxes = GTP-binding regions; red boxes =
switch regions I and IT; blue arrows (upward) = two mutations typically found in Noonan

syndrome; blue arrows (downward) = mutations identified in AVM patients.
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Figure 2
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(A) Western blot after expression of RITI variants to assess activation of the RAS pathway.
Gamma tubulin serves as loading control, FLAG-RIT1 confirms the expression of the construct,
total ERK levels serve as a control to exclude differential expression of ERK, and p-ERK
measures the level of phosphorylate of ERK as an marker of RAS pathway activation. (B)
Quantification of the ERK phosphorylation measured in a total of three western blots. (C)
Western blot after expression of RIT! variants and with or without treatment using a MEK
mhibitor or SHP2 inhibitor. The same parameters were assessed as in panel (A). (D)

Quantification of the ERK phosphorylation measured in a total of three western blots.
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Figure 3
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Figure 4
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Chapter 7

Accessory proteins of the RAS-MAPK pathway: moving from the side
line to the front line
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Accessory proteins of the RAS-MAPK pathway:
moving from the side line to the front line

Silke Pudewell!, Christoph Wittich!, Neda S. Kazemein Jasemi', Farhad Bazgir1 &
Mohammad R. Ahmadian® '™

Health and disease are directly related to the RTK-RAS-MAPK signalling cascade. After more
than three decades of intensive research, understanding its spatiotemporal features is
afflicted with major conceptual shortcomings. Here we consider how the compilation of a
vast array of accessory proteins may resolve some parts of the puzzles in this field, as they
safeguard the strength, efficiency and specificity of signal transduction. Targeting such
modulators, rather than the constituent components of the RTK-RAS-MAPK signalling
cascade may attenuate rather than inhibit disease-relevant signalling pathways.

ature has evolved sophisticated, cell type-specific mechanisms to sense, amplify and

integrate diverse external signals, and ultimately generate the appropriate cellular

response. Signals are processed by evolutionarily conserved signalling cassettes that
comprise specific constituent components acting as receptors, mediators, effectors and regulatory
proteins. Activated receptor tyrosine kinases (RTKs), for instance, link the RAS activator SOS1 to
RAS paralogs, e.g, the proto-oncogene KRAS4B, which in turn regulate various signalling
pathways, including the mitogen-activated protein kinase (MAPK) pathway!. This pathway
contains a three-tiered kinase cascade comprising the serine/threonine kinases ARAF/BRAF/
CRAF, the dual specificity kinase MEK1/2 and the serine/threonine kinases ERK1/212. The
RTK-RAS-MAPK axis is a highly conserved, intracellular signalling pathway that has an essential
role throughout mammalian development, from embryogenesis to tissue-specific cellular
homoeostasis in the adult’. Dysregulation of components or regulators of this cascade is
frequently associated with tumour growth and a distinct subset of developmental disorders called
the RAS-MAPK syndromes or RASopathies*-®. This signalling cascade has rapidly taken centre
stage in cancer and RASopathy therapies (see below).

However, the strength, efficiency, specificity and accuracy of signal transduction are controlled
by mechanisms that increase the connectivity of the signalling molecules and thus increase their
local concentration and reduce their dimensionality. This state can be achieved by liquid-liquid
phase separation (LLPS), a mechanism in which two separate liquid phases with different protein
compositions emerge from one mixed solution”. A large number of proteins, hereafter, collec-
tively designated as the ‘accessory proteins’, fulfil the requirements to drive LLPS and have been
reported to act as adaptor, anchoring, docking or scaffold proteins. Accessory proteins link
constituent components of individual signal transduction pathways by forming physical com-
plexes. What the functions of the accessory proteins are, why are they crucial for signal trans-
duction, and whether they represent better therapeutic targets for different human diseases are
questions that will be addressed in this article in the context of the RTK-RAS-MAPK signalling
pathway.

Structural and functional variety of accessory proteins. Rapidly emerging reports on signalling
networks support the idea that various signalling molecules operate together in functional
protein complexes. For example, activated protein nanoclusters in specialised membrane
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microdomains selectively connect with and subsequently activate
cytosolic signalling components or complexes®”. RAS nanoclus-
ters form and locally increase the concentration of RAS paralogs
in membrane microdomains!?.

Membrane-resident signalling proteins, such as transmembrane
(TM) and membrane-associated proteins, are predominantly
trafficked to the plasma membrane via the secretory pathways!!.
But how are the cytosolic proteins trafficked to their cognate
membrane nanoclusters? Mounting evidence has emerged recently
that a large number of membraneless compartments (also called
non-membrane-bound organelles or biomacromolecular conden-
sates) are assembled via LLPS!2, The formation of cytosolic
signalling condensates is based on two processes. First multivalent
molecules undergo phase separation, whereas in a second step
other proteins are able to diffuse into the phase without
considerably contributing to the stability of the phase. This process
can increase local concentrations of molecules by several folds. One
example is the enrichment of kinases in membrane-associated
liquid droplets around T-cell receptors while phosphatases are
excluded!?.

An essential group of proteins that are themselves not
constituent components of signal transduction but allow assembly
and spatiotemporal organisation of a signalling cascade are
accessory proteins. These proteins have the features to interact
with and assemble other biomolecules, ranging from lipids, over
proteins to nucleic acids. They mostly lack enzymatic activity but
are equipped with different types of protein—protein interaction
domains, motifs and intrinsically disordered regions (IDRs). Thus,
accessory proteins dictate the local formation of macromolecular
protein complexes through modular multivalent interactions, and
thereby organise and facilitate signal transduction.

Accessory proteins bind and connect at least two constituent
components to orchestrate their spatiotemporal localisation and
enhance their assembly by reducing the dimensionality of
interactions and/or increasing local concentrations of interacting
proteins!4-16. They can be categorised in four distinct groups
based on their structure and mode of action: (1) scaffold proteins
are cytosolic multidomain proteins that bind two or more distinct
components to organise them in a functional unit and modulate
their function. (2) Adaptor proteins link two partners usually via
SH2 and/or SH3 domains and may also regulate their specific
downstream signalling pathways. (3) Anchoring proteins bind to
the membrane and other proteins, which are usually protein
kinases, and therefore, bring them to their site of action. (4)
Docking proteins assemble signalling complexes by binding to
effectors and RTKs or G-proteins at the membrane.

Accessory proteins of the RTK-RAS-MAPK pathway. New
discoveries and concepts regarding the receptor-driven RAS-
MAPK signal transduction have emerged during the last three
decades: novel pathway components, structure elucidation, bio-
physical principles, biomimetic strategies and clinical drug can-
didates. By focusing particularly on the signalling process itself,
the emphasis of this article is on the implementation of the
accessory proteins, which bind molecular components and
orchestrate their assembly and eventually activity in a context-
dependent manner. We believe that the spatial arrangements of
such biophysical features over time determine specificity, effi-
ciency, fidelity of signal transduction and safeguard against any
deleterious effects.

A multitude of accessory proteins, which largely vary in size
and domain architecture (Fig. 1), are involved in orchestrating
RTK-RAS-MAPK signal transduction. The high variability of
scaffold proteins is—due to their high interaction specificity—
comprehensible. Certain domains or repeats frequently exist in

individual proteins, for example, LDs (repeated leucine-rich
sequence) in Paxillin, WDs (WD-repeat) in MORGI1, RRMs
(RNA recognition motif) in nucleolin and LIMs in FHL1/2.
Furthermore, IDRs are found in several proteins, which may fold
upon interaction with their binding partner. IDRs are also
involved in oligomerization for example in galectin-3'7. Anchor-
ing proteins contain membrane-binding domains, such as the PH
domain in CNKI1 and GAB1/2, and TM segment, e.g., in LAT,
NTAL and SEF1. PAQR10/11 contain 7 TM segments and anchor
RAS to the Golgi apparatus via their N-terminal cytoplasmic
tail'®, The PHB domain of FLOT1 has been reported to be a
membrane association domain as it is post-translationally
modified by palmitoylation!®. This leads to FLOTI1 association
with lipid rafts of phagosomes and the plasma membrane.
Docking proteins frequently possess both PH domains, which
increase their residence time at the membrane, and PTB domains,
which enable them to interact specifically with activated RTKs.
Adaptor proteins are specialised in linking activated RTKs via
SH2 domains with their downstream signalling molecules, in
most cases, via SH3 domains.

Linking TM receptors to RAS. GRB2 links activated RTKs or
anchoring proteins, such as LAT, with SOS1/2 to activate RAS
paralogs (Fig. 2a)20. The adaptor protein function of GRB2 is
accomplished by a central SH2 domain that binds to the tyrosine-
phosphorylated RTK and two flanking SH3 domains, which bind
to the C-terminal proline-rich domain of SOS1 and translocate it
to the plasma membrane?l-22, Activated SOS1, in turn, stimulates,
as a RASGEF, the GDP/GTP exchange of RAS paralogs and
thereby activates amongst others the MAPK cascade?’.

Furthermore, direct GRB2 association with activated RTKs
leads to the recruitment of GAB1 and CBL. GABI provides a
docking platform for several signalling molecules, e.g., SHP2,
PLCy and PI3K, thereby cross-linking different signalling
pathways?. CBL was otiginally described to act as an adaptor
protein as it contains several domains and motifs for
protein—protein interactions (Fig. 1). Later, it was identified as a
RING-dependent E3-ubiquitin-protein-ligase that transfers the
ubiquitin to RTKs for endocytic internalisation, and recycling or
degradation?®, It also regulates signalling processes of the non-
RTKs SYK, ZAP70 and SRC2°. CBL constitutively interacts with
GRB2, mediating hematopoietic cell proliferation?’, and T-cell
and B-cell receptor and cytokine receptor signalling via interac-
tion with CRKL SH2 domain?8. As CBL and SOSI bind to the
same region of GRB2, the overexpression of CBL inhibits
complex formation between SOS1 and GRB2 underlining the
fine-tuning mechanism of accessory proteins by binding other
pathway modulators??.

Engagement of GRB2 is versatile and leads to different
outcomes depending on the cellular context. GRB2 can bind
indirectly to RTKs via interaction with the tyrosine-
phosphorylated adaptor proteins SHC and FRS2. SHC links
activated TRKA receptors to GRB2 in PCI2nnr5 cells2!:2230,
which can recruit SOS to the PM and control the extent of RAS
activation??, Upon activation of the B-cell antigen receptor (BCR)
in B-lymphocytes, the tyrosine kinase SYK phosphorylates SHC
which leads to translocation of GRB2-SOS1 and activation of
membrane-associated RAS signalling?!. The SHC-GRB2 com-
plex, downstream of cytokine receptors, also activates the PI3K
pathway to control cell survival and/or proliferation®2. A similar
mechanism of GRB2-SOS-RAS activation is operated via FRS2,
which acts downstream of TRKA in neurons?!, and FGFR in
embryonic stem cells*>34. FRS2 has multiple tyrosine phosphor-
ylation sites to activate, in response to a wide range of agonists,
PI3K and RAS-MAPK pathways in various cell types via binding
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Fig. 1 Domain organisation and crucial interactions of RTK-RAS-MAPK accessory proteins. Schematic representation of relevant domains in scaffold,
docking, adaptor and anchoring proteins. Direct binding partners, which are part of the RTK-RAS-MAPK pathway, are mentioned next to the amino-acid
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Supplementary Table 1.

to GRB2 and SHP2, respectively®>3°. The binding of the
ubiquitous protein tyrosine phosphatase SHP2 to GRB2, induces
recruitment by the FRS2-SHP2 complex, which controls retinal
precursor proliferation and lens development??,

Modulating the RAS cycle. The RAS cycle between an inactive,
GDP-bound state and an active, GTP-bound state is strictly
controlled by multidomain regulatory proteins*!-#4. Unlike the
well-understood cellular process of RAS activation by RASGEFs,
such as SOSI little is known about the recruitment and activation
of RASGAPs. The first evidence has emerged that the RASGAPs
neurofibromin and p120 are recruited to the plasma membrane
and RAS.GTP by two distinct scaffold proteins, SPRED1 and
merlin (Fig. 2b). The EVH domain of SPRED1, a member of the
sprouty family, binds the GAP domain of neurofibromin without
interfering with its GAP function®>%, SPREDI1 appears to
directly contact BRAF and thus to interfere with KRAS
signalling®”. Merlin, a member of the ERM family, directly binds
to, on the one hand, p120 and RAS (probably KRAS4B), a
mechanism that potentiates RAS inactivation in Schwann cells,
and on the other hand, CRAF and blocks its interaction with
RAS*4% p120 modulates many regulators and signalling

| 2021)4:696 | https;//doi.org/10.1038/s42003-021-02149-3 | www.nature.com/commsbio

proteins via its N-terminal protein interaction domains, appar-
ently independent of its GAP function?%-31,

RAS-RAF connection. Lipidation and clustering of the RAS para-
logs are critical steps for a tight control of signal transduction through
the MAPK pathway. This process connects two distinct macro-
molecular clusters, plasma membrane-associated RAS-containing
clusters” and cytosolic RAF/MEK/ERK-containing clusters®.

The scatfold proteins galectin 1 and 3 are carbohydrate-binding
proteins that are involved in many physiological functions. While
galectin 1 homodimer binds to HRAS-RAF complex and
stabilises HRASeGTP at the plasma membrane!®>3, galec-
tin 3 selectively binds and clusters KRAS4B«GTP (Fig. 2c)%,
The nucleolar phosphoproteins nucleophosmin and nucleolin
shuttle between nucleus and PM and are different types of RAS
scaffold proteins, which have been reported to stabilise KRAS4B
levels in a nucleotide-independent manner at the plasma
membrane. Nucleophosmin also increases the KRAS4B«GTP
clusters and enhances MAPK signal transduction®.

Another type of clustering is performed by the scaffold protein
SHOC2 (also known as SURS), which connects activated RAS
with the RAF kinases (Fig. 2d). SHOC?2 is an integral element of a
heterotrimeric holoenzyme complex with PP1 and MRAS, which
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dephosphorylates and releases RAF from its inhibited state®®%,
and subsequently activates the MAPK pathway®$. The scaffold
protein Erbin interferes with this process®®. It binds and
sequesters SHOC2 from its RAS/RAF complex, and inhibits
ERK activation®. Erbin is a large scaffold protein (Fig. 1). As
such, it links different pathways by binding, besides SHOC2, also
various other accessory proteins, including GRB26!, CBLS2,
Merlin®? and KSR12:04,

RAF/MEK/ERK cascade. RAF kinase translocation to the plasma
membrane and activation by direct interaction with RASeGTP is
well described?65-67. Activated BRAF/CRAF heterodimer phos-
phorylates MEK1/2, which in turn phosphorylates ERK1/2 at the
TEY motif in the activation loop®®%’. Activated ERK1/2 are
ultimately recruited to their substrates in various subcellular
compartments’%71, The assembly of macromolecular complexes
of the MAPK components and their connection with RAS
nanoclusters at the membrane, which constitutes the RAS-ERK
axis, is arranged by homo- and heterodimerization of the mem-
bers of this pathway®®. To achieve signal diversity, specificity and
fine-tuning, the spatiotemporal flux through the pathway is
organised by various distinct accessory proteins, which bind
either ERK, MEK/ERK, or RAF/MEK/ERK!70:72,

PEA15 modulates ERK activity towards its cytosolic substrates,
including RSK2. It enhances ERK-dependent phosphorylation of
RSK2 by binding both of them independently (Fig. 2¢)73. PEA15
phosphorylation by PKC, AKT, or CaMKII inhibits this process.
In addition, PEA15 steers subcellular localisation of ERK by
facilitating its nucleocytoplasmic export’,

The MEK/ERK accessory proteins are illustrated in Fig. 2f.
GIT1 binds MEK1 and ERK1 in response to integrin, RTK and
GPCR activation. Its activity is directly regulated by different
downstream effectors, such as PIX/PAK complex’®. MP1 binds
and translocates MEK1 and ERK1 to late endosomes by
associating with pl4 and p187677. The anchoring protein SEF
binds activated MEK on the Golgi apparatus, and subsequently
binds ERK, leading to activation of ERK and finally its cytosolic
substrates such as RSK278, The latter phosphorylates SEF and
induces its translocation to the plasma membrane, where it
directly inhibits FGFRs, and enhances EGFR signalling instead””.
RKIP acts as a competitive inhibitor of MEK phosphorylation. It
binds ERK and mutually exclusively RAF or MEK, and thus,
dissociates active RAF/MEK complexes®. The phosphorylation
of RKIP by PKC results in the release of RAFI and enables the
activation of the MAPK pathway®!.

The scaffolding of RAF/MEK/ERK is dependent on several
factors, including the tissue specificity, cellular localisation of the
signalling complexes and the type of upstream signals (Fig. 2g).
KSR1 is one of the best-studied scaffolds that binds to all three
members of the RAF/MEK/ERK cascade”. KSR1 translocates,
upon RTK-RAS activation, in a complex with MEK to CAV1-rich
microdomains in the plasma membrane to bind activated RAF
and modulate MEK and ERK activation. Feedback phosphoryla-
tion of KSR1 and BRAF by ERK promotes their dissociation and
results in the release of KSR1/MEK from the plasma membrane®2.
In this way, MEK is sequestered from upstream signals and
cannot itself regulate ERK activation.

The multidomain protein IQGAP1 scaffolds and activates the
RAF/MEK/ERK kinases by directly associating with the EGF
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receptor®>84. With over 100 binding partners, the localisation and
effect of IQGAPL interaction reach from actin cytoskeleton
reorganisation in the context of neurite outgrowth, migration or
vascular barrier integrity to insulin secretion via exocytosis or cell
proliferation and differentiation via ERK signalling. The extensive
interactions of IQGAPI vary according to cell types and environ-
mental conditions®. In contrast, MORGI, FHLI, paxillin and B-
arrestin act EGF-independent (Fig. 2g). MORGI exists in a complex
with MP1 and facilitates ERK1/2 activation in response to LPA and
PMA, and GPCR activation36. The focal adhesion protein paxillin
modulates the activation of the RAF/MEK/ERK complex through the
binding of other proteins, controlling the remodelling of the actin
cytoskeleton®”. FHL1 scaffolds RAF/MEK/ERK on the N2B domain
of the giant protein titin at the sarcomere of the mammalian muscle
cells®. B-arrestin stimulates ERK signalling in response to activation
of GPCR or other receptors on the plasma membrane but also on
endosomes. FLOT1/2 are membrane raft-associated proteins that
form heterodimers. They are not only involved in the EGF receptor
clustering and activation, but also directly bind CRAF, MEK and
ERK enhancing their activity upon stimulation®®. CNKI physically
interacts with RAF facilitating its activation by assisting RAF
membrane localisation and oligomerization upon RAS activation’,
whereas being able to interact with RAS as well via the N-terminal
regions®!.

Accessory proteins as in human disease. Even if dysregulated
constituent components of the RTK-RAS-MAPK pathway are
among the most intensively studied target structures for disease
treatment, new emphasis should be laid on accessory proteins
(Fig. 3). Their loss-of-function or gain-of-function mutations are
mostly and frequently associated with the initiation and pro-
gression of human diseases and disorders. The hyperactivation
of the RTK-RAS-MAPK pathway is a known cause of many
diseases, like cancer and developmental disorders, including
RASopathies.

Cancer. The upregulation of activating proteins or the down-
regulation of inhibiting proteins leads to gain-of-function of the
RTK-RAS-MAPK pathway in almost all types of cancer (Fig. 3a).
The expression of accessory proteins is tightly controlled and
often dysregulated in tumours. Paxillin is a scaffold protein,
which is involved in focal adhesion. A gain-of-function mutation
in Paxillin has been found in 9% of all non-small cell lung cancers
(NSCLC) (1)?2. Furthermore, genomic amplification of Paxillin in
lung cancer promotes tumour growth, invasion and migration®>.
SPRED1/2, negative modulators of RAS signalling, are down-
regulated in 84% of patients with hepatocellular carcinoma (2)%4.
The scaffold protein IQGAP1 promotes tumour formation,
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transformation, invasion and metastasis in various cancer types
(3)%%. A study of a KSR/~ mouse model proves the resistance
against RAS-dependent tumour formation®, highlighting the
pro-oncogenic function of KSR in RAS-driven cancers (4).
SHOC2 mediates tumourigenesis and metastasis in different
cancer types via tethering RAS and CRAF proteins in close
proximity and thus promoting RAS-mediated CRAF
activation®”?. Knockout models of SHOC2 in KRAS mutated
lung adenocarcinoma in mice have revealed a significant reduc-
tion of tumour growth, as well as a prolonged survival, accent-
uating the scaffold protein as a potential therapeutic target (5)%.
GAB2 has been implicated as a central modulator for oncogenic
BCR-ABL signalling'®’. GAB2-deficient mice have exhibited
resistance against cancer cell transformation of myeloid pro-
genitors in the presence of BCR-ABL, which is found in 90% of
patients with chronic myeloid leukemia (6)!9%191. SHP2 is not
only associated with a large number of cancers but plays a central
role in PD-L1/PD-1 singling that inhibits the TCR-activated
pathways, including RAS-MAPK, in T cells (Fig. 3b (7))!92. This
leads to an inactivation of the T cells, guarding the tumour cells
against the immune system. Thus, SHP2 inhibitors have a dual
role as a possible therapeutic target by reducing RAS signalling
and inducing the body’s immune response.

RASopathies. RASopathies or RAS-MAPK syndromes are
defined as a group of developmental disorders that are caused by
mild gain-of-function germline mutations in genes related to not
only the constituent members of the RTK-RAS-MAPK
pathway!'3 but also various accessory proteins, including CBL,
SHP2, SPREDI and SHOC2 (Fig. 3a)10%.

Germline CBL mutations exhibit a wide phenotypic variability
related to Noonan syndrome, which is characterised by a
relatively high frequency of neurological features, predisposition
to juvenile myelomonocytic leukaemia and low prevalence of
cardiac defects, reduced growth and cryptorchidism!%% The
mutations are mainly located in the central region of CBL, which
is known to abolish the ubiquitination of RTKs by impairing
CBLs E3 ligase activity!®. Legius syndrome-associated
mutations in SPREDI, mostly result in loss-of-function of the
scaffold protein, and gain-of-function of the RAS-MAPK
pathway!0%106_ Tn contrast, mutations in genes encoding SHP2
and SHOC2 lead to a gain-of-function and contribute to MAPK
signalling upregulation that causes diverse developmental
phenotypes®®>%107, A recurrent activating mutation at the very
N-terminus of SHOC2 (Ser-2 to Gly) leads to N-myristoylation
of SHOC2, confers continuous membrane association and
consequently causes Mazzanti syndrome, a RASopathy char-
acterised by features resembling Noonan syndrome!07:108,
Another RASopathy-causing SHOC2 mutation (GIn-269 to His
and His-270 to Tyr) has been recently identified to be associated
with prenatal-onset hypertrophic ~cardiomyopathy!%7. This
mutation changes the relative orientation of the two leucine-
rich repeat domains of SHOC2 and enhances its binding to
MRAS and PPP1CB, two other RASopathy genes!??, and thus,
increased signalling through the MAPK cascade!%”.

Other diseases. Moyamoya angiopathy is characterised by pro-
gressive stenosis of the terminal portion of the internal carotid
arteries and the development of a network of abnormal collateral
vessels. This is a rare condition that can be caused by de novo
CBL mutations even in the absence of obvious signs of
RASopathy!10, Evidence linking CNK1 dysfunction to autosomal
recessive intellectual disability in patients emphasises the
importance of this anchoring protein in the orchestration of the
RTK-RAS-MAPK  signalling in brain development and

cognition!!l. The scaffold proteins FHL1/2 link RAS-MAPK
signalling to the sarcomere and is a critical component of the
hypertrophy signalling in cardiac cells (Fig. 3c)%. FHL1/2
mutations are associated with cardiac diseases!!2. FLOT1 has
been implicated in the development of Alzheimer and type 2
diabetes and could be a promising proteomic biomarker!13114,

Accessory proteins as therapeutic targets. Direct targeting of
constituent members of the RTK-RAS-MAPK axis in the context
of disease treatment, such as cancer, is a big challenge. Therapies
for KRAS mutated cancers remain a major clinical need, despite
allele-specific inhibitors that trap and inactivate mutant KRAS
(G12C)115116. Three decades of research led to significant
advances in tumour treatment!!”. However, the side-effects can
still be severe and more-specific treatments could ease patient
suffering. Unfortunately, many of the expectations for RAS
pathway-targeted drugs have not been fulfilled. High toxicity and
resistance acquisition have hampered many of the drugs devel-
oped to date!!'”>118, An alternative therapeutic strategy to treat
KRAS mutant cancers aims at protein degradation via proteolysis
targeting chimeras (PROTACs)!!%. The ablation of CRAF in
advanced tumours driven by KRAS oncogene leads to significant
tumour regression with no detectable appearance of resistance
mechanisms and limited toxicities!?. In this context, a recent
study has reported first progress to develop degrader molecules
that target KRAS oncogene in NSCLC!2!,

Emerging evidence suggests that constituent signalling proteins
assemble into macromolecular complexes and co-operate in
clusters at specific sites of the cell. Therefore, it is important to
note that the stoichiometric imbalance of each subunit of a
complex—either by gene overexpression on the one side, and
depletion, knockout or targeted protein degradation on the
other—perturbs the equilibrium, and interferes at some level with
the function of the protein or its complex!?2. With accessory
proteins being of immense relevance for the whole signalling
machinery and operating particularly from the side line, we
propose that functional interference with a defined site of
accessory proteins may attenuate rather than inhibit the signalling
of hyperactivated RTK-RAS-MAPK axis.

The knockout or knockdown of accessory proteins in cell-
based or animal models could already show the importance of
these modulators in cancer signalling. The scaffold protein
SHOC2 has an important role in embryogenesis, therefore, loss-
of-SHOC2 is embryonically lethal. In contrast, the systemic
knockout in adult mice as well as in human cell lines is quite well
tolerated and leads to growth inhibition of RAS-mutated NSCLC
cell lines®. Furthermore, the depletion of SHOC2 leads to a
sensitisation towards MEK inhibitor treatment, by interfering
with the feedback-loop of MEK inhibition via BRAF/CRAF
dimerisation, which is SHOC2 dependent®. Therefore, dual
targeting of SHOC2 and MEK appears as a promising treatment
strategy in RAS-mutated cancers. Another approach deals with
the scaffold protein GIT1. The knockdown of GIT1 in human
osteosarcoma cells has shown in vivo and in vitro reduced
tumour cell growth, invasion and angiogenesis, which could make
GIT1 a potential target in gene therapy!Z3.

There is a number of approaches to target specific functions of
accessory proteins (Table 1). The CNK1 inhibitor PHT-7.3 binds
to its PH domain and prevents the colocalisation with prenylated
KRAS4B on the plasma membrane!?4, PHT-7.3 successfully
inhibits the growth of tumour cells induced by mutated but not
wild type KRAS4B. The interference of GRB2 mRNA by
liposome-incorporated nuclease-resistant antisense oligodeoxy-
nucleotides in BCR-ABL fusion protein-positive cancer cells,
leads to reduced tumour growth in Xenograft models'?®. It
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Table 1 Accessory proteins as attractive therapeutic targets.
Accessory Disease Drug State of art Comment Ref.
protein
CNK1 Cancers with KRAS  PHT-7.3 Cell-based PHT-7.3 binds selectively to CNK1 PH domain, interferes its 124
mutations model colocalisation with KRAS4B on the plasma membrane and
diminishes RAF/MEK/ERK signalling
GRB2 BCR-ABL-positive Anti-miDNA L-GRB2 Xenograft L-GRB2 selectively targets GRB2 mRNA and inhibits its translation 125
leukaemia model
IQGAP1 Cancers with KRAS ~ WW competitive Mouse model WW competitive peptide antagonist of IQGAP1 interferes with its 12
mutations peptide scaffolding ERK interaction; it is applied in combination with the
BRAF inhibitor vemurafenib (PLX-4032) against KRAS4B oncogene
KSR Cancers with KRAS ~ APS-2-79 Cell-based APS-2-79 binds and stabilises KSR in its inactive state, interferes =~ 128129
mutations model with KSR/RAF heterodimerization and inhibit oncogenic KRAS4B
signalling
SHP2 Cancers SHP099 Xenograft SHP0O99 binds SHP2 as an allosteric inhibitor, stabilises its 130-133
model autoinhibited state and inhibit oncogenic Ras signalling

interferes with the RAS/MAPK pathway and the cross-talk
towards AKT pathway via GAB2. A WW-peptide of IQGAP1
binds ERK and competes with endogenous IQGAPI, which leads
to attenuation of ERK activation!2°. This treatment together with
the BRAF inhibitor vemurafenib (PLX-4032), was very successful
in tumour mouse models'?®. It has later been shown that not the
WW-domain but the IQ domain is necessary to bind ERK!%7.
The effects on the tumour growth suppression may stem from the
interference with another yet unknown binding partner of
IQGAP1 as an integral element of its complex scaffolding
function. Another interesting example of accessory proteins as a
therapeutic target is the small molecule APS-2-79, which binds
KSR in its inactive state and interferes with RAF binding and thus
blocks MEK phosphorylation!28, The cell-based experiments with
APS-2-79 have shown not only reduced ERK activation and
growth inhibition in combination with the MEK inhibitor
trametinib, but also antagonising its resistance mechanism!2%.
Besides active site inhibitors, an allosteric inhibitor of SHP2
SHP099 stabilises the autoinhibited state and interferes with the
enzymatic activity as well as its adaptor protein function to bind,
for example, the GRB2-SOS complex!®’. A combination of
SHP099 with a MEK inhibitor has been shown to interfere with
the feedback mechanism via SHP2 and to block the resistance
initiation observed in KRAS4B-driven cancer therapy!'30-132, In
addition, SHP2 inhibition by SHP099 has been shown to have a
positive effect on anti-tumour immunity in colon cancer
xenograft models, especially in a co-treatment with an anti-PD-
1 antibody!'33.

Given that the majority of accessory proteins are now emerging
as attractive therapeutic targets, still a very small number of
accessory inhibitors have been discovered yet.

Concluding remarks and outlook

Accessory proteins tightly control signal transduction by fine-
tuning spatiotemporal organisation of signalling components and
maintaining specificity and function of the pathway on a cell type
and even subcellular level. They operate from the side line, from
which they specifically leverage their multivalent domains on the
formation of macromolecular clusters, as highlighted in this arti-
cle. Even though interest in accessory proteins has grown in the
past few years, the possibilities to practically visualise them, track
their pathway and experimentally and selectively affect their
functions in human cells are keys to address questions about their
cell type specificities, subcellular distribution and physical inter-
actions in a context-dependent manner. To investigate the impact
of an accessory protein in the context of RAS-MAPK signalling,

we suggest the following approach: (i) It is necessary to first
determine a cell line that expresses the gene related to the acces-
sory protein of interest using quantitative real-time PCR. (ii) It is
crucial to investigate the accessory protein at the endogenous
levels. The overexpression studies cause in spite of their experi-
mental advantages various difficulties'??. A prominent example is
KSR overexpression that has been erroneously identified as a
suppressor of RAS signalling. (iii) The major challenges faced and
likely to be faced in near future are the difficult task of the direct
use of antibodies post-purchase without careful validation!34. It is
of major importance to validate the antibody specificity by
immunoblotting purified protein or protein fragments, and cell
lysates overexpressing gene or gene fragments encoding the
accessory protein, (iv) Cell fractionation and confocal imaging
under-stimulated and non-stimulated conditions will prove if the
proteins pre-assemble in complexes with their binding partners
(as predicted for KSR-MEK) and where they are located within the
cell; as we expect the accessory proteins to orchestrate the RTK-
RAS-MAPK signalling in specific subcellular compartments (e.g.,
plasma membrane, early endosomes, lysosomes, Golgi or ER). (v)
Gene knockout cell lines, generated by CRISPR/Cas9 technology,
will allow measuring the impact of the accessory proteins as
positive or negative modulators of the RAS-MAPK pathway, by
determining the p-ERK/ERK ratio. Moreover, this approach will
give an idea about possible feedback or compensation mechanisms
of accessory proteins among each other. Thus, exploring these
concepts in greater detail will provide the framework for future
research that will fill existing gaps in our knowledge and expand
our understanding of more effective therapies.
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Abstract: The IQ motif-containing GTPase-activating protein (IQGAP) family composes of
three highly-related and evolutionarily conserved paralogs (IQGAP1, IQGAP2 and IQGAP3), which
fine tune as scaffolding proteins numerous fundamental cellular processes. IQGAP1 is described as
an effector of CDC42, although its effector function yet re-mains unclear. Biophysical, biochemical
and molecular dynamic simulation studies have proposed that IQGAP RASGAP-related domains
check for (GRDs) bind to the switch regions and the insert helix of CDC42 in a GTP-dependent manner. Our
updates kinetic and equilibrium studies have shown that IQGAP1 GRD binds, in contrast to its C-terminal
794 amino acids (called C794), CDC42 in a nucleotide-independent manner indicating a binding
outside the switch regions. To resolve this discrepancy and move beyond the one-sided view of
GRD, we carried out affinity measurements and a systematic mutational analysis of the interfacing
Ahmadian, MR, CDC42-TOGAP residues between GRD and CDC42 based on the crystal structure of the IQGAP2 GRD-CDC42261t
Interactions Scrutinized: New GTP complex. We determined a 100-fold lower affinity of the GRD1 of IQGAP1 and of GRD2 of
Insights into the Binding Properties IQGAP2 for CDC42 mGppNHp in comparison to C794/C795 proteins. Moreover, partial and major
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o e ) 1. Introduction
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dissibuted unden fhe: e and RHO GTPases act, with some exceptions [1], as molecular switches by cycling be-
conditions of the Creative Commons  tween an inactive (GDP-bound) and an active (GTP-bound) state. Their functions at the
Attribution (CC BY) license (https://  plasma membrane are usually controlled by three groups of regulatory proteins: guanine
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4.0/). GTPases activating proteins (GAPs) [2]. The formation of the active GTP-bound state of
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RHO GTPases, such as CDC42, is accompanied by a conformational change in two regions,
known as switch I and IT (encompassing amino acids or aa 2942 and 62-68, respectively);
these regions provide a platform for a GTP-dependent, high-affinity association of struc-
turally and functionally diverse effector proteins, e.g., ACK, PAK1, WASP, ROCKI, DIA and
IQGAP1, through their so-called GTPase-binding domains (GBDs) [3-13] (reviewed in [14]).
GTPase-effector signaling activates further a wide variety of pathways in all eukaryotic
cells [2].

A unique feature distinguishing the RHO family from other small GTPase families is
the presence of a 12 amino-acid insertion (aa 124-135 in CDC42) that protrudes from the G
domain structure by forming a short helix, the so-called insert helix (IH) [15]. This IH is
highly charged and variable among the members of the RHO family [15]. The IH has been
very recently shown to have larger conformational flexibility in the GDP-bound CDC42
than in the GTP-bound CDC42 [16]. IH is a binding site for RHOGDI1, p50GAP, DIA,
FMNL2, PLD1 and IQGAP2 [10,12,17-21], and appears rather essential for downstream
activation of RHO GTPases [21-23].

IQGAP1 is ubiquitously expressed and shares a similar domain structure with its hu-
man paralogs IQGAP2 and IQGAP3 (Figure 1A), including an N-terminal calponin homol-
ogy domain (CHD), a coiled-coil repeat region (CC), a tryptophan-containing proline-rich
motif-binding region (WW), four isoleucine/glutamine-containing motifs (IQ), a RASGAP-
related domain (GRD), a RASGAP C-terminal domain (RGCT) and a very C-terminal
domain (CT). IQGAPs interact with a large number of proteins and modulate the spa-
tiotemporal distributions of distinct signal-transducing protein complexes [24-34]. As
multidomain scaffold proteins, they safeguard the magnitude, efficiency and specificity of
signal transduction [35]. They have been localized at multiple subcellular sites orchestrat-
ing different signaling pathways and thus controlling a variety of cellular functions [36—42].
Notably, IQGAP1 has been implicated as a drug target due to its vital regulatory roles in
cancer development [42-49] although the molecular mechanism of its functions is unclear.
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Figure 1. IQGAP GRD binding is nucleotide independent. (A) Domain organization of the IQGAP
paralogs along with their GRDs and C-terminal fragments assessed in this study (see text for more
details). (B) Fluorescence polarization analysis of IQGAP1 and IQGAP2 proteins with mGppNHp-
and mGDP-bound CDC42. (C) Pull-down of endogenous IQGAP1 FL from HEK293 lysates with
GppNHp- or GDP-bound GST-CDC42 and GST-RAC1, respectively. Densitometry evaluation of
relative IQGAP1 binding to GST-CDC42 proteins (a. u., arbitrary unit) from a triplicate experiment is
shown as bar charts.
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Earlier studies analyzed the crucial role of IQGAP RGCT in high-affinity binding to
the switch regions of the GTP-bound, active CDC42 and proposed it as an IQGAP “effector
domain’ [5,50,51]. Accordingly, Swart-Mataraza et al. reported that the CDC42 GppNHp
can still bind to IQGAP-AGRD (lacking aa 1122-1324) [52]. Moreover, Li et al. mapped the
CDC42 and IQGAP binding regions and determined that switch I and surrounding regions
(residues 29-55) together with the insert region (residues 122-134) are required for high
affinity binding to IQGAP1 [53]. LeCour et al., however, solved a crystal structure of con-
stitutively active CDC42(Q61L) in complex with the IQGAP2 GRD (GRD2) and proposed
that CDC42 binds GRD2 from two different sites in a 4:2 stoichiometry [12,54]. One is the
‘GAPex-mode binding site” (ex stands for ‘extra’ subdomains consisting of variable N- and
C- terminal flanking regions) and the other is the ‘'RASGAP-mode binding site’ very much
resembling the RASGAP and CDC42GAP structures [18,55] with a conserved core domain
(GAPc). Analyzing this structure, Ozdemir et al. proposed that CDC42 IH binding to the
GAPex-domain induces GRD2 dimerization and changes the RASGAP site allosterically,
which subsequently create another interaction interface for CDC42 binding (leading to a
2:1 stoichiometry of GRD2 and CDC42) [54].

A number of biophysical and biochemical studies have provided valuable insights into the
structural and binding properties of the C-terminal domains of IQGAP1 (C794) and IQGAP2
(C795), encompassing the GRD, RGCT and CT domains, with CDC42 [12,50,52-54,56-63].
Evidently, all three domains bind with different affinities to CDC42 [5]. However, the
mechanistic principles behind these interactions have remained unclear. Moreover, there
are conflicting views regarding the assignment of a ‘CDC42-specific GBD’ for IQGAPs.
One model proposes the GRD and its RASGAP-mode binding with the switch regions of
CDC42 [12,54,56,58,64], whereas the other model excludes GRD and marks RGCT, located
distal to the GRD, as crucial for high-affinity binding to CDC42 in a GTP-dependent
manner [5,26,50-52]. Aiming to shed light on this discrepancy and to understand the
molecular basis of CDC42-IQGAP interaction we comprehensively investigated the nature
of the GRD interaction with CDC42 in this study and determined the role of the IH of CDC42
in contributing to GRD association. Furthermore, we studied the binding characteristics
of C794 regarding the switch region and IH contact sites by mutational analysis, and
verified the results in cell-based studies with endogenous IQGAP1. Collectively, our
results consolidate and refine the importance of IQGAP RGCT as the true GBD in the
recognition of CDC42 and its binding in a GTP-dependent manner. The GRD, although not
a central effector domain, is evidently necessary for scaffolding CDC42 and facilitating its
recruitment to preexisting cues.

2. Results and Discussion

IQGAP1 and IQGAP2 proteins were analyzed in this study to critically evaluate
the function of the respective GRD domains. First, we determined the CDC42 binding
properties of different IQGAP proteins, including IQGAP1 full-length (FL). Second, we
examined the role of amino-acids crucial for the interplay between IQGAP2 and CDC42
using mutational IQGAPs and CDC42 variants. Third, we analyzed the impact of CDC42
IH as an IQGAP binding site. Fourth, we investigated the RASGAP activity of IQGAP1
GRD towards eight different members of the RAS family and examined the introduction of
a catalytic arginine finger in the GRD.

2.1. GRD Is Not the Prominent Binding Domain for High IQGAP-CDC42 Affinity
2.1.1. GRD Binds to CDC42 with Very Low Affinity in a Nucleotide-Independent Manner

Different domains and fragments of the IQGAPs, including GRD1 and C794 of 1Q-
GAP1, as well as GRD2 and C795 of IQGAP?2 (Figure 1A), were purified to determine
their binding affinities for mGDP- and mGppNHp-bound CDC42 using fluorescence po-
larization. Obtained dissociation constants (Ky4; Figure 1B) clearly show that all IQGAP
constructs are able to bind CDC42 but with different affinities and preferences for the
nucleotide-bound forms of CDC42. GRDs of both IQGAPs are low-affinity binders and do
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not discriminate between the active and the inactive states of CDC42. Similar observations
were made for GRD3 and the CT of IQGAP1 (Supplementary Figure S1). In contrast, C794
and C795, encompassing in addition to both GRD and CT also the central RGCT (Figure 1A),
exhibited K4 values of 0.6 and 0.9 uM, respectively, indicating an around 100-fold higher
affinity for the GTP-bound active CDC42 as compared to CDC42 GDP (Figure 1B). This
result clearly suggests that RGCT but not GRD represents a ‘CDC42-specific GBD’ for at
least IQGAP1 and IQGAP2, by directly associating with the switch regions of CDC42 GTP.
Unfortunately, our efforts to obtain IQGAP1 RGCT (aa 1276-1575) and IQGAP3 C790 (aa
841-1631) for determining their binding affinities to the members of the RHO GTPase
family, including CDC42, has been remaining unsuccessful [26,51]. Purified IQGAP1 RGCT
tends to assemble into higher oligomeric or polymeric states, and, thus, is disabled in
binding CDC42 [51].

Several lines of evidence support the crucial role of RGCT rather than GRD as
the IQGAP effector domain for CDC42: (i) Here we can show that proteins contain-
ing RGCT bind with a more than 100-fold affinity to CDC42 mGppNHp as compared
to isolated GRD or CT (Figure 1B and Figure S1), (ii) substitution of the Serine 1443 for
glutamate (a phosphomimetic mutation) drastically impaired IQGAP1 binding to CDC42
mGppNHp [5,51]; (iii) an IQGAP1 protein, lacking the GRD (aal1122-1324), only binds
CDC42 GppNHp, in contrast to IQGAP]1 itself, that binds both GppNHp-bound and GDP-
bound CDC42 [52]. The latter has been also demonstrated in other studies [63,64] and
support our previous [26,51] and current findings that IQGAP domains, including GRD
and CT, bind CDC42 GDP as strong as CDC42 GppNHp (Figure 1B).

2.1.2. Endogenous IQGAP1 also Binds CDC42 GDP

Serum-stimulated HEK293 cells, endogenously expressing IQGAP1 full-length (FL),
were now used to carry out a pull-down assay with purified GST-fusion proteins of CDC42
and RAC1 in either GDP-bound or GppNHp-bound forms. IQGAP1 FL bound to these
GTPases, regardless of their nucleotide status even though the binding to GDP-bound
proteins was observed to be much weaker than the GppNHp-bound proteins (Figure 1C).
This pattern corresponds to the binding behavior of C794 and not with the binding of GRD1
alone. Densitometric evaluation of three independent pull-down experiments showed that
IQGAP1 FL binding to CDC42 GDP is much stronger than to RAC1 GDP (Figure 1C).

Altogether, our data suggest that IQGAP1 forms a complex with CDC42 through
different sites in both nucleotide-dependent and nucleotide-independent manner.

2.2. Switch Regions of CDC42 Are Not the Main Binding Sites for the GRDs

Timpson’s and our group have provided evidence that the IQGAP RGCT is essential
for high affinity binding to the switch regions of the GTP-bound, active CDC42 and thus
acts as an IQGAP ‘effector domain” [5,50,51]. This critical issue has now been further
expanded with additional experiments as described above (Figure 1), and confirms the
crucial role of the RGCT as an IQGAP “effector domain’ that selectively associates with
CDC42 GTP and carries out the high affinity association. Other groups have, in contrast,
used the constitutive active CDC42(Q61L) in their structural and biochemical analysis
and proposed that CDC42(Q61L) GTP GRD forms a GTPase-effector complex [12,54,56,57].
Such a role of the GRD in associating with CDC42 GTP is astonishing considering the afore
mentioned studies on both GRD1-CT that binds CDC42 with a higher affinity as compared
with GRD and an IQGAP1 variant, lacking the RASGAP domain (aa 1122-1324), which
equally interacts with CDC42 as compared with IQGAP1 wild type [52]. To clarify this
discrepancy, we have carefully examined ‘the RASGAP-mode binding site’ of CDC42 using
mutational approaches coupled with kinetic and equilibrium measurements. Results of
this examination are discussed in following subsections.
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2.2.1. Mutations in CDC42 Switch Regions Only Mildly Affect GRD Binding

Proposed interacting mode of GRD with the switch regions of CDC42 (RASGAP mode
binding) was deduced from the IQGAP2 GRD2 structure in complex CDC42Q61L GTP [12]
and two CDC42 mutation variants within the switch I and I regions (2xSW and 8xSW) and
a 11-residues mutant variant within the GRD of IQGAP2 C795 (11xGRD) were generated
as illustrated in Figure 2A. Identical and highly conserved residues within the interacting
interface highlighted in Figure 2B, were all replaced by alanine. All variants were stable in
their purified forms and Far-UV CD spectroscopic measurements excluded any improper
folding as compared to the wild-type proteins (Supplementary Figure S2).
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Figure 2. Analysis of CDC42 switch region and IQGAP1 GRD mutants. (A) The selection of GRD2
and CDC42 mutations is based on the GRD2/CDC42201L structure (PDB: 5CJP). Interacting residues
colored on both proteins were selected for mutational analysis. For more details see also Table S1.
(B) Multiple sequence alignments of switch regions of RHO GTPases and IQGAPs highlight identical
or homologous interacting residues that have been replaced in this study by alanine for analyzing
their impact on IQGAP binding. Conserved residues are shaded in grey. Mutations in CDC42 switch
regions include 2xSW (bolded residues) and 8xSW (all eight residues, as indicated), and 11xGRD in
TIQGAP2 C795. (C) Fluorescence polarization measurements of mGppNHp-bound CDC42 WT, 2xSW
and 8xSW with IQGAP1 GRD1 or IQGAP2 GRD2. (D) The K4 values for the interactions of [QGAP1
C794, IQGAP2 C795 and C795 11xGRD with the CDC42 variants in mGppNHp- and mGDP-bound
form were determined using fluorescence polarization. n.b. stands for no binding observed. C794 and
C795 CDC42 WT measurements are included from Figure 1B for simple comparison. (E) Observed
rate constants (Kops) for the IQGAPs association with mGppNHp-bound CDC42 WT, 2xSW and 8xSW
were measured using stopped-flow fluorimetry. (F) Pull-down of endogenous IQGAP1 FL from
HEK293 lysates with GST-CDC42 in GppNHp-bound or GDP-bound state. Cell lysate was used as
an input control. Densitometry evaluation of relative IQGAP1 binding to GST-CDC42 proteins (a. u.,
arbitrary unit) from triplicate experiments is shown as bar charts.
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We first determined the Ky values for the GRD1 and GRD2 interaction with the
mGppNHp-bound CDC42 WT, 2xSW and 8xSW. Interestingly, we found a two to three-fold
reduction in the binding affinity of GRD1 but no notable reduction for GRD2 with the
CD(C42 variants as compared to CDC42 WT (Figures 1B, 2C and S3). As the effect of 2x and
8x introduced mutations on the proposed crucial interaction sites of CDC42 and GRD2 did
not result in a decrease of affinity, our data clearly indicates that the association of CDC42
switch regions with IQGAP must be through other sites rather than the GRD.

2.2.2. IQGAP C794/C795 Binding Is Impaired by Switch Region and GRD Mutations

Next, we measured the Kq values for the interaction of IQGAP1 C794 or IQGAP2 C795,
containing the GRD, RGCT and CT domains, with mGDP-bound and mGppNHp-bound
CDC(C42 variants. Data shown in Figure 2D (Supplementary Figure S4) indicate that the
substitution of two amino acids in the switch regions was not sufficient to largely impair
the CDC42-C794 interaction. However, nGppNHp-bound, but not mGDP-bound CDC42
8xSW exhibited a drastic reduction (86-fold) in its binding affinity for C794. For mGDP-
bound CDC42, introduction of SW mutations only slightly decreased the affinity of C794.
The IQGAP2 C795 binding to the CDC42 switch regions was not impaired by neither 2x
nor 8x mutants of CDC42 in mGppNHp-bound state. Interestingly, IQGAP2 C795 showed
a slightly decreased binding to the mGDP-bound CDC42 2xSW mutant but no binding to
the 8xSW mutant, a much different result than obtained for GRD2 binding alone. The data
from real-time stopped-flow fluorescence spectrometry (Figure 2E and Figure S5) showed
both IQGAPs associated with similar ks values, as observed in Figure 2D.

The next question addressed was to what extent CDC42 binding of IQGAP1 FL was
affected by the switch region mutations. Therefore, endogenous [QGAP1 was pulled down
from HEK293 lysates using GDP-bound and GppNHp-bound GST-CDC42 WT, 2xSW and
8xSW. As shown in Figure 2F, IQGAP1 binding to CDC42 did not change with two amino
acid substitution of the switch regions but was disrupted with the eight mutations. These
experiments support our kinetic and equilibrium measurements and clearly indicate that
the switch regions are significant for the IQGAP1 interaction with both GDP-bound and
GppNHp-bound CDC42.

Taken together, the presented data suggest a slightly different binding behavior of
IQGAP1 and IQGAP2 variants for CDC42. Our results do not support the interacting mode
between IQGAP and CDC42 based on the crystal structure [12] and the central role of the
GRD in it [54] since the introduction of SW mutations of CDC42 clearly affected C795/C794
binding but only little the GRD binding. We, in contrary, propose that the interactions sites
on IQGAP for complex formation with CDC42 GTP are clearly within the RGCT and might
be different between IQGAP1 and IQGAP2.

2.3. Insert Helix Contributes to the Binding Affinity of CDC42 for IQGAP1 GRD

The question arises as which regions on CDC42 could bind GRD if we can now
exclude the switch regions. A region/site that has attracted our attention is the IH of
CDC42 for valid reasons. We have shown that IQGAPs bind to RAC-like and CDC42-like
proteins but not to the other members of the RHO family [26] and the IH consistently is a
highly variable region among the RHO GTPases (Figure 3A) [15]. Several CDC42-binding
proteins, including RHOGDI1, p50GAF, FMNL2 and IQGAP2 have been shown to contact
the TH [10,12,17,18,20]. Thus, mutational analysis of the CDC42 IH was performed, using
four different single residue mutations and a quadruple mutation (Figure 3A and Table S1).
Note that variable residues were replaced in CDC42 by the corresponding residues of
RACI1. Most remarkably and in sharp contrast to the SW mutations (Figure 2), all IH
mutations abolished GRD1-CDC42 interaction irrespective of the nucleotide-bound states
of CDC42 (Figures 3B and S6), which underlines the central role of CDC42 IH in GRD
binding. The scenario was rather different for C794, which binds mGDP-bound CDC42
with 3-fold and mGppNHp-bound CDC42 with 20-fold lower affinities (Figure 3B). These
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data are consistent with the recent observation by Nussinov and colleagues that the CDC42
IH reveals nucleotide-dependent conformational flexibility [16].
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Figure 3. CDC42 IH mutations decrease binding affinity. (A) Amino acid alignment of the insert helix
of selected members of the RHO GTPase family. CDC42 mutations (red) to RACI were introduced
outside of the conserved regions (grey). (B) Fluorescence polarization data for the interaction of GRD1
and C794 with the CDC42 IH variants. (C) Pull-down of endogenous IQGAP1 FL from HEK293
lysates with GST-CDC42 IH variants in both GppNHp-bound and GDP-bound forms. Cell lysate
was used as an input control. The pull-down data for GST-CDC42"t is shown in Figure 2F as all
pull-down experiments were conducted under the same conditions. Densitometry evaluation of
relative IQGAP1 binding to GST-CDC42 proteins (a. u., arbitrary unit) from a triplicate experiment is
shown as bar charts.

The data from fluorescence polarization could be verified via pull-down assay. The
binding pattern of CDC42 IH mutants with endogenous IQGAP1 followed the same pattern,
displaying no binding for A130K and 4xIH and very weak binding for S124D (Figure 3C).
Generally, binding could be observed much stronger for GppNHp-bound than for GDP-
bound CDC42 variants, supporting the pull-down data shown above (Figure 1C).

Several published studies have shown that mutations of the CDC42 IH impact their
properties in binding IQGAPs. Li et al. (1999) have shown that IH deletion in CDC42 im-
pairs its binding affinity for the effectors, in particular IQGAP1 C794 [53]. Owen et al. (2008)
investigated the impact of the IH mutations in CDC42%!" on IQGAP1 C794 binding [56].
Consistent with our findings, they observed a slight decrease in C794 affinity for CDC42Q61L
with A130K or N132K. Moreover, Ozdemir et al. also applied the CDC422¢'L variant and
suggested the IH together with switch I region to be mainly responsible for its binding to
the ex-domain of GRD (GRDex) of IQGAP2 [54].

2.4. Q61L Variant Is Not a Wildtype Equivalent for CDC42-IQGAP Interactions

Anissue that still needs to be addressed is why are there several discrepancies between
the studies regarding the GRD binding property for CDC42? A possible answer to this
question is the use of different CDC42 mutants in these studies that are alike, but not
equivalent, especially regarding this interaction.
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In the GTP-bound CDC42, Q61 acts as a ‘catalytic residue’ that is involved in hydrogen
bonding with a catalytic water molecule, an arginine finger of GAP and the y-phosphate of
GTP, initiating a nucleophilic attack that hydrolyzes GTP (Figure 4A) [18,65]. L61 does not,
however, undergo these functionally critical hydrogen bonds but rather points towards
protein surface without causing significant structural changes (Figure 4A). As a result,
the substitution of Q61 by leucine drastically increases the binding affinity of IQGAPs for
CDC42IL GTP by up to 15-fold as was clearly demonstrated previously [5,26,51]. Despite
this fact, many groups use this CDC42 variant for the interaction analysis of effectors, such
as IQGAPs [12,54,56,57]. Thus, we revisited this issue and have comparatively analyzed the
interaction of IQGAP1 GRD with CDC42261L and CDC42%! using fluorescence polarization
and size exclusion chromatography (SEC). Equilibrium measurements shown in Figure 4B
clearly revealed that the Q61L mutation results in a strong enhancement of GRD1 and
GRD2 binding with the mGppNHp-bound CDC42, but not with mGDP-bound CDC42. The
binding affinity of mGppNHp-bound CDC42°1L rises from a low affinity 186 uM/69 uM
binding to a high 2.7 uM/2.5 pM binding for GRD1/GRD2, respectively (Figures 4B and 57).
This is a change of 30-50-fold and might explain the huge differences of CDC42 interactions
with GRD. Moreover, SEC analysis showed that GRD1 forms a 2:2 stoichiometry with
CDC42"t GppNHp but 2:1 stoichiometry with CDC422°!L GppNHp (Figure 4C-F).The
latter is remarkably consistent with the previous reports on a high-affinity binding of
IQGAP2 GRD2 with CDC42%!L GTP and 4:2 and 2:1 stoichiometry, respectively [12,54].
These findings verified the clear difference between CDC42"t and CDC422¢! and how
replacement of Q61 by L changes the binding properties (affinity and stoichiometry) of
CDC42 interaction with IQGAP GRDs.

Chen et al. have reported that the Q61L mutation strengthen hydrogen bond inter-
actions between CDC42 and the y-phosphate of GTP [66]. Analyzing the Cdc4290L GTP
GRD2 structure, Ozdemir et al. proposed that CDC42 IH binding to the GAPex-domain
induces allosteric changes in the RASGAP site, which in turn facilitate GRD dimerization,
and enable the second CDC421L to bind to this site (yielding a 2:1 stoichiometry) [54].
Collectively, we recapitulate that CDC422¢1L is not an ideal analog of CDC42"* especially in
studying the interaction of the downstream effectors. G12V and Q61L mutations of CDC42
cause GAP insensitivity leading to sustained hyperactivation of CDC42 [16,18,55,65,66].
Thus, we suggest CDC42"! GppNHp and even CDC42512Y GTP variants as more suitable
species for the investigation of CDC42-effector interaction rather than CDC4296!L GTP.

2.5. GRD Lacks the Structural Fingerprints to Induce the GAP Activity

The structure of the RAS-RASGAP complex shows GAP-334 interacting predominantly
with the switch regions of RAS [55]. Three regions (finger loop, FLR motif and helix
o7 /variable loop) constitute structural fingerprints of the RASGAP p120 and neurofibromin
that form critical RAS binding sites in order to apply an arginine finger into the active
center of RAS [67,68]. Amino acid sequence analysis of these RASGAPs with the three
IQGAP paralogs showed that major parts of these fingerprints are different in IQGAPs
(Figure 5A). Moreover, the catalytic arginine is missing and there is instead a threonine
(T1045 in IQGAP1; Figure 5A). Thus, it is quite understandable why IQGAP1 did not
display RASGAP activities towards HRAS [60]. It is, however, known that GAPs specific
for other members of the RAS superfamily use other catalytic residues than an arginine
(reviewed in [69,70]).

We set out to examine a possible GAP activity of IQGAP1 GRD towards different RAS
family GTPases. Figure 5B shows that [QGAP1 GRD is a pseudo-RASGAP domain with no
obvious catalytic ability (orange bars). Earlier studies have shown that the substitution of
the arginine finger of the RASGAPs to other amino acids completely abolishes their GAP
activity [67,68]. Therefore, threonine 1046 of IQGAP1 GRD was replaced by an arginine and
the impact of T1046R on the GTP hydrolysis of the eight RAS proteins was measured. Data
shown in Figure 5B revealed no apparent GAP activities of IQGAP1 GRDT!04R (green bars)
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as expected for a RASGAP. These data suggest that IQGAPs, besides lacking an arginine
finger, do not contain critical RAS-binding residues of the a7/variable loop (Figure 5A).
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Figure 4. Comparative analysis of IQGAP1 GRDI interaction with CDC42%! and CDC42",
(A) Structural overlay of CDC42%! GDP AlF; pS0GAP (green; PDB: 1GRN) on CDC42Q1L GTP
IQGAP2 (blue; PDB: 5CJP) with the focus on Q61 hydrogen bonds (red dashed lines). GDP AlF3
mimics the transition state of the GTP hydrolysis reaction and is coordinated with the magnesium ion
(Mg2+) and the nucleophilic water molecule (w) and the arginine finger (R282) of p50GAP. Aluminum
trifluoride (AlF3;) mimics the y-phosphate of GTP in the transition state. In contrast to L61, Q61
is critical for the catalysis of the GTP hydrolysis reaction through three hydrogen bonds (see text).
(B) Fluorescence polarization data of IQGAP GRD1 with CDC42 mGppNHp and CDC42 mGDP.
(C-F) IQGAP GRD differently forms complexes with CDC42WT and CDC42Q61L respectively, when
applied on an analytical SEC. For this purpose, CDC42"T GppNHp (C) or CDC42961 GppNHp (D)
were mixed with IQGAP1 GRD1 and SEC was performed on a Superdex 200 10/300 column using
an AKTA purifier (flow rate of 0.5 mL/min, fraction volume of 0.5 mL) and a buffer, containing 30
mM Tris/HCI, pH 7.5, 150 mM NaCl, and 5 mM MgCly. The elution profiles represented one peak
for the respective CDC42 proteins (#1), two peaks for the respective mixtures of respective CDC42
proteins with GRD (#2 and #3) and one peak for the GRD1 (#4). (E) Coomassie brilliant blue staining
of the corresponding elution volumes indicated that only peaks #2 contain GRD1 complexes with
CDC42WT or CDC42Q!L, respectively. Peaks #3 only contain the CDC42 proteins as compared to
the peaks #1 and #4. (F) The SEC profiles of CDC42"T and CDC429¢1L are summarized for each
peak regarding the elution volume, the molecular weight (MW) and the stoichiometry. M stands
for monomeric and D for dimeric. The theoretical MWs of CDC42 (21.2 kDa) and GRD (43 kDa)
were calculated using the Expasy Protparam tool. The presented MWs for each peak was calculated
based on the calibration curve (aldolase 158 kDa and ovalbumin 44 kDa, respectively) and partition
coefficient plot (Kav = Ve — V0/Vc — V0) versus the logarithm of MWs; Ve: elution volume number;
VO: void volume (8 mL); Vc: geometric column volume (24 mL)). Accordingly, peaks #2 correspond
to a heterotetrameric complex between CDC42™T GppNHp and GRD1 with a MW of 130 kDa, and a
heterotrimeric complex of GRD and CDC42901L GppNHp with a MW of 85 kDa.
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Figure 5. Deviation in RAS-binding residues in GRDs cause lack of RASGAP activity. (A) Sequence
alignment of human RASGAPs p120, neurofibromin (NF1) and the three IQGAP paralogs high-
lights distinctive deviations in three signature motifs (grey boxes): the finger loop, FLR region and
a7/variable loop. RAS-binding residues are shown in red and conserved residues in blue. The
catalytic arginine (green) is substituted by threonine in IQGAPs. The numbers correspond to the
amino acids of the respective proteins. (B) GTP hydrolysis of various RAS family GTPases was
measured in the absence (blue) and in the presence of p120 GAP domain (red; positive control, where
no GTP detected) or GRD1%! (orange) and GRD1T104R (green). The GTP hydrolysis of the RAS
proteins (10 uM) was measured via HPLC and the GTP content normalized to 100% before adding
p120 or GRD1, respectively, at 100 uM concentrations and 1 min incubation time.

3. Material and Methods
3.1. Constructs

The pGEX4T1 encoding an N-terminal glutathione S-transferase (GST) fusion protein
was used to overexpress human [QGAP1 (accession number P46940) GRD1 (aa 962-1345),
C794 (aa 863-1657) and CT (aa 1576-1657); human IQGAP2 (accession number Q13576)
GRD?2 (aa 875-1246) and C795 (aa 780-1575); human IQGAP3 (accession number P60953)
GRD3 (aa 942-1330); human CDC42 (accession number P60953; aa 1-178). All constructs
and related variants are list in Supplementary Table S1. For purification of these proteins,
PGEX-4T1 constructs were transformed in Escherichia coli and proteins were isolated via
affinity chromatography using a glutathione Sepharose column on a AKTA start protein
purification system (Cytiva, US) [71]. GST-cleavage was carried out by incubation with
thrombin (#T6884-1KU, Sigma Aldrich, Taufkirchen, Germany) at 4 °C until full digestion
of the fusion protein. Quality of the proteins were checked via SDS-PAGE and Coomassie
staining. CDC42 variants were further verified for their activity in HPLC by determining
the amount of bound nucleotide [71]. Nucleotide free proteins were prepared by incubating
the proteins with alkaline phosphatase (#P0762-250UN, Sigma Aldrich, Germany) and
phosphodiesterase (#P3243-1VL, Sigma Aldrich, Taufkirchen, Germany) at4 °C [71]. CDC42
variants were labelled with either GDP (#51060, Sigma Aldrich, Taufkirchen, Germany),
GppNHp (#NU-401, Jena Bioscience, Jena, Germany), mant-GDP (#NU-204, Jena Bioscience,
Jena, Germany) or mant-GppNHp (#NU-207, Jena Bioscience, Jena, Germany).

3.2. Circular Dichroism (CD) Spectrometry

Far-UV-CD spectroscopy of protein samples were performed on a JASCO ]-715
CD spectropolarimeter (Jasco, Gross-Umstadt, Germany) using quartz cuvettes (Helma,
Mihlheim, Germany) with 1 mm path length. Spectra were recorded at protein concen-
trations of 20 uM CDC42 WT and variants in 1 mM NaPi buffer, pH 7.0 or 8 uM IQGAP
WT and variants in 12.5 mM TRIS/HCl pH 7.4, 37.5 mM NaCl, 1.25 mM MgCl,, at 22 °C
with instrument settings as follows: 0.1 nm step size, 50 nm min~! scan speed, 1 nm
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band with. Signal-to-noise ratio was improved by accumulation of 10 scans per sample.
The mean residue ellipticity [0]mew in deg-cmz-dmol’1 was calculated from the equation
[B]mrw = (Bobs X MRW)/(c x d x 10), with 8,ps, observed ellipticity (in degrees); ¢, con-
centration (in g/mL); d, cell path length (in cm); MRW (mean residue weight), molecular
weight divided by number of peptide bonds.

3.3. Cell Culture and Lysis

HEK?293 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (#
12320032, Thermo Fisher, Waltham, CA, USA) supplemented with 10 % FBS and 1%
Penicillin/Streptomycin in an exponential growth phase at 37 °C with 5% CO, and 95%
humidity. Lysis was performed by washing the cells with PBS™/~ and scraping them down
with FISH buffer (50 mM Tris/HCl pH 7.5, 100 mM NaCl, 2 mM MgCl,, 10% glycerol,
20 mM B-glyerolphosphate, 1 mM NazVOy, 1x protease inhibitor cocktail and 1% IGPAL).
Cells were lysed for 10 min on ice and then centrifuged for 10 min at 15,000 x g. Supernatant
was used for affinity pull down measurements.

3.4. GST-Pull-Down

The pull-down of endogenously expressed proteins with purified GST-fused proteins
was performed using glutathione agarose beads (#745500.10, Macherey-Nagel, Diiren,
Germany). Beads were coupled to the GST-fused protein for one hour at 4 °C while mixing
and centrifuged for 5 min at 500x g. Excess protein was removed by three washing steps.
Coupled beads were incubated with HEK293 lysate for one hour at 4 °C on a rotor and again
washed 3 times. In the final step, beads were mixed with 1x Laemmli buffer and proteins
were denatured at 95 °C for 5 min. Samples were evaluated via SDS-PAGE and western
blotting using anti-GST (own antibody, mouse) and anti-IQGAP1 (NBP1-06529, Novus,
Wiesbaden Nordenstadt, Germany, rabbit) primary antibodies and secondary antibodies:
IRDye® 800 CW anti-Rabbit IgG and IRDye® 680 RD anti-Mouse IgG from LiCor. Values
were analyzed by using multiple t test analysis in GraphPad Prism 6 (one unpaired t test
per row, fewer assumptions by analyzing each row individually).

3.5. Fluorescence Stopped-Flow Spectrometry

All kinetic parameters (kp,s) evaluated in this study were analyzed using a previously
described kinetic analysis protocol [72]. The kinetic parameters were monitored with a
stopped-flow apparatus (HiTech Scientific, Applied Photophysics SX20, Leatherhead, UK).
The excitation was set for mant at the wavelength of 362 nm, and emission was detected
through a cutoff filter of 408 nm. The observed rate constants were calculated by fitting the
data as single exponential decay using GraFit program.

3.6. Fluorescence Polarization

To determine the dissociation constant K of direct protein—protein interaction (includ-
ing weak interactions) fluorescence polarization analysis was performed in a Fluoromax
4 fluorimeter (Horiba Scientific, Loos, France). Here, 1 uM mant-GDP or mant-GppNHp
labelled CDC42 proteins were prepared in a total volume of 170 uL in a three directional
cuvette. Measurement was performed in polarization mode versus time with an excitation
wavelength of 360 nm (slit width: 8 um) and an emission wavelength of 450 nm (slit width:
10 um). Ky values were calculated in GraFit 5 by fitting the concentration-dependent
binding curve using a quadratic ligand binding equation.

3.7. GTP Hydrolysis Measurements

GTP hydrolysis rates of a set of different GTPases in presence and absence of GRD1
and its T1046R mutant containing the arginine residue were measured by high-performance
liquid chromatography (HPLC) analysis. GTP-bound HRAS in presence of p120 GAP was
used as control. Then, 10 pM of each GTPase in the GTP bound state was injected into
the HPLC mixing chamber after 1 min of incubation in absence (intrinsic) and presence
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(GAP stimulated) of 100 uM of GRD1 WT and T1046R variant. The GTP content for each
measurement was calculated by dividing the intensity of the GTP detection peak to the
sum of the intensities of the GTP plus GDP peaks.

4. Conclusions

The exact binding site of the IQGAP GRD and CDC42 is still not completely clear to
date. This article provides evidence that the IQGAP GRD does not act as the primary or
leading effector binding domain of CDC42 and counterevidence the role of IQGAP GRD in
CDC42 binding deduced from a crystal structure of an IQGAP2 GRD2-CDC42Q61L GTP
complex. We could show that the GRD does not bind to CDC42 in a nucleotide-dependent
manner and that even multiple mutations of the suggested main residues of interaction
do not abolish the direct physical interaction in cells and under cell-free conditions. Our
data support the binding model of Ozdemir et al. [54] and propose the CDC42 IH as a key
binding site for GRD. Furthermore, we shed light once more into the interaction difference
of CDC42%! and CDC42%1L that might be one of the main reasons of the discrepancies in
the published data as discussed above. By our comparative measurements of IQGAP1 and
IQGAP2 variants, we found differences in their binding strength and specificity towards
CDC42"! but also towards various CDC42 variants. Our efforts to investigate also IQGAP3
were so far not successful. The exact binding residues and interaction sites of IQGAP1 and
IQGAP2 with the switch regions of CDC42 will still remain to be identified in the future.
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Vesicle biogenesis, trafficking and signaling via Endoplasmic reticulum-Golgi
network support essential developmental processes and their disruption lead
to neurodevelopmental disorders and neurodegeneration. We report that de
novo missense variants in ARF3, encoding a small GTPase regulating Golgi
dynamics, cause a developmental disease in humans impairing nervous system
and skeletal formation. Microcephaly-associated ARF3 variants affect residues
within the guanine nucleotide binding pocket and variably perturb protein
stability and GTP/GDP binding. Functional analysis demonstrates variably
disruptive consequences of ARF3 variants on Golgi morphology, vesicles
assembly and trafficking. Disease modeling in zebrafish validates further the
dominant behavior of the mutants and their differential impact on brain and
body plan formation, recapitulating the variable disease expression. In-depth
in vivo analyses traces back impaired neural precursors’ proliferation and
planar cell polarity-dependent cell movements as the earliest detectable
effects. Our findings document a key role of ARF3 in Golgi function and
demonstrate its pleiotropic impact on development.

The Golgi apparatus is a polarized, membrane network-built organelle  targeted delivery'™. Golgi also provides signaling platforms for the
organized as a series of flattened, stacked pouches (cisternae) held regulation of a wide range of cellular processes (e.g., cell polarity,
together by matrix proteins and microtubules and structured into the  stress response, and mitosis) suggesting a role as a cell sensor and
cis and trans-Golgi compartments. It is responsible for transporting, regulator similarly to other organelles, which ultimately orchestrates
modifying, and packaging proteins and lipids into vesicles for their ~development*®. Golgi function is highly depending upon its rapid
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structural remodeling in response to different physiological stimuli,
which is attained via tightly regulated processes involving ribbon dis-
assembly, tubulovesicular conversion as well as stacks repositioning™’.
Of note, stimulus-dependent Golgi repositioning in the apical radial
glia precursors is crucial to maintain stem cell identity, likely control-
ling polarized trafficking during corticogenesis®.

In the last years, several Mendelian disorders have causally been
related to the defective or aberrant function of components of the
transport machinery’. In particular, disruption of Golgi organization
underlies several diseases, most of which share altered neurodeve-
lopment and early-onset neurodegeneration'’™, In these disorders,
collectively named “Golgipathies”, recurrent features include
microcephaly, CNS defects (e.g., delayed myelination, cortical atro-
phy, abnormal corpus callosum, and pontocerebellar hypoplasia)
and developmental delay (DD)/intellectual disability (ID)". More
generally, defective vesicle formation and unbalanced trafficking
have been recognized as prominent patho-mechanisms in several
neurodevelopmental disorders with CNS malformations and
microcephaly**°, and neurodegenerative conditions’%,

The six members of the ADP-ribosylation factors (ARF) family of
small GTPases (ARF1, ARF3-6, and ARF2, missing in primates) regulate
key events of Golgi structure and function, vesicular biogenesis and
cargo transport. ARF function is broadly overlapping and redundant in
cells”*°, where they participate in bidirectional membrane trafficking
required for endocytosis and anterograde/retrograde transport,
including protein recycling to the membranes or their degradation” .

These proteins bind to guanine nucleotides with high affinity and
specificity and cycle between a GTP (active) and GDP (inactive)-bound
form®-%, Similar to other members of the RAS superfamily, release of
GDP is stimulated by specific guanine nucleotide exchange factors
(ARFGEFs), indirectly favoring binding to GTP?*%, As a consequence
of the conformational change promoted by GTP, the N-terminal myr-
istoylated region is exposed, allowing anchoring of the active GTPase
to membranes of different organelles, including cis and trans-Golgi,
plasma membrane and endosomes, where these proteins exert their
function’”?**° Moreover, the conformational rearrangement of the
switch 1[SW1] and switch 2 [SW2] regions controls the interaction with
a number of effectors and regulators®*, The intrinsic slow GTPase
activity of ARFs is accelerated by specific GTPase-activating proteins
(ARFGAPs), which result in protein inactivation and release from
membranelz_zl),?i\i.

By interacting with coat and adaptor proteins via this switch
system'”, ARF proteins support various steps of the biosynthetic
trafficking, such as COP-I vesicle formation and budding, which are
essential for anterograde/retrograde cargo transport™, ARF proteins
can also recruit non-coat Golgi-specific factors to membranes (e.g.,
Golgin-160 and GCC88)”, which are fundamental for Golgi structural
integrity’®, and thereby contribute to the control of Golgi and
organelle structural organization and function’**%*,

The use of constitutively active (CA, GTP-bound) and dominant
negative (DN, GDP-bound) ARF mutants as well as ARF silencing in cells
has demonstrated the variable consequences of aberrant ARF function
on Golgi integrity, morphology, vesicle formation, and recycling?®™,
and the redundant roles among the various ARF proteins. CA mutants
(i.e., ARF1/3%™) produce loss of the Golgi ribbon-like structure with an
overall expansion of the Golgi and COP-1 compartments due to con-
spicuous vesiculation’®”, Conversely, DN mutants (e.g., ARF3"2%)
induce a different pattern of Golgi fragmentation, with the dispersion
of the coat proteins and COP-1 disassembly?’. The latter resembles the
ARF poisoning effect triggered by brefeldin A (BFA), which blocks the
normal activation of all ARF proteins by binding ARF1-GDP-GEF*’.

ARF-regulated Golgi dynamics during mitosis are crucial for cell
division and cytokinesis*’*. Ultimately, by controlling Golgi structure,
function, cargo sorting, and trafficking, ARFs actively participate in the
fine regulation of key events during embryogenesis (i.e., cell polarity

establishment and migration during gastrulation, neuronal maturation,
and tissue morphogenesis)*. A hyperactive or reduced arfI function in
zebrafish results in altered body plan and head development*’“. In
particular, hyperactive arfl induces body plan alterations that are con-
sistent with altered planar cell polarity (PCP)*".

Notwithstanding their emerging pivotal roles in development,
mutations in ARF genes have only recently been linked to human dis-
ease, with activating missense variants of ARFI (MIM: 103180) causing a
rare dominant malformation of cortical development resulting from
defective neuronal migration (MIM: 618185)*”. More recently, during
the revision of this work, two pathogenic variants in ARF3 were
described in three individuals with a variable neurodevelopmental
phenotype, and microcephaly in the most severe case™.

Here, we report five de novo missense ARF3 variants underlying a
similar disorder affecting CNS and skeletal development. In silico and
in vitro analyses provide evidence of a variable impact of mutations on
protein stability, activity, Golgi integrity, vesicle formation, and cargo
recycling. In-depth investigation in zebrafish corroborates the domi-
nant nature of mutations, confirms a diverse effect on Golgi mor-
phology during early embryogenesis, and recapitulates the variable
brain and axial defects observed in patients. Experiments in live
embryos further trace back the effect of aberrant ARF3 function to an
altered balance of cell proliferation and death within the anterior
developing brain and to impaired PCP-dependent cell axes formation.

Results

ARF3 mutations cause a developmental disorder affecting CNS
and skeletal formation

In the frame of a research program dedicated to subjects affected by
unclassified diseases, trio-based exome sequencing allowed us to
identify a previously unreported de novo ARF3 variant, c.379A>G
(p.Lys127Glu; NM_001659.2), as the putative disease-causing eventin a
girl (Subject 1) with a severe syndromic neurodevelopmental disorder
characterized by growth restriction, severe microcephaly, progressive
diffuse cortical atrophy, hypoplasia of corpus callosum and other brain
anomalies at MRI (i.e., lateral ventricular enlargement, severe brain-
stem hypoplasia particularly affecting the pons, cerebellar inferior
vermis hypoplasia), seizures, profound DD/ID and skeletal involve-
ment (i.e., 11 rib pairs and severe scoliosis), inguinal hernia and con-
genital heart defects (CHD). (Supplementary Fig. 1, Supplementary
Tables 1 and 2 and clinical reports). Whole exome sequencing (WES)
data analysis excluded the presence of other relevant variants com-
patible with known Mendelian disorders based on their expected
inheritance model and associated clinical presentation, and high-
resolution SNP array analysis excluded the occurrence of genomic
rearrangements. The missense change, which had not previously been
reported in population databases, affected an invariantly conserved
residue among orthologs, paralogs, and other structurally related
GTPases of the RAS family (Supplementary Fig. 2a). Through net-
working and GeneMatcher”, we identified four additional subjects with
de novo ARF3 missense variants, which had not been reported in EXAC/
gnomAD and involved amino acid residues located in regions highly
constrained for variation (Supplementary Table 2, Supplementary
Fig. 2a, b). No additional candidate variants in clinically associated
genes were identified in any patients (WES statistics and data output,
Supplementary Tables 3-7). Affected residues but Leu were con-
served among ARF3 orthologs and paralogs, and three of them were
also conserved among other RAS GTPases (Supplementary Fig. 2a).
The identified missense variants affected residues whose corre-
sponding positions in other GTPases of the RAS superfamily had pre-
viously been associated with human disease (Supplementary Table 8).
Among these, the same Lys-to-Glu substitution at codon 127 in Subject
1was recently reported to affect the corresponding residue in ARFlin a
patient with DD, microcephaly, periventricular heterotopia, pro-

gressive cerebral atrophy, and epilepsy®.
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Affected subjects showed variable degrees of DD/ID associated
with brain and skeletal anomalies (Supplementary Fig. 1, Supplemen-
tary Table 1 and clinical reports). No characteristic craniofacial gestalt
was noted, with only minor craniofacial features reported in single
patients, mainly related to microcephaly (Supplementary Fig. 1a, b).
Similar to Subject 1, Subject 2 (p.Leul2Val; p.Asp67Val) showed
microcephaly, profound DD/ID, absence of speech and language
development, progressive diffuse cortical atrophy with diminished
hemispheric white matter, thin corpus callosum, progressive
pontocerebellar hypoplasia without the involvement of the cerebellar
vermis, hypotonia, microsomia, and consistent skeletal defects (Sup-
plementary Fig. 1b, ¢; Supplementary Table 1 and clinical reports).
A comparable but less severe condition was also observed in Subject 4
(p.Asp93Asn), who manifested hypotonia, severe DD/ID, delayed
speech and language development, post-natal microcephaly, thinning
of the corpus callosum as well as milder skeletal defects (Supple-
mentary Fig. 1, Supplementary Table 1 and clinical reports). Subject 3
(p.Pro47Ser) and Subject S (p.Thr32Asn) showed the mildest pheno-
type with DD/ID and delayed (Subject 3) or severely delayed (Subject 5)
speech and language development. Subject 3 also shows early-onset
seizures and severe hypoplasia of the anterior part of the temporal
lobe associated with hypomyelination and thin corpus callosum, while
Subject 5 showed hypoplasia of the corpus callosum, mild white matter
involvement in periventricular and supraventricular areas, and a large
cisterna magna with a milder skeletal involvement (Supplementary
Fig. 1b, ¢, Supplementary Table 1 and clinical reports).

Disease-associated ARF3 variants variably affect protein stability
and function

The identified disease-associated variants affected residues spotted
throughout the coding sequence except for the C-terminal region
(Fig. 1a). First, we examined the possible functional consequences of
each amino acid substitution using a three-dimensional structure of
the GTPase recently solved by X-ray diffraction’® as reference. All
residues except for Leu? cluster within or close to the GTP/GDP
binding pocket (Fig. 1b). Lys'” is one of the four residues of the NKXD
motif directly mediating binding to the ribose ring of GTP/GDP*, and
substitution of the positively charged residue with a negatively
charged glutamate was predicted to affect nucleotide binding (Fig. 1c).
Similarly, Thr*? contributes to stabilizing the GTP/GDP binding via
direct hydrogen bonding with one oxygen atom of the o phosphate
(Fig. 1c). While the conservative Thr to Asn substitution was predicted
to result in a steric hindrance. Asp™ does not directly contact GTP,
even though it participates in the overall structure of the nucleotide-
binding pocket by a direct hydrogen bond with the lateral chain of
Lys'#(Fig. 1c). The Asp-to-Asn change was anticipated to disrupt the
interaction between the two residues, destabilizing GTP/GDP binding
(Fig. 1d). Pro*” and Asp®” were predicted to affect ARF3 GTPase activity.
Pro" is located within the SW1 region, which plays a key role in the
catalytic activity of the GTPase and the conformational rearrangement
mediating binding to effectors’*, Substitution of this non-polar resi-
due with a polar serine was expected to strongly perturb the functional
behavior of the protein. Similarly, Asp®’ participates in the coordina-
tion of the Mg> ion through direct hydrogen bonds with a water
molecule™ (Fig. 1c), and contributes to the regulation of GDP/GTP
binding upon the “inter-switch toggle” mechanism™; its substitution
with valine was predicted to considerably perturb GTP/GDP binding™
and the overall organization of the nucleotide-binding pocket. Similar
pathogenic variants in RAS proteins were predicted to destabilize the
binding to GTP/GDP***, and ARF1 substitutions in Lys’, Asp®, and
Asp” were documented to have a deleterious effect in yeast*. Leu™ (in
cis with p.Asp67Val in Subject 2) is located within the flexible N-term-
inal myristoylated alpha helix implicated in membrane-cytoplasm
shuttling”’®, a region that has not been resolved structurally. No
obvious consequence could be hypothesized for p.Leul2Val. However,

apossible impact on nucleotide binding and GTPase activity cannot be
excluded”. Of note, while Thr’, Asp®, and Lys'¥ map regions of the
GTPase not directly involved in intermolecular contacts, Pro* and
Asp®’ lie in regions close to the surface of the GTPase interacting with
effectors/regulators™, which does not rule out the possibility of a more
complex functional behavior of the p.Pro47Ser and p.Asp67Val chan-
ges, To explore the structural and functional consequences of these
two substitutions, we built a model of ARF3 interacting with the
cytosolic coat protein complex (COP) formed by y-COP (COPG1) and -
COP (COPZ1) starting from an available GTP-bound ARF1:COPGI-
COPZ1 complex (PDB: 3T)Z) as template™ (Fig. le-h). The model for
the wild-type (WT) ARF3 protein was validated by a 500-ns molecular
dynamics (MD) simulation, documenting the conservation of all
known interactions with GTP and Mg* (Fig. le, f; Supplementary
Table 9). The ARF3:COPGI interface is stabilized by an intermolecular
hydrogen bonding network involving Arg®, Thr*s, and Asn® ARF3
residues (Supplementary Table 10). We assessed the structural per-
turbations due to the introduced p.Pro47Ser and p.Asp67Val changes
using the same time frame. A minor impact on the ARF3 surface
interacting with COPGI1 was evident in the simulation when introdu-
cing the p.Asp67Val substitution (Fig. 1g; Supplementary Table 10). As
predicted by the structural inspection, this change resulted instead ina
significant rearrangement of the nucleotide-binding pocket with a
reduction of the interactions of Lys"” and Thr* with GTP (Supple-
mentary Table 9). The Pro-to-Ser substitution at codon 47 did not
significantly affect ARF3 binding to GTP (Supplementary Table 9),
while a dramatic perturbation of the intermolecular binding network
with COPG1 due to a substantial rearrangement of the SW1 region was
observed (Fig. 1h; Supplementary Table 10). Consistently, essential
dynamics analysis documented a major effect of p.Pro47Ser in terms of
global fluctuations and long-range-correlated movements, compared
to the other simulations (Supplementary Fig. 3). These structural
analyses predicted that all variants but p.Leul2Val affect ARF3 GTP/
GDP binding and/or the GTPase activity. A more articulated impact on
conformational rearrangements mediating binding to effectors was
suggested for p.Pro47Ser.

To experimentally validate the predicted consequences on ARF3
function, we examined the protein levels of each mutant in transiently
transfected COS-1 cells, basally and after 3 and 6 hour-treatment with
the protein synthesis inhibitor, CHX. The immunoblotting analysis
documented levels of ARF3””*M and ARF3"N comparable to the WT
protein while showing a slightly reduced level for ARF3** and a
marked reduction for ARF3X*F and particularly ARF3"2**™" (Fig. 2a;
Supplementary Fig. 4a), the latter also confirmed in zebrafish embryos
(Supplementary Fig. 4b), which was not related to a significant
reduction in the mRNA levels (Supplementary Fig. 5a). A similar
reduction in expression was confirmed by quantitative imaging
analysis in COS-1 cells expressing mCherry-tagged ARF3“* and
ARF3"2Y°7V (Supplementary Fig. 5b, ¢’). Treatment with MG132 and
bafilomycin Al, partially rescued the reduced levels of ARF3F and
ARF3"2PV indicating an involvement of both the proteasomal
pathway and autophagy in degradation (Fig. 2a’).

In its active GTP-bound state, ARF3 is able to bind to the Golgi-
associated gamma-adaptin ear-containing ARF-binding protein 3
(GGA3) to regulate downstream events controlling ¢rans-Golgi func-
tion and intracellular trafficking®. Thereby, we performed pull-down
experiments using the GGA3 protein-binding domain (PBD) on cell
lysates from transfected COS-1 cells to compare the relative amounts
of GTP-bound fraction of WT and mutant ARF3 proteins. In the same
assay, we parallelly assessed ARF3%™" and ARF3™™ as CA and the DN
mutants, respectively’**’. Compared to cells expressing ARF3"", those
expressing the ARF3¥127E, ARF312Y/%7V and ARF3™* mutants showed a
statistically significant reduction of the absolute ARF3 GTP-bound
fraction, while a significant increase and a trend in the same direction
were documented for ARF3°*" and ARF3™75, respectively (Fig. 2b, c).
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Fig. 1 | Structural organization of ARF3, location of mutated residues, and
lecular dynamics lyses. a Domain organization of ARF3 excluding the
unstructured C-terminal tail. Switch 1, switch 2 and the NKXD fingerpoint motif are

highlighted in pink, green and yellow, respectively. The variants identified in
affected subjects are also reported. b 3D structure in two different orientations of
GTP-bound ARF3 interacting with the MARTX toxin (PDB 6ii6). Side chains of the
ARF3 residues mutated in the affected subjects and GTP are in cyan and red,
respectively. Main chain of residues belonging to switch 1, switch 2 and NKXD
fingerpoint motif are colored as above. ¢ Enlargement of the ARF3 GTP binding
pocket with the five mutated residues. The direct hydrogen bond between the N
atom in the Lys127 lateral chain and the oxygen atom of the GTP ribose ring is
highlighted in dashed line. The Mg?" ion is colored in magenta, while the oxygen
atom of the water molecule, mediating the interaction between Asp® and the

DI3N

K127E

| —c

NKXD motif

manganese ion, is shown in light blue color. The two hydrogen bonds between
Asp” and the water molecule are highlighted with dotted lines. d Zoom showing
the structural organization around residue 93. Left: view of the WT Asp® forming a
hydrogen bond with Lys™?”. Right: structure with the p.Asp93Asn mutation and
hydrogen bond breaking. The Mg** ion is colored in magenta. e Homology model of
GTP-bound ARF3 interacting with the cytosolic coat protein complex COPGI-
COPZ1(PDB: 3T)Z) validated by a 500-ns molecular dynamics (MD) simulation. The
region of contact between ARF3 and COPGL (orange color) is shown in (e). f~h MD
simulations of wild-type (f), p.Asp67Val (g), and p.Pro47Ser (h) ARF3 complexed
with COPG1-COPZ1. Residues involved in the contact are shown with their side
chain and colored as the respective protein/region. ARF3 backbone is represented
with a diameter proportional to its per-residue fluctuations (RMSF).
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Fig. 2 | Expression, stability, and GTPase activity of WT and mutant ARF3
proteins in COS-1 cells. a, a” Western blot analysis showing the protein levels of
myc-tagged ARF3"" and all the identified mutants in transfected COS-1 cells, basally
and after treatment with cycloheximide (CHX) (10 pg/ml) for the indicated time
points (a), and with MG132 (100 pM), or bafilomycin A1 (200 nM) for six hours (a’).
b Pull-down assay using GGA3-conjugated beads shows ARF3 activation in COS-1
cells transiently transfected with WT or mutant myc-tagged ARF3 expression
constructs. Active and total ARF3 levels are monitored using anti-myc antibodies.
GAPDH and beta-tubulin are used as loading controls. Pull-down assays of ARF3""
transfected cells performed in the presence of an excess of GDP and yGTP are used
as negative and positive controls, respectively (b, left panel). Pulldown samples in
b (left and right), are loaded on different blots and processed parallelly.

Representative blots are shown and data are expressed as mean + SEM of three
independent experiments. Two-way ANOVA followed by Tukey’s post hoc test

(a, WT vs. all mutants, ***p < 0.0001; a’, K127E vs. KI27E + MG132 **p = 0.0052;
KI27E vs. KI27E + Bafilomycin *p = 0.0195; L12V/D67V vs. L12V/D67V + MG132
*p=0.0123; L12V/D67V vs. L12V/D67V + Bafilomycin *p = 0.0411), One-way ANOVA
followed by Sidak's post hoc test (b left panel, WT vs. WT + GTP *p = 0.0197), One-
way ANOVA followed by Dunnett’s post hoc test (b, WT vs. KI27E *p = 0.0088; WT
vs. L12V/D67V **p = 0.0058; WT vs. D93N **p =0.0035; WT vs. T32N *p = 0.0075;
WT vs. Q71L ****p < 0.000L; WT vs. T3IN ***p = 0.0006) are used to assess statistical
significance. ¢ Summary table of the data obtained relative to the stability and
activity of the different ARF3 mutants. Source data are provided as a Source

Data file.

Next, by employing a cell-free system and fluorescence polarization we
examined the biochemical behavior of a subset of mutants for which
we obtained purified proteins. Compared to the WT protein, we
observed an increased intrinsic (i.e., GEF-independent) nucleotide
exchange for the ARF3¥*™ and ARF3°”*" mutants. A reduced exchange
rate was instead registered for ARF3U2/2"V, while ARF3"* did not
show significant alterations (Supplementary Fig. 6a, a'). By inspecting
the GTP hydrolysis of the purified proteins, we failed to note major
changes compared to ARF3"" (Supplementary Fig. 6b, b'). Altogether,
these data suggest a stabilized GTP-bound conformation and an
overall hyperactive behavior for ARF3"*N and, to a minor extent,
ARF3"™, while a DN behavior could be established for the ARF3™
variant. These findings could not unambiguously functionally classify
the ARF3X7E, and ARF3''2YP67V behavior.

Disease-associated ARF3 mutants differentially impact on Golgi
morphology

Next, we assessed the specific Golgi phenotype resulting from the
overexpression of the individual mutants in cells. Given the role of
ARF proteins in maintaining proper Golgi integrity, organization, and

function******* we performed confocal microscopy analysis of COS-1
cells overexpressing mCherry-tagged WT and ARF3 mutants and
labeled for the resident trans-Golgi protein Golgin-97°. To specifically
ascribe the observed phenotype to known dysregulated ARF function
and derive possible insights into the mechanism, we directly compared
Golgin-97 patterns to that obtained by known CA (p.Q7IL) and DN
(p.T31IN) ARF3 proteins. Four major Golgi morphotypes were identified
(Fig. 3a, b). As expected, ARF3""-expressing cells showed diffuse
cytoplasmic ARF3 localization. Perinuclear (PN) localization of the
protein was also observed, partially co-localizing with Golgin-97 (i.e.,
GTP-bound ARF3), which showed a canonical, compact ribbon-like
morphology (Fig. 3a, upper row, Supplementary Fig. 7). Conversely,
only in a minority of cells expressing the DN ARF3"™"™, the trans-Golgi
was recognizable as a discrete compact entity, while most cells showed
partial or total dispersion of Golgin-97 within the cytosol (Fig. 3a, 2nd
row, Supplementary Fig. 7), in line with previous reports**, indicating
occurrence of massive Golgi disassembly. In striking contrast, cells
expressing the CA ARF3%™ protein showed a compact and expanded
Golgin-97 staining, likely reflecting an expansion in the size of
the trans-Golgi (Fig. 3a, 3rd row, Supplementary Fig. 7), as previously

[(2022)13:6841

167



Article

@  ARF3-mCherry

ARF3071L ARF3T3™

ARF3K127E

>
2
g

H

)
w
[4
<

ARF 3050 ARF3T32!

ARF3P47S

reported”. Dot plot representation of the Golgin-97 mean intensity (I)
and area (A) in cells expressing ARF3"", ARF3*™" and ARF3"™ allowed
classifying these distinct Golgi structural rearrangements into discrete
classes: compact, expanded, partially or totally dispersed (Fig. 3b,
Supplementary Fig. 7), providing an unbiased tool for the Golgi mor-
phology assessment. Notably, altered Golgi morphology was not only
characterized by an increase in area, but also by a significant decrease
in Golgin-97 signal intensity with respect to compact Golgi. The three
altered Golgi morphotypes were variably observed in cells expressing
the identified ARF3 variants, and variable severity of the phenotype was
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documented. Cells expressing the ARF3¥'”, ARF3"2Y?"V and ARF3°*N
showed Golgi structural alterations in all analyzed cells, while compact
Golgi organization was observed in a fraction of cells expressing the
ARF3™™ and ARF3™7S (Fig. 3a, ¢), which is suggestive of a milder impact
of these mutants, in line with the mild clinical features of patients
(Supplementary Table 1 and clinical reports). Notably, similar to what
was observed for the DN mutant, ARF3¥275, ARF3"2"°¢7V and ARF3™N
mainly induced variable Golgi dispersal, which was observed in all
cells expressing either ARF3** or ARF3'2Y™" (Fig. 3a, 4th and
Sth row, c). Cells expressing ARF3™" were characterized by a milder
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Fig. 3 | ARF3 mutants induce variable Golgi morphological alterations in COS-1
cells. a Maximum intensity confocal z-projections showing immunostaining
against Golgin-97 (trans-Golgi marker) (green) performed in fixed COS-1 cells
transiently transfected with mCherry-tagged ARF3"", ARF3™™, and ARF3%""- (DN
and CA variants, respectively) or mutants identified (magenta) for 48 h. Composite
colocalization images are shown in the right panels with nuclei (DAPI staining) in
blue. The images are representative of three independent experiments. Scale
bars =2 pm (high magnification) and 10 um (all the other images). b Golgi means
intensity and area define distinct Golgi morphotypes. Dot plots of mean intensity
(MI) and area of Golgi in cells transiently transfected with mCherry-tagged ARF3"",
or ARF3¥"* and ARF3™™ mutants (up, middle, bottom panels) are shown. Golgi MI
and area (% of the whole cell) of cells were measured based on Golgin-97 staining.
Whole-cell area was determined using the area covered by mCherry fluorescence as
a mask. Representative 3D rendering images of the observed Golgi staining are

shown. Cell populations located in different gates are characterized by distinct
Golgi morphologies: Compact: A < 2.6 and MI > 1.5 (green gate); expanded Golgi:
2.7<A<12 and MI> 0.8, (purple gate); partially dispersed Golgi: 2.7 <A <12 and
MI<0.8 (pink gate); totally dispersed Golgi: A >12 and MI < 0.8 (bordeaux gate).
¢ Incidence of trans-Golgi morphotypes. The bar graph represents the percentage
of cells showing compact, expanded, partially or fully dispersed distribution
(part.disp and ful.disp.) of Golgi in mCherry-tagged ARF3 transfected cells, based
on the classification described above in (b). No. of cells =26 (WT); 22 (Q71L); 29
(T31IN); 20 (K127E); 20 (L12V/D67V); 21 (P47S); 28 (D93N) and 27 (T32N). Data are
expressed as mean + SEM of three independent experiments. Two-sided Chi-
square’s test in a 2 x 2 contingency table (WT vs. all mutants, compact vs. all phe-
notypes “**p<0.0001) is used to assess statistical significance. Arb.units =
arbitrary units. Source data are provided as a Source Data file.

reorganization of the Golgi with only a minority of cells showing total
dispersion (23%, Fig. 3a, 6th row, ). On the other hand, resembling the
effect of the CA mutant, ARF3°”*" and ARF3"7° showed a significant
increase of cells with expanded Golgi (79% and 67%) (Fig. 3a, 7th and
8th row, c). Of note, a more severe effect was documented for
ARF3™" with a fraction of cells also exhibiting partial dispersion,
while a compact Golgi was observed in approximately 30% of cells
expressing ARF3™* (Fig. 3¢). These findings provide evidence of a
differential functional impact of the identified ARF3 variants on Golgi
structural morphology (Fig. 3c).

Next, we further investigated Golgi morphology via ultra-
structure inspection by performing transmission electron micro-
scopy (TEM) on cells expressing ARF32E and ARF3"*V, which
showed the “fully dispersed” and “expanded” trans-Golgi morpho-
types, respectively. While perinuclear Golgi mini-stacks well orga-
nized in ribbons were recognizable in cells expressing ARF3"T
(Supplementary Fig. 8a, a), those expressing ARF3¥'>’F exhibited
Golgi fragmentation characterized by an integrity loss of the mini-
stacks with numerous diffused vesicles and small cisternae scattered
in a wide area (Supplementary Fig. 8b, b"). Cells expressing ARF3"*"
displayed a different pattern with loss of the typical ultrastructure of
Golgi elements and a marked increase in swollen cisternae and dif-
fuse vesiculation, which were confined within the defined area nor-
mally occupied by Golgi (Supplementary Fig. 8c, c’). A similar
fragmentation pattern had previously been described*****, also for
CA ARF and ARF-like mutants*****, We cannot exclude the occur-
rence of more complex morphological alterations, whose assess-
ment would require electron tomography analysis or 3D super-
resolution microscopy.

To further validate these findings within an organismal context,
we next set out to examine the trans-Golgi in zebrafish embryos
expressing ARF3¥F and ARF3°*", for which opposite effects were
observed in cells. Zebrafish harbors two paralogs, arf3a and arf3b,
which share common ancestry with mammalian ARF3 and conserva-
tion of the amino acids involved in the identified mutations (Supple-
mentary Fig. 2a). arf3a and arf3b are both expressed during early
embryonic development, and arf3b shows a higher level of expression
after maternal-to-zygotic transition (MZT) throughout gastrulation
and somitogenesis (Supplementary Fig. 9), indicating its predominant
role during these developmental stages. Next, we overexpressed
mRNAs encoding ARF3%", ARF3*, and ARF3""*", and used specific
cellular and subcellular makers to assess trans-Golgi morphology in
precursor cells of the envelope layer (ELV) in early gastrula (Fig. 4a).
We reasoned that the complexity of the physiological Golgi dynamics
in vivo and the expected occurrence of fragmented Golgi in pro-
liferating cells*® might limit our ability to distinguish the specific
pathogenic effect of the mutants on Golgi in fish. Thereby, we first
verified whether the dispersion of Golgi elements due to the expres-
sion of ARF3*“” could be observed in early zebrafish embryos. To this
aim, we injected mRNAs encoding the mCherry-tagged ARF3"" and

ARF3“ in the first batch of siblings, together with a fluorescent
membrane marker and EGFP-tagged GalT (galactosidase T%), a marker
of trans-Golgi. By using this marker, we parallelly confirmed ARF3¥%7F-
mediated Golgi elements dispersal in a live time-lapse of COS-1 cells
(Fig. 4a-c; Supplementary Movie 1) and in alive zebrafish embryos
(Fig. 4d, e). In embryos, we observed a diffused distribution of ARF3""
partially overlapping EGFP-GalT staining. The latter was structured in
ribbon-like elements. Conversely, in ARF3¥*" expressing fish, EGFP-
GalT signal distribution appeared less intense and organized in small
and large puncta, some of which also co-localized with ARF3 (indi-
cating Golgi-localization) (Fig. 4d, e, Supplementary Fig. 10a). Next, we
compared the EGFP-GalT staining associated with ARF3**" and
ARF3P"N, using the patterns resulting from CA and DN ARF3 mutants
as reference. Again, we observed a reduced number of ribbon:-like
Golgi in cells expressing ARF3**F (<20%) as compared to WT, similar
to the DN ARF3-expressing embryos (Supplementary Fig. 10b, c).
Despite the changes in Golgi morphology being subtler in fish expres-
sing with ARF3°**, the loss of typical Golgi ribbon-like structures was
evident. This pattern was accompanied by instances of large EGFP-
GalT' structures (39%), also documented in fish expressing the known
CA mutant (Supplementary Fig. 10b, c).

Overall, the collected in vitro and in vivo findings suggest that
the identified pathogenic variants in ARF3 have a variable dominant
impact on protein stability, activity, and Golgi morphology. The
Golgi morphotype analysis established the presence of different
functional classes of disease-causing ARF3 mutants, broadly ascrib-
ing to a DN or CA mechanism. Notably, their variable strength
appeared to correlate with the severity of clinical features observed
in patients.

ARF3 mutants impair COP-I vesicle formation and cargo recy-
cling in COS-1 cells
Given the known involvement of ARF GTPases in vesicles budding,
endosomal transport, and recycling, and considering the observed
Golgi phenotypes, we then asked whether and how ARF3 mutants
impact the formation and activity of the endolysosomal compartments
along the endocytic-recycling pathway. First, we examined the integ-
rity of COP-l vesicles by immunostaining the -COP subunit of COP-1.In
line with the Golgi phenotypes and previous reports on DN and CA
ARF37, cells expressing ARF3*'* and ARF3"2**"V were character-
ized by a sparse distribution of the signal throughout the cytoplasm,
indicating a disassembly of COP-1 vesicles. Differently, a large number
of cells expressing ARF3"* and ARF3”*" showed an expanded 3-COP
signal, which is indicative of an enlarged COP-l compartment. Cells
expressing ARF3™2" did not show a clear-cut phenotype, with a minor
incidence of cells showing partial/complete disassembly, indicative of
a mild effect of the mutant (Fig. 5a, b).

Next, to follow cargos destiny within the endocytic-
recycling pathway, we continuously incubated COS-1 cells with fluor-
escently labeled transferrin (Tfn) at 37 °C for 5 or 30 min to trigger
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Fig. 4 | Trans-Golgi fragmentation visualized by EGFP-GalT in cells and zebra-
fish embryos expressing the mutant mCherry-tagged ARF3¥'”%, a Schematic
representation of the experimental setup in both in vitro and in vivo systems.
COS-1cells are transfected with DNA constructs expressing WT and mutant ARF3-
mCherry (magenta) and EGFP-GalT (¢rans-Golgi marker, green) and analyzed by
live confocal microscopy between 4 and 6 h post-transfection. Zebrafish embryos
are injected at 1 cell stage with WT and mutant ARF3-mCherry and EGFP-GalT
mRNA. mKOFP-CAAX mRNA is used as a membrane marker (cyan). Animals are
analyzed by live confocal microscopy during gastrulation (-6-7 hpf).

b, ¢ Maximum intensity projections of confocal images of a single time-lapse
experiment (Supplementary Movie 1) performed in transfected COS-1 cells at

15 min (-4 h post-transfection) and 120 min later (-6 h post-transfection) from the
start of the time-lapse experiment. The images show diffused EGFP-GalT signal
(¢trans-Golgi fragmentation) in ARF3¥” over time (white arrows). Scale bar =20
pum. d, e 3D image reconstructions from live confocal acquisitions of the animal
pole in developing zebrafish embryos expressing ARF3"" and ARF3** at the mid-
gastrulation stage (-6 hpf). White arrowheads indicate a compact trans-Golgi
morphology surrounding the nucleus (“ribbon”) in the EVL cells. Yellow arrow-
heads indicate cells showing “punta” morphology of the trans-Golgi dispersed
throughout the cytosol. Scale bars = 20 and 50 um. The images are representative
of embryos from two independent batches. Quantification is shown in Supple-
mentary Fig. 10a. Source data are provided as a Source Data file.

internalization and trafficking of the endocytic vesicles containing
labeled Tfn/TfnR complex to the endolysosomal compartment®. The
subcellular distribution of vesicles in these two-time points was
assessed by confocal microscopy. In a normal scenario, upon S min
incubation, Tfn is internalized and found along the endocytic pathway;
following longer incubation time, the majority of the Tfn" cargo is
expected to have recycled back to the cell surface, such that limited
Tfn levels are observed in the PN compartment®”*, Upon 5 min incu-
bation, the distribution of Tfn appeared nonuniform in ARF3"
expressing cells, with sparse Tfn" vesicles clusters observed through-
out the cell, mostly within the PN space (“semi-clustered”), similar to
non-transfected cells (Supplementary Fig. 11a, b). In contrast, a higher
fraction of the cells expressing ARF3¥%"® and ARF3"2"/%7V showed Tfn"
vesicles enriched within the PN region (“clustered”) (Supplementary
Fig.11a, b’). In cells incubated for a longer time with Tfn, both mutants
showed an even stronger cargo accumulation (Fig. 6a, b’; Supple-
mentary Fig. 11c).

To further assess possible defects in recycling, cells incubated for
30 min with Tfn were stained for Rab5 and Rabll, early (EE), and
recycling (RE) endosome markers, respectively®®”, The fraction of
internalized Tfn co-localizing with Rab5™ vesicles was significantly
higher in ARF3¥27F and ARF3"2¢" expressing cells compared to the
control cells (Fig. 6¢, d). A similar trend was observed with respect to
Rabll, which was statistically significant for ARF3"2/°¢"¥ (Supplemen-
tary Fig. 12). These findings indicate a dominant behavior of ARF3¥27
and ARF3"2°%"V in causing cargo transport delay. None of the other
mutants showed altered behavior.

Not recycled Tfn is normally eliminated via the lysosomal
pathway”” . To evaluate mis-targeting of the Tfn to lysosomes or
overload of the degradative pathway, cells incubated with Tfn for
30 min were stained with the lysosomal marker Lamp2. Compared to
cells expressing ARF3"", only cells expressing ARF3°*N showed a sig-
nificant increase in the fraction of Tfn colocalized with Lamp2 at the
PN. Nevertheless, expression of all mutants except ARF3*¥S was asso-
ciated with a significantly increased fraction of Lamp2’ vesicles colo-
calized with Tfn (Supplementary Fig. 13). Hence, despite the mutation-
specific patterns, lysosomes seem to generally increase their Tfn
loading in the majority of the mutants.

Functional validation in zebrafish confirms the pathogenicity
and dominant mechanism of action of ARF3 variants

We expanded our in vivo validation by investigating a possible
variable impact of all the identified ARF3 mutants on embryogenesis.
To this aim, myc-tagged WT and mutant ARF3 mRNAs were
microinjected at one-cell stage zebrafish embryos (Fig. 7a). As
anticipated, endogenous arf3 is detected at early stages of embry-
ogenesis (i.e., before MZT) and it accumulates only later starting at
late blastula/early gastrula period (Supplementary Fig. 9). In the
injected embryos, we profiled the expression timing of myc-tagged
protein and determined a subtle expression of both WT and mutant
ARF3 before MZT, with a clear increase only later during develop-
ment. This pattern mimicked the endogenous arf3 expression (Sup-
plementary Fig. 14).

Injected embryos were sorted based on the expression of GFP-
CAAX (used as injection marker), and developmental progression was
followed from early time points of gastrulation till 48 hours post fer-
tilization (hpf) (long-pec stage) (Fig. 7a, b’), when morphogenesis is
nearly completed and sub-compartmentalization of different neural
structures can be appreciated’®. Embryos expressing each of the tested
ARF3 mutants showed significant phenotypic alterations compared to
siblings expressing ARF3"" and not injected controls. Compared to
normal development (class I), mutant embryos showed variable
degrees of survival rate and developmental delay (class II) (Fig. 7c-c”,
Supplementary Fig. 15a). A statistically significant decrease in the
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Fig. 5 | Variable impact of ARF3 mutations on COP-I vesicle assembly.

a Maximum intensity confocal z-projections of COS-1 cells expressing mCherry-
tagged ARF3"" and all identified mutants and stained for the B-subunit of COP-I.
The right panel shows a magnification of B-COP signal. Nuclei are labeled with DAPI
(blue). Yellow and red and purple arrowheads: normal, diffused, and expanded B-
COP signal, respectively, Scale bar is 10 pm. The images are representative of cells
from a single experiment. b Quantification of the percentage of WT and ARF3
mutant cells showing different classes of phenotypes as indicated in the legend

(compact and expanded: clustered signal visible at the PN region and with a ratio
between COP-l area/nucleus area <0.25 or >0.25, respectively). No. of cells =18
(WT); 26 (K127E, compact vs. diffused ****p < 0.0001, compact vs. expanded

***p <0.0001); 16 (L12V/D67V, compact vs. diffused ****p < 0.0001); 18 (T32N); 15
(D93N, compact vs. expanded **p=0.0007) and 15 (P47S, compact vs. expanded
**p=0.011). Two-sided Chi-square test in 2 x 2 contingency table is used to assess
statistical significance. Source data are provided as a Source Data file.

survival rate of embryos expressing ARF3““* was documented
(Fig. 7¢’), and morphogenesis appeared particularly perturbed both at
the level of the head and trunk for a significant fraction of embryos. For
the majority of the analyzed mutants, a substantial fraction of embryos
(225%) showed mild or severe phenotypes (class Il and IV, respec-
tively) that were characterized by reduced head size, with/without
microphthalmia, and/or mild shortening and lateral bending of body
axis (class Ill), or considerably reduced head (microcephaly or

anencephaly) and eye size, with marked reduction of the trunk,
defective body elongation and severe lateral bending (kinked noto-
chord, class IV) (Fig. 7c-c”, Supplementary Fig. 15a).

To validate the mechanism of action and further test the domi-
nant behavior of the ARF3 variants in vivo, we directly compared the
observed ARF3 overexpression phenotype with that obtained by
downregulating endogenous arf3 via translation blocking morpholino
(MO) approach, targeting both arf3a and arf3b maternal and zygotic
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translation. At 24 hpf, fish injected with MO against arf3a and arf3b
showed a subtler phenotype, with a prevalence of class Il phenotype
(developmental delay), and only a small percentage (<8%) of animals
showing the characteristic body curvatures observed in fish expressing
ARF3 mutants (Fig. 7d, d’). These defects increased only later in
development but remained <20% on average (Fig. 7d”). Moreover,

Tfn intracellular distribution

b == Clustered at PN
= Semi-clustered
—— Dispersed
T

§120 —

2]

Z 90

3

‘S

o 60

o

8

3 30

[«

@

o

b

14 2=

)
I

Clustered Tfn
(fold change vs not transf. cells)

contrary to fish expressing ARF3 mutants, we did not observe severely
affected embryos among the arf3 MO-injected embryos (Fig. 7d-d”)
nor significant death (Supplementary Fig. 15b). Notably, the incidence
of the observed phenotype increased with increasing MO doses
(Fig. 7d-d”), and by 48 hpf a significant rescue of the phenotype could
be observed when co-injecting mRNA encoding ARF3"" (Fig. 7e-e”),
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Fig. 6 | Internalized Tfn accumulates in the perinuclear region and in Rab5 +
endosomes of COS-1 cells expressing ARF3¥27 and ARF31VP57V, 3 Maximum
intensity confocal z-projections showing the distribution of Tfn-488 (black dots)
upon 30 min of incubation in COS-1 cells expressing mCherry-tagged ARF3*" and
all identified mutants. Red circle indicates Tfn signal at the perinuclear region (PN).
Outlines (black in a and yellow in c) depict the boundaries of representative
transfected cells. The black and white images are rendered by inverting the original
LUT in Fiji and nuclei are pseudo-colored (purple) in the images. The images are
representative of two independent experiments. b-b” Incidence of cells showing
“clustered”, “semi-clustered” or “dispersed” Tfn staining (b) and the ratio of the
cells (%) showing “clustered” Tfn phenotype normalized by not-transfected cells
(NT) with the same phenotype (b’, internal control). No. of cells=42 (WT); 22
(K127E, ***p < 0.0001); 33 (L12V/D67V, ***p = 0.0002); 31 (P47S); 26 (D93N); and 25
(T32N). Data are expressed as mean+SEM (b, b’) of three (WT) and two (all the
other mutants) independent experiments. ¢ Maximum intensity confocal z-pro-
jections showing COS-1 cells expressing ARF3"" and all identified mutants,

incubated with Tfn-488 for 30 min followed by immunostaining against Rabs
(marker of early endosomes). For all the panels single channels (ARF3mCherry:
gray, Tfn-488: magenta, Rab5: green), the merge showing the co-localization
between Tfn and Rab5 are shown. The insets in the white square show a zoom on
the PN co-localization signal. Nuclei are stained with DAPL. The images are repre-
sentative of cells from a single experiment. d Colocalization analysis showing the
spatial co-occurrence of Tfn and Rab5+ signals at the PN region in the z-stacks
analyzed, no. of cells =13 (WT; K127E **p < 0.0001; T32N), 16 (L12V/Dé7V,
**p=0.0016; D93N), 21 (P47S). The fraction (%) of Tfn" signal co-localized with
Rab5" vesicles at the PN (thresholded Mander’s coefficient M1) is reported as box-
and-whisker with median (middle line), 25th-75th percentiles (box), and min-max
values (whiskers) of a single experiment. All the data points and the mean (“+") are
also shown. Two-sided Chi-square’s test in a2 x 2 contingency table (semi-clustered
and dispersed vs. clustered, b), One-way ANOVA followed by Dunnett's multiple
comparison post hoc test (b’, d) are used to assess the statistical significance.
Source data are provided as a Source Data file.

demonstrating the specificity of the phenotype in relation to arf3
downregulation.

The MO approach had previously been used as a tool to test the
genetic mechanism of action in vivo, assuming that downregulation of
endogenous protein expression alleviates the phenotypes associated
with CA mutants but exacerbates the phenotype of DN mutants”.
Therefore, we performed a set of experiments in which each of the
pathogenic ARF3 alleles was co-injected with arf3a/b MO (+MO). When
we statistically assessed the incidence of phenotypes in “+MQ” con-
ditions against those observed by injecting solely mutant ARF3 mRNA
(-MO), a significant worsening of the most severe traits was docu-
mented for ARF3¥2 (class IV), ARF3"2° and ARF3™ (both for class
Il). On the other hand, we observed a significant alleviation of the
phenotype (class Ill) in embryos expressing ARF3*N and co-injected
with arf3a/b MO. We did not observe any substantial change in the
phenotype severity for ARF3"”* (Fig. 7f). A ratio between the percen-
tage of embryos showing the most severe traits, including class IV and
V (deceased fish) with or without MO confirmed the trend for most of
the mutants (Fig. 7f). Altogether, these data provided in vivo evidence
of a dominant mechanism of the identified disease-causing variants,
clearly distinguishable from the arf3 loss-of-function effect. Moreover,
corroborating the in vitro results, these findings support a DN
mechanism for p.K127E, p.L12V/p.D67V, and p.T32N, and a CA behavior
for p.D93N.

Zebrafish embryos expressing ARF3 mutants recapitulate the
variable disease severity

To explore further the consequences of ARF3 mutations on neurode-
velopment, we more accurately characterized zebrafish head and brain
phenotype. At 24 and 48 hpf, compared to not injected controls and
siblings expressing ARF3"", we registered a significant reduction of the
head area for p.K127E and p.L12V/D67V, with the most severe cases
lacking the frontal part of the brain and eyes (Figs. 7b’; 8a, b). Pheno-
typic assessment at later stages (4.5 days post fertilization, dpf)
documented the appearance of microcephaly also in embryos
expressing ARF3”*N, while none of the other mutants showed sig-
nificant changes (Fig. 8b").

These in vivo measurements resembled the variable clinical traits
reported in patients, with only Subjects 1 (p.K127E) and Subject 2
(p.L12V/p.D67V) showing severe microcephaly at birth, and Subject 4
(p.D93N) displaying post-natal microcephaly (Fig. 8b”, Supplementary
Fig. 1, Supplementary Table 1 and clinical reports).

Next, taking advantage of our live whole-brain/embryos samples,
we examined the anterior brain volume in fish exhibiting early- and
late-onset microcephaly as well as in embryos expressing ARF37475,
which was associated with a mild reduction within the developing
forebrain in Subject 3 (Supplementary Fig. 1, Supplementary Table 1
and clinical reports). To this aim, we employed the NBT:dsRed

transgenic line, labeling differentiated neurons. Volumetric recon-
structions from live confocal z-stack acquisitions confirmed a sig-
nificant reduction of the brain volume for ARF3*2 and ARF3'2/P&7V
(Fig. 8c, ©).

Additional volumetric measurements obtained from fixed speci-
mens at 48 hpf by labeling mature axonal and neuronal structures
confirmed the observed brain volume reduction for ARF3“*F (Sup-
plementary Fig. 16). Of note, despite head measurements documented
only a delayed effect of ARF3"™™ and did not show significant changes
for ARF377%, the volumetric analysis of the anterior brain at 48 hpf was
able to capture a significant reduction of brain mass for both mutants
(Fig. 8¢, ¢).

Defective formation of the forebrain commissural fibers of the
corpus callosum (CC) is a common feature of all patients. No
evolutionary-related structure has been described in teleost fish;
nevertheless, the anterior commissure (AC) is the major white matter
structure within the developing zebrafish telencephalon. Similar to
the CC, the AC in zebrafish consists of thick axonal bundles connecting
the two hemispheres of the telencephalic forebrain™. To expand our
brain phenotyping, we therefore assessed AC formation in 48 hpf fish
injected with WT and mutant ARF3 mRNA by using staining against
anti-acetylated tubulin to visualize the axonal bundles. A significant
reduction in the width of the AC lateral bundles was observed for all
the ARF3 mutants. A stronger effect was recorded for ARF3*27f,
ARF3"2Y0V and ARF3°*™ when the width of the entire AC was con-
sidered (Supplementary Fig. 17).

Altogether, the morphometric parameters measured in vivo are
consistent with the variable degree of impaired brain development as a
distinctive feature of the disease and support the occurrence of tele-
ncephalic white matter defects as a common trait of this new Golgi-
pathy. Our findings further document a severe effect on brain
development for the p.K127E and p.L12V/D67V ARF3 substitutions in
zebrafish, which captures the severity of phenotype observed in Sub-
jects1land 2.

Aberrant ARF3 function induces proliferation and cell cycle
defects within the anterior brain

Cortical malformations resulting in microcephaly are often caused by
aberrant neurogenesis underlying altered proliferation and cell cycle
progression, which ultimately lead to premature stem cell death™®',
To test this hypothesis and probe into the mechanism causing reduced
brain volume in mutant embryos, we examined the proliferative status
and quantified cell death. By performing whole-brain immunohis-
tochemistry using anti-proliferating cell nuclear antigen (PCNA) and
anti-phospho-histone 3 (pH3) antibodies, we queried the proliferative
and mitotic ability of precursor cells at 48 hpf within the forebrain
proliferative zone (pz), which is clearly discernible from ventral con-
focal images (Fig. 9a, b). The number of pH3* cells within this region
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was significantly reduced in embryos expressing ARF3“?"; a similar
trend was observed for ARF3"2Y7V and ARF3°*M expressing fish
(Fig. 9b, c). In addition, we detected changes in the overall distribution
of proliferative cells within the dorsal brain domain, which ectopically
invaded the midbrain territory normally populated by differentiated
neurons and nerve bundles (tectal neuropil)®*, with a stronger effect

observed for ARF3“”t and ARF3"”*N (Supplementary Fig. 18a-h). This
pattern indicates the occurrence of a complex impairment of
the developmental processes within the anterior brain. No major
changes in the total number of pH3" cells were observed except for an
increase in the cerebellum in ARF3°*" expressing fish (Supplementary
Fig. 18i-K).
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Fig. 7 | Expression of ARF3 and downr of end arf3
induce distinct phenotypes in zebrafish. a Experimental strategy in zebrafish
models. Injected with WT and mutant ARF3-encoding mRNAs at 1 cell stage and
phenotyped at different stages. b-b’ Images and close-ups of ARF3"" and ARF3*2%
expressing embryos at 24 hpf, co-injected with GFP-CAAX-encoding mRNA and
Phenol-Red (dashed circle depicts cephalic region). ¢ Bright-field images of
embryos expressing WT and mutant ARF3. The images are representative of
embryos from two (b, b’) and five (c) independent batches. ¢’ Embryo survival, no.
of embryos =246, 114, 53, 86, 85, 161, 114 (not injected, WT, K127E, *p=0.03, L12V/
D67V, P47S, D93N, T32N) from pooled batches. ¢” Incidence of gross phenotypes at
24 hpf(classes: I, I = yellow arrows, 111, IV = gray and black arrows, respectively), no.
of embryos =132 (not injected); 69 (WT); 21 (K127E, **p < 0.0001); 58 (L12V/D67V,
*p=0.02); 45 (P47S, *p=10.03); 86 (D3N, **p=0.0018); 64 (T32N, ***p<0.0001).
Data are expressed as mean + SEM of four (not injected, WT), three (D93N), and two
(K127E, L12V/D67V, P47S, T32N) independent batches. d-d” Bright-field images (d)
and phenotype incidence at 24 and 48 hpf of arf3a/arf3b MO-injected embryos (d',
d"). Respectively, in d’ and d” no. of embryos =50, 48 (not injected); 25, 22 (MO
0.4 mM, **p =0.0002, ***p < 0.0001); 31, 27 (MO 0.6 mM *** <0.0001); 21,17 (MO
0.8 mM, **p <0.0001) of one batch. e-e” Bright-field images (e) and phenotype
incidence at 24 and 48 hpf (¢, e”) of arf3a/arf3b MO-injected embryos (0.6 mM)

—/+ARF3""-encoding mRNA. The images in d and e are representative of embryos of
one batch. Respectively in € and e”, no. of embryos= 47 (not injected); 22, 18 (MO
0.6 mM, *p < 0.0001); 17,15 (MO 0.6 mM + ARF3, *p = 0.0091 in ") of one batch.
f Phenotype worsening index at 48 hpf (fold-change) for ARF3 mutants (severe +
deceased) compared to controls (co-injected with arf3 MO). In the scatter plot the
values <=0 (green) are found in the “alleviation window” depicted with green
shading. Dots represent the “worsening index” for each experiment, calculated by
dividing the percentage of severely diseased fish (class IV-V) in “MO+” condition by
the same percentage obtained in “MO-"condition of two (K127E, L12V/D67V, P47S,
T32N) or three (D93N) independent batches. The mean effect of MO for each
mutation is also shown as bar graph. No. of embryos = 21 and 36 (K127E - and + MO
*p=0.0307); 58 and 47 (L12V/Dé7V - and + MO, **p =0.0068); 45 and 54 (P47S -
and +MO); 86 (D93N+ and - MO, **p=0.0004); 64 and 35 (T32N - and + MO,
*p=0.0370). Data in the bar graphs are expressed as a mean = SEM of two inde-
pendent batches. Survival is assessed by Log-Rank (Mantel-Cox) test (c’), Two-
sided Chi-square’s test in a 2 x 2 contingency table (class I, llland IV vs. linc”, &', d”,
€', e") or Two-sided One sample t-test (class I/ IV/V vs. lin f) testing null hypothesis
Ho, represented by the expected mean value of the control population, are used to
assess statistical significance. Source data are provided as a Source Data file.

Next, by assessing the known chromatin morphology through the
inspection of pH3 staining appearance, we profiled cells with respect
to the cell cycle stage™. Compared to controls, significant alterations
in the relative proportion of mitotic cells between early phases (pro-
phase/prometaphase), metaphase, or late phases (anaphase/telo-
phase) were observed in embryos expressing the ARF3 mutants with
the exception of ARF3™7%, Specifically, precursor cells scored a higher
percentage of pH3* cells in prophase/prometaphase at the expense of
later cell cycle stages, suggesting a delay or arrest in early mitosis
(Fig. 9b, d, e).

Precursor cells failing to progress through the cell cycle are
normally targeted to apoptosis via mitotic surveillance systems®.
Similar mechanisms activated during aberrant neurogenesis deplete
the pool of stem cells available for neurogenesis and brain growth
and result in microcephaly®®. To test this possibility, we next
assessed the cell death rate within the forebrain of our fish mutants
by live embryo staining with acridine orange (AO). The analysis
showed a significant increase of AO* spots (i.e., dying cells and/or
apoptotic bodies) in ARF3“® and ARF3'2YPV expressing fish
(Fig. 9f, g, upper graph). This finding is in line with the clinical and
functional in vivo data reporting p.KI27E and p.L12V/D67V as the
ARF3 amino acid substitutions associated with the most severe
phenotype characterized by early-onset microcephaly in patients
and severe head area reduction in fish, respectively. Increased cell
death was also recorded for ARF3™ and ARF3™* expressing fish
when a larger area of the forebrain including the eyes was examined
(Fig. 9g, lower graph).

Last, given the importance of Golgi for the establishment and
the dynamics of mitotic spindles in dividing precursors®*™°, we
asked whether spindle aberrations could at least partially explain the
cell cycle alterations observed in fish, as previously reported in
a number of cortical malformations with microcephaly® .
We took advantage of the transgenic line Tg(XIEeflal:dclk2Deltak-
GFP) marking microtubules in early embryos and investigated
metaphase spindles morphology within the anterior ventral brain in
live embryos expressing ARF3"", ARF3¥%F and ARF3"”, causing
early- vs. late-onset microcephaly. Compared to controls, aberrantly
elongated spindle morphology was recorded for both mutants
(Supplementary Fig. 19), indicating a common effect on spindle
microtubule organization, likely explaining the similar impact on the
cell cycle.

Collectively these data suggest a complex impact of different
ARF3 mutants on neurogenesis and point to an impaired balance
between precursors’ cell mitosis and cell death as a mechanism con-
tributing to the observed neurodevelopmental phenotypes.

ARF3 mutants variably impact PCP-dependent axes formation in
early zebrafish development

We next detailed the morphological defects and developmental pro-
cesses implicated in the observed body curvature. We focused on the
notochord, which supports the body elongation along the anterior to
the posterior axis (AP) and spine formation®, and whose altered
development has been associated with CA ARF1 in fish”’. We docu-
mented the occurrence of multiple notochord curvatures of variable
degrees in animals expressing each of the ARF3 mutants except
ARF3™7S (Fig. 10a-c). Quantification of the degree of bending (180°:
normal; 179° > angle > 110°: mild; angle <109°: severe) showed a simi-
lar incidence of mild and severe bending (in >90% of embryos) in fish
expressing ARF3“*® and ARF3"2™*"V (Fig, 10b, c), in line with the
overall severity of the skeletal phenotype characterizing subjects 1 and
2 (Supplementary Fig. 1, Supplementary Table 1 and clinical reports).
Overall, all mutants except ARF3™7 showed a significantly higher
number of notochord curvatures (Fig. 10¢’).

We further examined the underlying causes of the perturbed body
trunk and notochord morphogenesis by tracing back axes establish-
ment in development. First, we examined patterning and morpho-
genesis in animals in their segmentation stage (15 hpf). During this
period, the embryo AP and mediolateral (ML) axes are already estab-
lished and somitogenesis occurs. mRNA levels of Krox20 and MyoD
(markers of the hindbrain rhombomeres in the anterior cephalic
domain and of developing somites from the paraxial mesoderm,
respectively) were assessed in whole-mount embryos by in situ
hybridization (ISH). While proper patterning of the cephalic region and
paraxial mesoderm was in place, we observed a variable perturbation
of the AP and ML axes in the ARF3 mutants (Fig. 10d, e). Embryos
expressing ARF3 mutants showed a clear shortening of the AP length
compared to WT (Fig. 10e, f). Consistently, the number of somites in
mutant embryos was also reduced (Supplementary Fig. 20). Expansion
of the paraxial tissue in the ML axis was also apparent for some
mutants (Fig. 10e). The data pointed to a defective convergence-
extension (CE) process, which was evident for all mutants except
ARF3™7 when the CE index (i.e., the ratio between the AP extend and
ML extend of the anterior somites) was assessed (Fig. 10e, g). For both
AP and ML axes defects, severely affected embryos were more pre-
valent among those expressing ARF3¥12E,

Lastly, benefiting from the transparent and fast zebrafish devel-
opment, we assessed the time occurrence of axes defects linked to
gastrulation (and thereby CE) perturbation by investigating earlier
stages (Supplementary Fig. 21a). Already between 10 and 13 hpf, when
segmentation has just started, brain thickenings and tail bud are visible
at the very anterior and posterior end of the embryo, respectively, as a
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Fig. 8 | Occurrence of microcephaly and reduced brain vol in zebrafish +), and severe (+++) malformations). (¢) Volumetric reconstructions (c) and ante-

expressing a subset of ARF3 mutants, a Bright-field images of the head (purple
dashed line) in fish expressing WT and mutant ARF3 at 48 hpf (the inset for ARF3*2™
documents a severe case). The images are representative of embryos from two
independent batches. b-b” Head area quantification at 48 hpf (b) and 4.5 dpf (b). In
b, set 1: no. of embryos = 25 (not injected), 23 (WT); 22 (K127E, **p = 0.0002) and 25
(L12V/D67V, *p=0.0106) of one batch; set 2: no. of embryos =29 (WT); 28 (P47S);
30 (D93N); 29 (T32N). in b’, no. of embryos =30 (not injected); 30 (WT); 27 (P47S);
30 (D93N, **p =0.0006) and 28 (T32N) of one batch. Data are expressed as box-
and-whisker with median (middle line), 25th-75th percentiles (box), and min-max
values (whiskers). All the data points and the mean (“+”) are also shown. b” Sche-
matics of the brain volume reduction in human patients harboring a subset of ARF3
mutants and in zebrafish models generated in this study. The human brain in the
illustration was created with BioRender.com and modified using Illustrator
(Adobe). A summary of OFC and brain malformations data from patients in this
study are depicted below (no sign of brain malformation (=), mild (+), moderate (+

rior brain volume (white dashed line) from live confocal acquisitions from whole
brains of 48hpf Tg(NBT.dsRed) fish injected with mRNA encoding WT and ARF3
mutants. The images are representative of embryos from two independent batches
for WT, K127E, and L12V/D67V and from one batch for the other mutants. OT: optic
tectum, Ce: cerebellum, Fb: forebrain, Mb: midbrain, Hb: hindbrain. ¢’ Quantifica-
tion of the brain volume. Set 1: no. of embryos =4 (WT); 4 (KI27E, *p= 0.0163) from
one batch; set 2: no. of embryos =3 (WT); 3 (L12V/D67V, *p=0.0029); 4 (P47S,
*p=0.0350 and D93N, ***p = 0.0010) of one batch. Data are expressed as mean +
SEM. Different datasets for the same measurement are shown in adjacent plots with
the internal WT control for each set, not injected controls between batches are not
significantly different. One-way ANOVA followed by Dunnett's multiple comparison
post hoc test (b, left panel; ¢, right panel), Krustal-Wallis followed by Dunn’s
multiple comparison post hoc test (b, right panel; b), unpaired t-test with Welch’s
correction (c’, left panel) are used to assess statistical significance. Source data are
provided as a Source data file.

result of correctly orchestrated gastrulation movements™. By mea-
suring the angle between the developed cephalic and caudal
structures at this stage, we documented a reduced embryo elongation
(likely due to aberrant/delay gastrulation) for ARF3**™ and ARF3%"

(Supplementary Fig. 21b, c), indicating an early impact of these
mutants on axes formation.

Perturbed cell movements were further confirmed in live embryos
expressing ARF3¥2™, which exhibited the strongest effect in terms of
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axis elongation (AP, ML). Early embryos (6-7 hpf) showed reduced
epiboly and impaired gastrulation, which ultimately resulted in
defective head and tail bud formation (Supplementary Fig. 21d, e). Of
note, cells expressing the mutant appeared mostly round, with a
reduced number of protrusions, with respect to cells expressing the
WT protein (Supplementary Fig. 21d-f), suggesting the occurrence of

altered polarity establishment and cytoskeletal organization as an
early molecular event, in line with the emerging roles of Golgi in
instructing cell polarity™.

These in vivo findings demonstrate impairment of axes formation
of variable degree as a common trait of the mutants causing skeletal
deformities in patients, broadly recapitulating the severity of the
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Fig. 9 | Increased number of cells in early mitosis and cell death within the
developing forebrain of zebrafish expressing a subset of ARF3 mutants.

a Schematics of the forebrain (Fb, gray) proliferative zone (pz, cyan) and a confocal
scan of the ventral Fb in zebrafish expressing ARF3"' (dashed white circle) showing
proliferative and mitotic cells (PCNA and pH3 staining in red and cyan, respec-
tively). Mb:midbrain, Hb:hindbrain. b Maximum intensity z-projections from a
subset of confocal sections showing pH3+ mitotic cells within the ventral Fb (vFb)
in zebrafish expressing WT and mutant ARF3. The images are representative of
embryos from one batch. Dashed white line indicates the Fb ventricle, insets show
zooms on pH3+ cells. Arrowheads indicate examples of pH3+ cells in different
stages of mitosis: early mitosis (purple); metaphase (green) and late mitosis (blue).
¢ Quantification of the total number of pH3" cells in pz, no. of embryos =5 (WT and
KI27E, *p=0.0217) of one batch. Data are expressed as box-and-whisker with
median (middle line), 25th-75th percentiles (box), and min-max values (whiskers).
All the data points and the mean (“+”) are also shown. d, e Incidence of pH3' cells in
the different mitosis stages. No. of cells =111 and 110 (WT); 61 (K127E, early mitosis
vs. metaphase *p = 0.0168, early vs. late mitosis **p = 0.0003); 88 (L12V/D67V, early
mitosis vs. metaphase *p = 0.0115, early vs. late mitosis ***p <0,0001); 75 (D93N,

early mitosis vs. metaphase **p = 0.0028); 110 (P47S); 109 cells (T32N, early mitosis
vs. metaphase *p = 0.0267, early vs. late mitosis *p = 0.0069) from five embryos of
one batch. Data are expressed as mean + SEM. In ¢ and e different datasets for the
same measurement are shown in adjacent plots with the internal WT control for
each set. f Maximum intensity z-projections of the ventral brain stained with the
acridine orange (AO). The black and white images are rendered by inverting the
original LUT in Fiji. The images are representative of embryos from two indepen-
dent batches. Orange arrowheads indicate specific staining. vFb pz, ventricle, eyes,
and olfactory epithelium (OE) are outlined for morphological guidance, *indicates
eyes with pigmentation background. g Quantification of the number of AO + spots.
No. of embryos =6 (WT); 5 (K127E, *p = 0.0163, *p = 0.0461 for upper and lower
graphs, respectively); 6 (L12V/D67V, *p = 0.0109); 6 (P47S, **p=0.0017 and D93N,
*p=0.0387) of one batch. Data are expressed as box-and-whisker with median
(middle line), 25th-75th percentiles (box), and min-max values (whiskers). All the
data points and the mean (“+”) are also shown, Two-sided Chi-square’s testina2 x 2
contingency table (e), One-way ANOVA followed by Dunnett’s (¢ and g, upper
graph) or Kruskal-Wallis followed by Dunn'’s (g, lower graph) post hoc tests are used
to assess statistical significance. Source dData are provided as a source data file,

clinical phenotype, and tracing back the mechanism to a compromised
PCP-dependent CE cell movement for the severe cases.

Discussion

Controlling organelle stability, targeted trafficking of proteins and
lipids, and signaling, the highly conserved ARF GTPases contribute
to cell polarity, division, and migration ultimately instructing
development*>*’, Here we identify de novo missense ARF3 variants as
the molecular event underlying a clinically variable neurodevelop-
mental disorder characterized by DD/ID and variable CNS defects as
common features. Microcephaly and progressive cerebral atrophy
occurred in most affected individuals, while epilepsy and skeletal
abnormalities were variably documented as associated traits. The
clinical phenotype of this disorder is reminiscent of the condition
caused by activating mutations in ARFI'’, characterized by DD/ID,
microcephaly, delayed myelination, cortical and cerebellar atrophy,
periventricular heterotopia and seizures as major features, but also
showing periventricular heterotopia. A related neurodevelopmental
disorder characterized by DD/ID, progressive microcephaly, failure to
thrive, and periventricular heterotopia has been linked to biallelic
inactivating variants of ARFGEF2 (ARPHM, MIM: 608097)'¢, encoding
ARF-specific GEF stimulating the GTPase activation. Consistent with
the observed clinical variability, our in vitro data demonstrate variable
consequences of the identified disease-causing ARF3 variants on pro-
tein stability, nucleotide binding activity, and exchange, as well as on
trans-Golgi and vesicle integrity and function. The differential impact
of DN and CA on Golgi integrity is supported by in vivo validation.
Zebrafish models, which recapitulate the pleiotropic effect and the
variable strength of each ARF3 variant on developing brain and body
axes, offer further insights into the underlying sub-cellular and cellular
pathogenic mechanisms.

The activity of ARF3 at the trans-Golgi is tightly regulated via a
conformational switch controlled by reversible GDP-to-GTP binding,
which determines Golgi stability and trafficking*>. Our structural
inspection indicates that the majority of the disease-causing ARF3
mutations affect conserved residues involved in GDP/GTP binding/
exchange, previously reported to be mutated in other GTPases of the
RAS superfamily (e.g., ARF1, HRAS, KRAS, NRAS, MRAS, RRAS, RRAS2),
which cause neurodevelopmental syndromes or contribute to
oncogenesis*>*1% (COSMIC database, Supplementary Fig. 2a and
Supplementary Table 8). Lys” in ARF3 (mutated in Subject 1) is
homologous to Lys"” in HRAS (MIM: 190020), which if mutated causes
Costello syndrome (CS [MIM: 2180401)'°2. Pro*” (mutated in Subject 3)
is homologous to Pro* in HRAS, KRAS, and NRAS. The same Pro-to-Ser
change has previously been reported as a somatic event in HRAS
underlying vascular tumors'”, and other changes affecting this residue

in KRAS, HRAS, and NRAS have been described in RASopathies'™ %
(ClinVar IDs: VCV000040454, VCV001052630, VCV000039647). Fur-
thermore, a missense change affecting the adjacent residue in ARF1
(p.Thr48lle) was observed in a patient with clinical features over-
lapping with the present series'. In HRAS and KRAS, mutations
affecting Thr’®, which is adjacent to the aspartic acid residue homo-
logous to Asp® in ARF3 (mutated in Subject 2), have causally been
linked to RASopathies'®*'”'°*, Consistent with our findings, a recent
report identified two missense changes affecting Asp®” and Arg” of
ARF3 in patients showing severe microcephaly at birth and progressive
cortical and brainstem atrophy and epileptic seizures, and neurode-
velopmental delay, cerebellar hypoplasia, and epilepsy, respectively™.
Finally, both p.Pro47Ser and p.Asp67Val affect a conserved hydro-
phobic region of ARF3 involved in effector binding™**'””, with mole-
cular dynamics simulations suggesting a major perturbation exerted
by p.Pro47Ser on ARF3 binding to effectors. These considerations
stimulate future studies aimed to demonstrate whether effector
binding in these mutants is qualitatively and/or quantitatively altered.

Our in vitro data show an altered behavior of all ARF3 mutants in
terms of stability and GTP binding. Among these, two amino acid
changes, p.D93N and p.P47S were classified as CA, with the former
exhibiting the strongest activation, in line with the severe and milder
phenotypes observed in patients harboring these variants, respectively.
The GTP binding behavior of the p.T32N substitution could be classified
as DN, while a more complex behavior emerged for p.K127E and p.L12V/
D67V variants. The dramatically accelerated degradation of the two
ARF3 mutants and reduced absolute levels of their GTP-bound forms
cannot rule out the possibility of a loss-of-function behavior, which is in
contrast with the activating role of the p.Lys117Arg substitution in HRAS
causing upregulation of MAPK signaling in Costello syndrome'**".
Similar to this variant, however, a biochemical investigation performed
on purified proteins in a cell-free system demonstrates an increased
nucleotide exchange rate and excludes any significant impact on the
GTPase catalytic activity. The reduced activity of the purified ARF3"'2/
DV is instead in line with the structural prediction, anticipating a
destabilization of both GTP and GDP binding via impaired coordination
with Mg It should be noted that myristylation is not achieved in the
bacterial expression system employed to purify the proteins and the
used cell-free assay does not account for the relevance of the lipid
bilayer on the structural rearrangement of the GTPase and its and
function’™", Future dedicated experiments are required to more
accurately examine the biochemistry of these mutants.

To functionally characterize the behavior of ARF3 mutants we
profiled their impact on Golgi morphology. While depletion of ARF1
or ARF3 was not reported to affect Golgi structure™, a differential
impact of DN and CA forms are known. Golgi fragmentation with the
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dispersion of specific Golgi associated and coat proteins (B-COP) is
reported for DN ARF mutants****®, while an extension of the Golgi
compartment, with swelling of Golgi and COP-I vesicles resulting in
sustained vesiculation, has been associated with expression of con-
stitutively active mutants™®. The observed trans-Golgi and vesicle
morphotypes identify different functional classes, mirroring CA and
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DN behaviors. The pathophysiological relevance of these findings for
embryonic development is supported by in vivo analysis of live trans-
Golgi morphology in early zebrafish embryos overexpressing ARF3¥27¢
and ARF3°”N, Nevertheless, the molecular mechanism by which aber-
rant ARF3 function causes different Golgi fragmentation patterns and
the extent to which antero-retrograde transport might be impaired
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Fig. 10 | Aberrant ARF3 function causes axial defects with notochord curva-
tures and defective axes formation in zebrafish. a Notochord curvatures of
variable severity (purple angles schematics) and bright filed images of WT and
mutant ARF3 expressing fish at 30 hpf. The images are representative of embryos
from three (WT, K127E, and L12V/Dé7V), two (P47S), and one batch (other muta-
tions). b Rose diagrams showing notochord angles, no. of angles =17 (WT); 49
(K127E); 32 (L12V/D67V); 31 (P47S); 35 (D93N) and 38 (T32N) pooled from a total n
of embryos indicated below (c). Mean vector (u) + circular SD is shown. Dark and
light violet shadings in the rose diagrams represent mild and severe classes of
notochord curvatures, respectively. ¢ Incidence of embryos with mild or severe
notochord curvatures, set 1: no. of embryos =9 (not injected); 17 (WT); 15 (K127E,
“**p <0.0001) and 11 (L12V/D67V, ***p = 0.0005) of three independent batches; set
2: no. of embryos =13 (WT); 28 (P47S); 19 (D93N, **p=0.0003) and 24 (T32N,
*+*p < 0.0001) of one batch. Data are expressed as mean = SEM (set 1) or mean (set
2). ¢’ Quantification of the number of notochord curvatures per embryo from one
batch (same n of embryos as in ¢): K127E, ****p < 0.0001; L12V/D67V, **p = 0.0015;
D93N, **p=0.0022 and T32N, ***p < 0.0001 d Schematics of Krox20 and MyoD
expression at 15 hpf. Black square brackets indicate AP and ML axes. R3 and R5;

rhombomeres 3 and 5. e Bright-field images showing Krox20 and MyoD in situ
mRNA staining (insets show severe cases). The images are representative of
embryos from two independent batches for WT, K127E and L12V/D67V and from
one batch for the other mutations. f Quantification of AP embryo extension, set 1:
no. of embryos =10 (not injected); 10 (WT); 10 (KI27E, ***p < 0.0001); 10 (L12V/
D67V, **p=0.0078); set 2: no. of embryos 18 (WT); 22 (P47S, *p = 0.0169); 24 (DI3N,
*p=0.0207) and 16 (T32N, **p=0.0002) of one batch. In ¢’ and f data are
expressed as box-and-whisker with median (middle line), 25th-75th percentiles
(box), and min-max values (whiskers). All the data points and the mean (“+") are also
shown. g Incidence of fish with different convergence and extension (CE) index
values (same no. of embryos as in f) **p < 0.0001 (K127E and L12V;Dé7V),
**p=0.0015; *p = 0.0251 (D93N), *p = 0.039 (T32N). Different datasets for the same
measurement are shown in adjacent plots with the internal WT control for each set.
Not injected controls between batches are not significantly different. Non-
parametric Kruskal-Wallis followed by Dunn’s multiple comparison post hoc test
(c’, f), Two-sided Chi-square’s test in 2 x 2 contingency table (¢, g, normal vs. phe-
notype) are used to assess statistical significance. Source data are provided as a
Source Data file.

due to defective COP-I assembly and function remains to be deter-
mined. In this context, it should be noted that the specific Golgi phe-
notype shown by p.KI127E, p.L12V/Dé7V, and, to a less extent, p.T32N
are reminiscent of the BFA-induced effect in cells. Upon treatment with
BFA, the ARF-GDP-GEF complex titrates the available GEF molecules
away from the other ARF proteins, inhibiting their function*’. Indeed,
only co-occurring loss of function of multiple ARF proteins is able to
perturb organelle and vesicle integrity®*.

Defective Golgi stability and activity is an emerging cause of
cortical malformation®. The finding of fragmented Golgi in cells and
embryos expressing the disease-associated ARF3 mutants assigns this
disorder to the recently defined family of “Golgipathies”, a group of
heterogeneous neurodevelopmental disorders clinically characterized
by a wide spectrum of CNS abnormalities'>, Even if not detailed and
therefore not easily comparable to our work, the recent functional
investigation carried out by Sakamoto et al. on two ARF3 mutations
causing a similar neurodevelopmental condition corroborates the
present findings.

Regulated transport through the endolysosomal system assists the
differential targeting of cargos containing signaling molecules, polar-
ity, and morphogenic factors to the membrane or to the trans-Golgi
network for retrieval or to lysosomal degradation. The importance of
healthy machinery to support this choice is just starting to gain
attention in the context of development and disease”'. Of note, our
experiments with fluorescently labeled Tfn in combination with stain-
ing for EE, RE, and lysosomes unravel a cargo accumulation and delayed
recycling in cells expressing ARF3 mutants specifically leading to early-
onset microcephaly and severe skeletal defects. Interestingly, only an
increased lysosomal Tfn cargo delivery seems to occur for p.D93N
causing late-onset microcephaly and mild skeletal deformities. The
data also suggest a general overload of the lysosomal system for all
mutants, the relevance of which should be further investigated.
Thereby, besides the clear distinction in Golgi morphological patterns,
a variable impact on the efficiency of sorting and transport seem to
underlie the variable severity observed in our patients. Adding to our
evidence, impaired endosomal trafficking of EGF signaling components
and Tfn recycling underlie proliferative defects recently identified as a
major cause of a neurodevelopmental disorder with microcephaly'*'®,

The attentive in vivo investigation performed here makes a strong
case for the importance of correct ARF3 function during a number of
processes supporting embryogenesis. First, the extensive phenotypic
characterization in zebrafish provides sufficient evidence of the
pathogenicity of all the identified ARF3 variants and their dominant
nature. In line with the Golgi phenotype observed in vitro, over-
expression of ARF3 mutants and downregulation of endogenous arf3
in zebrafish embryos corroborate the DN (p.K127E, p.L12V/D67V, and
p.T32N) and CA (p.D93N) behaviors in vivo.

Independently of the specific mechanism of dominance, all
mutants modeled in fish recapitulated the involvement of brain and
axes malformations and the variable strength of the disease manifes-
tation, Strikingly, similar to patients, overexpression of ARF3¥%F and
ARF3"227 produce early-onset severe microcephaly in fish, while fish
expressing ARF3””" show late-onset microcephaly. Furthermore, in-
depth brain analysis documents underlying brain volume reduction
and validates defective forebrain white matter as a common feature of
this neurodevelopmental disease. In line with these results, a severe vs.
mild clinical phenotype was anticipated in the yeast arfl mutants
involving Lys” and Asp”®, documenting complete or incomplete
dominant lethal phenotypes, respectively™.

Mechanistically, our in vivo work also provides insights into the
processes that might hinder neurogenesis and contribute to neuro-
developmental defects. Our cell cycle profiling experiments indicate a
possible delay of the mitosis in the early stages and an increased cell
death within the developing anterior brain for the majority of the ARF3
fish mutants. A “Golgi checkpoint” sensing Golgi integrity and correct
segregation has been suggested as an additional level to control cell
cycle progression"®, whose contribution to the observed brain growth
and morphogenesis defects is worth further investigation. On the
other hand, our live imaging of the developing fish forebrain deter-
mined the occurrence of altered spindle morphology in microcephaly-
causing ARF3 mutants, which might ultimately underlie mitotic arrest
and cell death. Supporting this hypothetic scenario, mitotic arrest
resulting in increased apoptosis of cells with aberrant spindle are
appreciated as pathological mechanisms underlying conditions char-
acterized by cortical malformations and microcephaly, some of which
have already been successfully modeled in zebrafish®%72%17 The
involvement of Golgi function in cell division, microtubule organiza-
tion, and spindle formation is recognized®**®. In line with our data,
elongated spindles result from the depletion of the constituent Golgi
proteins, which keep the integrity of the organelle in mouse oocyte™.
The role of ARF1 in mediating Golgi morphological changes during
mitosis*, and the function of class | ARF proteins in controlling pro-
liferation have been reported™"”, including the ARF3 involvement in
cell cycle progression and apoptosis in gastric cancer'™. Our zebrafish
data show variably penetrant effects on cell proliferation and death,
especially for p.P47S and p.T32N. This resembles the milder effect of
these two mutants observed in cells in terms of Golgi integrity, vesicle
assembly and recycling and anticipated by the mildest clinical traits
associated with them. An investigation including a larger sample size
might further clarify the presence of subtler effects. Conversely,
additional, and not explored mechanisms might produce the mild
phenotypes observed.

Lastly, strengthening the causal association of the described ARF3
mutations to the observed skeletal traits, variable degrees of axial
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malformations have been highlighted in the generated fish models
recapitulating the severity of the disease in humans. Likewise in
patients, similar defects are associated with DN and CA mutations, with
p.K127E and p.L12V/D67V producing the most severe effects. Mor-
phometric and live imaging analysis in early embryonic stages traced
back the first assessable effect to defective PCP-mediated cell motility.
CE movements, which require a fine-tuning of cell polarity factors
within cells and are needed to shape the AP and ML axes”"'?, are
evidently affected by ARF3 mutants. Of note, biosynthetic trafficking
and correct function of ER and Golgi is essential during animal devel-
opment for regulating morphogens’ distribution***”'*, and required
for cell polarity establishment and migration, as shown in vitro'*,
nematodes'”, and zebrafish'’. Consistent with our findings, fish
expressing the CA microcephaly-associated ARF1 mutant show similar
PCP-related axial defects"’. Moreover, fish mutants for ARF-interacting
COP-I/COP-Il coat components exhibit skeletal and notochord
abnormalities associated with Golgi disassembly'”'%, On the other
hand, post-Golgi trafficking and sorting of polarity components also
contribute to brain development, underlying correct asymmetric cell
division and migration in vertebrate neurogenesis, axon arborization,
and synaptogenesis'®'”’. Along these lines, the impaired function of
ARFGEF2 underlying the microcephalic traits observed in patients with
ARPHM has been indeed linked to proliferative and migratory defects
due to trans-Golgi to membrane trafficking of E-cadherins and beta-
catenin'®, The direct contribution of the impaired recycling found in
cells to the observed brain defects in vivo remains to be assessed.

In conclusion, our work identifies ARF3 as a gene implicated, when
mutated, in a clinically variable neurodevelopmental disorder
belonging to the emerging class of “Golgipathies”*”. Our findings
specifically highlight the role of ARF3 in the maintenance of trans-Golgi
integrity and document an obligate dependence of early develop-
mental processes and brain morphogenesis on the proper function of
this GTPase. The generated in vivo models represent a tool that can be
exploited to deepen our understanding of the pathological mechan-
isms underlying the disease.

Methods

Subjects

The study has been approved by the local Institutional Ethical Com-
mittee of the Ospedale Pediatrico Bambino Gesu IRCCS (OPBG), Rome
(1702_0PBG_2018). Subject 1 was analyzed in the frame of a research
project dedicated to undiagnosed disorders (Undiagnosed Patients
Program, OPBG), while the other subjects were referred for diagnostic
genetic testing. Clinical data and DNA samples were collected, stored,
and used following procedures in accordance with the ethical stan-
dards of the Declaration of Helsinki protocols, and after signed con-
sent from the participating families. The authors affirm that human
research participants provided informed consent for the publication
of the images in Supplementary Fig. 1 and of clinical information
potentially identifying individuals.

Exome sequencing analysis

In all families, WES was performed using DNA samples obtained from
leukocytes and a trio-based strategy was used. Target enrichment Kkits,
sequencing platforms, data analysis, and WES statistics are reported in
Supplementary Tables 3-7 and in the Supplementary Methods. WES
data processing, read alignment to the GRCh37/hgl9 version of genome
assembly, and variant filtering and prioritization by allele frequency,
predicted functional impact, and inheritance models were performed as
previously reported”* ™, WES data output is summarized in Supple-
mentary Tables 3-7. Cloning of the genomic portion encompassing the
¢.34C>G and ¢.200A>T missense substitutions (p.Leul2Val and
p.Asp67Val; Subject 2) was used to confirm that both variants were on
the same allele. Variant validation and segregation were assessed by
Sanger sequencing in all the subjects included in the study.

Structural analysis and molecular dynamics simulations

The structural impact of the disease-associated missense changes was
assessed using the available three-dimensional structures of human
ARF3 complexed with GTP and V. wvulnificus multifunctional-
autoprocessing repeats-in-toxin (MARTX) (PDB 6ii6, https://www.rcsb.
org/structure/6ii6)”. The structure was visualized using the VMD
visualization software v.1.9.3"° A model of GTP-bound ARF3 interacting
with the cytosolic coat protein complex subunits y-COP (COPGI) and -
COP (COPZ1) was built using the SWISS-MODEL automated protein
structure homology modeling server (http://swissmodel.expasy.org)™®
using the 2.90 A resolution X-ray structure (PDB 3T)Z)*’. The alignment
of template and model amino acid sequences is reported in Supple-
mentary Fig. 21. The p.Asp67Val and p.Pro47Ser mutations were intro-
duced using the UCSF Chimera v.1.15"". The side-chain orientations
were obtained with the Dunbrack backbone-dependent rotamer
library*®, choosing the best rotamer with minimal/no steric clashes with
neighboring residues. Following the protonation of titratable amino
acids at pH = 7, proteins were added in cubic boxes and solvated in
water. Counter-ions were added to neutralize the charges of the system
with the genion GROMACS tool™. After energy minimizations, the
systems were slowly relaxed for 5 ns by applying positional restraints of
1000 k) mol™ m™ to atoms. Unrestrained simulations were carried out
for a length of 500 ns with a time step of 2 fs using GROMACS 2020.2.
The CHARMMB36 all-atom force field*® was used for the protein
description and water molecules were described by the TIP3P model'"".
V-rescale temperature coupling was employed to keep the temperature
constant at 300 K'*. The Particle-Mesh Ewald method was used for the
treatment of the long-range electrostatic interactions'*>. The first 5ns
portion of the trajectory was excluded from the analysis. All analyzes
were performed using GROMACS utilities.

Expression constructs and in vitro mRNA synthesis

The full-length coding sequence of WT human ARF3 (NM_001659.3)
was obtained by PCR and cloned into the pcDNA3.1/myc-6His eukar-
yotic expression vector (Life Technologies). The disease-associated
substitutions were introduced in the pcDNA3.1/myc-6His expressing
ARF3 WT and into pcDNA3/hArf3(WT)-mCherry (plasmid 79420,
Addgene)'* by site-directed mutagenesis (QuikChange Il Site-Directed
Mutagenesis Kit, Agilent Technologies, 200522-5). For zebrafish
expression experiments, the myc-tagged (C-terminus) WT and mutant
ARF3 sequences or mCherry-tagged plasmids were subcloned into
the pCS-Dest vector (plasmid 22423, Addgene)** via LRIl clonase-
mediated recombination (ThermoFisher, 12538120). pCS-Dest-
mKOFP2-CAAX and pCS-Dest-EGFP-GalT were generated by subclon-
ing the ADDGENE plasmids 75155 and 11929'*, respectively. Plasmids
were digested and linearized with Kpnl-HF (NEB New England Biolabs,
R3142S), and mRNA was produced using mMessage mMachine SP6
transcription kit and poly(A) tailing kit (Thermo Fisher, AM1340). All
cloned sequences were confirmed by bidirectional DNA sequencing.

COS-1 cell culture and transient transfection assays

COS-1 cells (CRL-1650-ATCC) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS, GIBCO, 10270-106), 1x sodium pyruvate (EUROCLONE,
11360-039) and 1x penicillin-streptomycin (EUROCLONE, ECB3001D),
at 37°C with 5% CO,. Subconfluent cells were transfected with plas-
mids encoding myc- or mCherry-tagged WT and mutant ARF3, EGFP-
GalT (Addgene, 11929"°) and GFP-rabll (Addgene, Plasmid #12674)"*"
using FUGENE 6 (Promega, E2691), according to the manufacturer’s
instructions.

Zebrafish husbandry

Zebrafish NHGRI, Tg(Xla.Tubb:DsRed)*** and Tg(XiEeflal:dclk2DeltaK-
GFP)* were cultured following standard protocols. Fish were housed
in a water-circulating system (Tecniplast ©) under controlled
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conditions (light/dark 14:10, 28 °C, 350-400 uS, pH 6.8-7.2) and fed
daily with dry and live food. All animal experiments were conducted
under the approval of the Italian Ministry of Health (DGSA -Direzione
generale della sanita animale e dei farmaci veterinari, 23/2019-PR).

ARF3-myc immunoblotting in COS-1 and in zebrafish embryos
Transfected COS-1 cells were lysed in radio-immunoprecipitation assay
(RIPA) buffer, pH 8.0, containing phosphatase and protease inhibitors
(Sigma-Aldrich, P5726, PO044, P8340). Lysates were kept on ice for
30 min and centrifuged at 16,000xg for 20 min at 4 °C. Samples con-
taining an equal amount of total proteins (15 pg) were resolved by 12%
sodium dodecyl sulfate (SDS)-polyacrylamide gel (Biorad, 1610185).
Proteins were transferred to nitrocellulose membrane using a dry
transfer system (Biorad), and blots were blocked with 5% non-fat milk
powder (Biorad, 170-6404) in Phosphate-buffered saline (PBS) con-
taining 0.1% Tween-20 for 1h at 4°C and incubated with mouse
monoclonal anti-Myc (1:1000, Cell Signaling, 2276 S), mouse mono-
clonal anti-B-tubulin (1:1000, Thermo Fisher, 32-2600), mouse mono-
clonal anti-GAPDH (1:1000, Santa Cruz, sc-32233) and anti-mouse HRP-
conjugated secondary antibody (1:3000, Thermo Fisher, 31450). For
zebrafish immunoblots experiments, total protein lysates from a pool
of non-injected control zebrafish embryos and from siblings injected
with myc-tagged ARF3"" and mutant ARF3 different stages of devel-
opment were obtained by syringe homogenization in cold lysis buffer
(Tris—-HCI 10 mM pH 7.4; EDTA 2 mM; NaCl 150 mM; Triton X-100 1%
supplemented with 1X protease inhibitors cocktail (Roche,
11836170001) and equal amounts of protein extracts (40 pg) were
separated on a 12% Sodium dodecyl sulfate (SDS)-polyacrylamide gel.
The total protein concentration was determined by the Bradford assay
(Bio-Rad) using Infinite M Plex (Tecan). After electrophoresis, the
proteins were transferred to PVDF membrane using a wet transfer
system (Biorad, for myc-tagged ARF3 mutants at 6 and 12 hpf) or
nitrocellulose membrane using Trans-Blot Turbo Transfer System
(Biorad, myc-tagged ARF3 mutants from 1.75 to 3.7 hpf). Blots were
blocked with 5% non-fat milk powder (Biorad) or bovine serum albu-
min (BSA, Sigma-Aldrich, A8022-100G) in PBS containing 0.1% Tween-
20 (Sigma-Aldrich, P2287) overnight at 4 °C constantly shaking and
incubated with the primary antibody in blocking solution. The fol-
lowing primary antibodies were used: mouse monoclonal anti-myc
(Cell Signaling, dilution 1:1000, 2276), rabbit polyclonal anti-GAPDH
(1:1000, Genetex, GTX124503). Following washes in PBST 0.1%, mem-
branes were incubated with anti-mouse- (1:3000, Thermo Fisher,
31450) and anti-rabbit-HRP-conjugated secondary antibodies (1:3000,
Thermo Fisher, 31460). Immunoreactive proteins were detected by
enhanced chemiluminescence (ECL) detection kit (Thermo Fisher,
34095) according to the manufacturer’s instructions, and an Alliance
Mini HD9 with Q9 Mini 18.02-SN software (Uvitec) was used for che-
miluminescence detection. Uncropped blots are provided in the
Source data file and Supplementary information.

In vitro ARF3 protein stability assays

COS-1 cells were seeded at 3 x 10° in six-well plates and the following
day was transfected with WT or mutant myc-tagged ARF3 expression
constructs for 24 hours. A subset of transfected cells was then treated
with CHX (10 pg/ml) (Sigma-Aldrich, C7698) for 3 and 6 h and with
proteasome inhibitor MG132 (100 puM) (Sigma-Aldrich, C2211) or with
the autophagy inhibitor bafilomycin Al (200 nM) (Sigma-Aldrich,
B1793) for 6 h to assess protein stability and degradation pathways.
Alliance Mini HD9 with Q9 Mini 18.02-SN software (Uvitec) was used
for chemiluminescence detection. Uncropped blots are provided in
the Source data file and Supplementary information.

ARF3 activity (GTP-bound state) assay in COS-1 cells
COS-1 cells (1x10°) were seeded in 100 mm Petri dishes and trans-
fected with myc-tagged ARF3 expression constructs. Twenty-four

hours after transfection, cells were washed twice with ice-cold PBS and
collected in 50 mM Tris (pH 7.4), 150 mM NaCl, 10 mM MgCl,, 10%
Glycerol, 1% NP-40 with proteases and phosphatase inhibitors (Sigma-
Aldrich, P5726, PO044, P8340). Cell lysates were further subjected to
pull-down using GGA3-conjugated agarose beads (Cell Biolabs, STA-
419) and incubated at 4°C for 60 min. Control samples were pre-
incubated with 100 uM GDP (Cell Biolabs, 240104) or the GTP analog
guanosine-5-(y-thio)-triphosphate (GTPyS) (Cell Biolabs, 240103) for
30min and then pulled-down according to the manufacturer’s
instructions (Cell Biolabs, STA-407-1). For immunoblotting analyzes,
pulled-down samples including GTPyS/GDP controls and whole cell
lysates were combined with a 2x sample buffer and denatured at 95 °C
for 5 min. Samples were then separated by SDS-PAGE and incubated
with mouse monoclonal anti-Myc and mouse monoclonal anti-GAPDH
antibodies. GTP-bound protein level was detected by an ECL detection
kit (Thermo Fisher, 34577). Alliance Mini HD9 with Q9 Mini 18.02-SN
software (Uvitec) was used for chemiluminescence detection.
Uncropped blots are provided in the Source data file.

Protein expression and purification, nucleotide exchange, and

GTP hydrolysis measurements

Proteins were isolated as glutathione S-transferase (GST) fusion pro-
teins in E. coli strain CodonPlusRIL, purified after cleavage of the GST
tag via gel filtration Superdex 75 or 200 (GE Healthcare, 28989333,
28989335). Nucleotide-free and fluorescent nucleotide-bound ARF3
proteins were using alkaline phosphatase (Sigma-Aldrich, P0762-
250UN) and phosphodiesterase (Sigma-Aldrich, P3243-1VL) at 4 °C.
Various fluorescence reporter groups, including Mant and Tamra, have
been coupled to 2° (37)-hydroxyl group of the ribose moiety of GDP
and GppNHp (Tamra GTP from Jena Bioscience, #NU-820-TAM,
MantdGDP from Jena Bioscience, #NU-205L). All proteins were ana-
lyzed by SDS-PAGE and stored at —80 °C. Fluorescence polarization
experiments were performed in a Fluoromax 4 fluorimeter in polar-
ization mode. The excitation and emission wavelengths for Mant-
deoxy-GDP were 360 nm (Slid width: 8 um) and 450 nm (slid width:
10 pm), respectively. For nucleotide exchange reactions, 1M Mant-
deoxy-GDP ARF3, 100 pM GDP, 10 pM ARFGEF BIG2 were used in
200 pl of measurement buffer containing 30 mM Tris/HCI, pH 7.5,
10mM K;HPO,/KH,PO,, 2mM MgCl, and 3 mM dithiothreitol at
25°C). For GTP hydrolysis activity 1 uM of Tamra-GTP bound proteins
were used with the excitation, wavelength of 543 nm (slit width: 8
micron) and emission wavelength of 580 nm (slit width: 10 micron), in
a buffer containing 30 mM Tris/HCI (pH 7.5), 150 mM NaCl, 5mM
MgCF, 3 mM dithiothreitol and a total volume of 200 pl at 25°C. The
observed rate constants (kops) were calculated by fitting the data as
single exponential decay using GraFit software v.5.0.13".

RT-PCR prolife of endogenous arf3a and arf3b mRNAs in zeb-
rafish embryos

To evaluate gene expression of arf3a and arf3b paralogs throughout
zebrafish embryogenesis, total RNA was isolated from whole
embryonic tissue samples at different stages of development (1-18
hpf) using TRIzol reagent (Invitrogen, 15596026). The first-strand
cDNA was synthesized from total RNA using the SuperScript™ IV
First-Strand Synthesis System (Thermo-Fisher, 18091050) accord-
ing to the manufacturer’s protocol and DNAse treatment was per-
formed to avoid genomic DNA contamination. RT-PCR was
performed with specific primer sets annealing on conserved regions
of arf3a and arf3b zebrafish paralogs (ENSDART00000103639.5
and ENSDARTO00000053775.3, respectively) using GoTaq® G2
Green Master Mix (Promega, M7822) (Supplementary Table 11).
Amplification of the elongation factor la (eifia) was used as a
housekeeping control gene. Alliance Mini HD9 with Q9 Mini 18.02-
SN software (Uvitec) was used for signal detection. Uncropped gels
are provided in the Supplementary information.
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RT-PCR of myc-tagged ARF3 in COS-1 cells

To verify the expression of myc-tagged ARF3"2°¢" and ARF3**"F after
transient transfection in COS-1 cells, RNA from transfected cells was
extracted using RNeasy Mini Kit (Qiagen, 74104) and the cDNA was
retrotranscribed using oligo-dT SuperScript IV System kit (Thermo-
Fisher, 18091050) according to manufacturer’s protocols. The RT-PCR
assay was designed to map the boundaries between the C-terminal
coding region of ARF3 and the myc-tag sequence (Supplementary
Table 11), low number of cycle (i.e. n = 15) were used in the PCR reaction
to avoid PCR plateau phase and signal saturation. RT-PCR on GAPDH
gene was used as internal housekeeping control. KAPA2G Fast
ReadyMix (Sigma Aldrich, KK5603) was used to amplify the target
sequence, according to protocol instructions. Alliance Mini HD9 with
Q9 Mini 18.02-SN software (Uvitec) was used for signal detection.
Uncropped gels are provided in the Supplementary information.

ARF3 overexpression and arf3a and arf3b downregulation in
zebrafish embryos

Injection of in vitro synthesized capped mRNAs encoding myc- and
mCherry-tagged ARF3 (15 pg, ARF3"", and mutant ARF3), mKOFP-CAAX
(15 pg), H2A-mCherry (15 pg), EGFP-GalT (15 pg), EGFP-CAAX (15 pg) and
EGFP-GalT (50 pg) was performed in one-cell stage zebrafish embryos
using FemtoJet 4x microinjection system (Eppendorf). mRNA was pro-
duced using mMESSAGE mMACHINE™ SP6 Transcription Kit Poly A
Tailing Kit (ThermoFisher, AM1340, and AM1350). Injected embryos
were cultured under standard conditions at 28 °C in fresh E3 medium
and for each batch, not-injected fish were used as controls together with
fish injected with the WT form of ARF3 mRNA. To perform arf3a and
arf3b knockdown experiments in zebrafish embryos, 0.3 mM of each
antisense morpholino oligonucleotides (MO, Gene Tools LLC) targeted
specifically to the translational initiation site of arf3a and arf3b (resulting
in 0.6 mM of MO in total) were co-injected into one cell stage embryos
(Supplementary Table 11). All the injected fish were monitored every
day, and survival rate and phenotype were scored at 24 and 48 hpf.

ARF3 protein localization and Trans-Golgi morphology analysis
in fixed COS-1 cells

COS-1 cells (20 x 10%) were seeded in 24-well cluster plates onto 12-mm
cover glasses and transfected with WT or mutant mCherry-tagged ARF3
expression constructs for 48 h. Cells were then fixed with 4% paraf-
ormaldehyde for 10 min at room temperature, followed by permeabi-
lization with 0.025% Triton X-100 for 5 min at room temperature. Cells
were stained with mouse monoclonal anti-Golgin-97 antibody (1:50,
Invitrogen, A21270) for 1h at room temperature, rinsed twice with PBS
and incubated with Alexa Fluor 488 goat anti-mouse secondary anti-
body (1:200, Invitrogen, A11017) for 1h at room temperature. After
staining, coverslips were mounted on slides by using Vectashield Anti-
fade mounting medium containing 1.5 ug/ml DAPI (Vector Laboratories,
H-1200-10). Images were acquired using a Leica TCS SP8X laser-
scanning confocal microscope (Leica Microsystems) using LAS X soft-
ware v.3.5 equipped with a pulsed and tunable white light laser source,
405 nm diode laser and 2 Internal Spectral Detector Channels (HyD)
GaAsP, and an acousto-optical beam splitter (AOBS) allowing separation
of multiple fluorescence spectra. Sequential confocal images were
acquired using excitation laser lines at 405 nm (for DAPI, emission range
410-480nm), 488nm (for Alexa Fluor 488, emission range
500-550 nm) and 594 nm (for mCherry, emission range 600-650 nm),
with a HC PL APO CS2 x63 (numerical aperture, NA, 1.40) oil immersion
objective (Leica Microsystems), a 1024 x 1024 format image, 0.38 pm
pixel size and 400 Hz scan speed. Z-reconstructions were obtained
from a z-step size of 0.5 um, with an electronic zoom of 1.8x. Maximum
intensity projection (MIP) of z-series was obtained by LAS X software
v.3.5. Deconvolution analysis (HyVolution v.2 software, Leica Micro-
systems) using ‘best resolution” algorithm of Golgin-97" cisternae and
vesicles was applied to z-stacks with an electronic zoom of 4x, to

improve contrast and resolution of confocal raw images; then surface
3D rendering was generated from the deconvoluted images using LASX
3D Analysis tool (LAS X software v.3.5). Evaluation of different Golgi
morphologies was performed by creating different masks with Fiji"”' to
determine the Golgi area (Golgin-97°) and identify the cell boundaries
(Arf3-mCherry’) in transfected cells. Total cell area, Golgi area and mean
intensity (MI) for Golgin-97 were calculated for each cell. Whole-cell
area was determined using mCherry fluorescence as a mask. Golgi mean
intensity (Ml of Golgin-97" area, arbitrary units) vs. Golgi area [(Golgin-
97" area/total cell area)*100] were plotted for ARF3"", ARF3¥" and
ARF3™™ and the parameters giving the best separation between the
chosen populations were manually selected, as reported in Fig. 3.

Time-lapse imaging of Golgi dynamics in COS-1 cells

For live imaging, COS-1 cells (10 x 10%) were seeded into p-dishes 35 mm
(Ibidi) 24 h before transfection, The day after, cells were co-transfected
with WT or mutant mCherry-tagged ARF3 and EGFP-GalT constructs.
Four hours post-transfection, time-lapse acquisitions were performed
with a Leica TCS-SP8X confocal microscope (Leica Microsystems) with a
PIApo CS2 x20/0.75 objective, using excitation lines at 488 nm (for
EGFP, emission range 500-550 nm) and 594 nm (for mCherry, emission
range 600-650 nm). Parallel live imaging of control and mutant sam-
ples was performed simultaneously using the Mark & Find mode of the
LAS X software v.3.5. Cells were monitored every 15 min and imaging
was carried out with a 1024 x1024 format, 0.38 um pixel size, scan
speed of 600 Hz, a zoom magnification up to 1.5 and z-step size of
0.7 um, time-lapse microscopy was performed with a stage incubator
(OkoLab) allowing to maintain stable conditions of temperature at
37°C, with 5% of CO; and humidity during live cell imaging.

Trans-Golgi analysis in live zebrafish embryos

Trans-Golgi morphology was assessed from single confocal images of
the animal pole of late gastrulae injected with ARF3"" and ARF3 mutants
as well as EGFP-GalT and mKOFP-CAAX mRNA. Images were acquired
using a Leica TCS SP8X or Stellaris 5 confocal microscope (Leica
Microsystems) equipped with LAS X software v.4.5, a pulsed and tun-
able white light laser source, 405 nm diode laser, hybrid detectors, and
an acousto-optical beam splitter (AOBS) allowing separation of multiple
fluorescence spectra, HC FLUOTAR L VISIR x25/0.95 water-immersion
objective, a 1024 x 1024 format at 400 Hz and z-step of 0.75 um using
laser line and emission filters as above. Trans-Golgi morphology (EGFP-
GalT’) in each cell was scored independently by two researchers and
two different categories of the EGFP-GalT' signal were identified: cells
showing a “ribbon-like” displayed a recognizable EGFP-GalT' ribbon-like
or a circular or semi-circular compact structure, while if no circular nor
ribbon-like structure could be recognized and instead the pattern was
more dotted, either with a single large and small dots recognizable or
with spread dots distributed randomly inside the cytoplasm, cells were
classified as harboring a “non-ribbon/puncta-like” EGFP-GalT" staining,
as indicated in the main text and in Supplementary Fig. 10.

Transmission electron microscopy analysis of Golgi
morphology

COS-1 cells were seeded at 2 x 10° in six-well plates and transfected with
ARF3 WT, K127E and D93N for 48 h. Cells were then fixed with 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.2) 1h at RT,
washed in buffer and post-fixed in 1% OsO, in 0.1 M sodium cacodylate
buffer for 1h at RT. Post-fixed specimens were washed in buffer,
dehydrated through a graded series of ethanol solutions (30-100%
ethanol) and embedded in Agar Resin Kit (Agar Scientific, R1031).
Ultrathin sections, obtained by a UC6é ultramicrotome (Leica), were
stained with uranyl acetate and Reynolds’ lead citrate and examined at
100 kV by a Philips EM 208S transmission electron microscope (FEI-
Thermo Fisher) equipped with acquisition system Megaview Il SIS
camera (Olympus-SIS Milan, Italy) and iTEM3 software.
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Assessment of COP-I vesicles assembly, Tfn accumulation, and
recycling in COS-1 cells expressing WT and mutant ARF3

COS-1 cells (20 x 10°) were seeded in 24-well cluster plates onto 12-mm
cover glasses and transfected with WT or mutant mCherry-tagged
ARF3 expression constructs. After 48 h of transfection, COS-1 cells
were washed and serum starved for 45 minutes at 37 °C and was then
incubated with 50 pg/ml Alexa Fluor 488 or Alexa Fluor 647 con-
jugated transferrin (Invitrogen, T13342 and T23366, respectively) in
serum-free medium for the indicated time (5 or 30 min). At the end of
the 37 °C incubation period used to follow intracellular trafficking, the
cells were cooled to 4 °C, washed twice with ice-cold PBS to remove
unbound transferrin, and then incubated twice for 2 min at 4 °C with
ice-cold stripping buffer (150 mM NaCl, 20 mM HEPES, 5 mM KCI, 1 mM
CaCl,, 1 mM MgCl,, pH 5.5) to remove the excess of transferrin bound
to the cell surface. To follow the formation of COP-I vesicles and the
levels of Tfn present in early endosomes (EE), and lysosomes after
30 min of incubation, cells were fixed with 4% paraformaldehyde for
10 min at room temperature, followed by permeabilization with
0.025% Triton X-100 for 5min at room temperature and were then
stained with antibodies recognizing COP-I, EE and lysosomal markers
overnight for 1 h at 4 °C. These antibodies were used: rabbit polyclonal
anti-B COP (1:2000, Abcam, ab2899), rabbit monoclonal anti-Rab5
(1:200, Cell Signaling, 3547S) and mouse monoclonal anti-LAMP-2
(1:200, Santa Cruz, sc-18822), respectively. Cells were then rinsed twice
with PBS and incubated with Alexa Fluor 633 goat anti-mouse sec-
ondary antibody (1:200, Invitrogen, A21050) or Alexa Fluor 488 goat
anti-rabbit secondary antibody (1:200, Invitrogen, A11070) for 1h at
room temperature. To assess the levels of Tfn present in recycling
endosomes (RE) after 30 min of incubation, cells were co-transfected
with the plasmid encoding the GFP-tagged RE marker Rabll. All the
slides were mounted using Vectashield Antifade mounting medium
containing 1.5 ug/ml DAPI (Vector Laboratories, H-1200-10). Confocal
z-stacks of the cells incubated 5 min with Tfn and of those stained for
BCOP or the cells expressing GFP- Rabl1 and incubated 30 min with Tfn
were obtained using TCS-SP8X confocal microscope (Leica Micro-
systems) with an HC PL APO CS2 x63 (NA 1.40) oil immersion, using
excitation lines at 488 nm (for GFP, emission range 500-550 nm),
594 nm (for mCherry, emission range 600-650 nm), 640 (for Alexa
Fluor 647, emission range 650-700 nm) and 630 nm (for Alexa Fluor
633, emission range 640-690 nm), a 1024 x 1024 format at 400 Hz,
0.14 um pixel size, a zoom magnification of x2.5 and z-step size of 0.7
pm. Confocal z-stacks of the cells stained for Rab5 and Lamp2 at
30 min upon Tfn treatment were obtained using Stellaris 5 (Leica
Microsystems), A HC PL APO CS2 x63/1.40 oil objective was used.
Confocal acquisitions were performed using 405, 488, 594, 633 nm
laser excitation lines for the different fluorophores used and emission
spectra as above, Sequential acquisitions were performed and with a
1024 x 1024 format at 400 (Rab 5) or 200 Hz (Lamp 2), and a z-step of
0.7 um. For all the experiments, laser intensity and detector para-
meters and offsets were unchanged per each condition of a single
experiment. Phenotype categories for cells expressing WT and mutant
ARF3 were independently inspected by two researchers and classified
as reported in the main text. Briefly, for COP-1 vesicles assembly, the
number of cells (%) showing “assembled”, “disassembled” or “exten-
ded” COP-1compartment at the PN was estimated by the occurrence of
clustered, absent /highly scattered or increased p-COP" area, respec-
tively. The 3-COP* area was measured using a manual ROI selection,
ROI manager, and measurement tool in Fiji. For each cell, the 3-COP*
area was normalized by the total area of the nucleus and cells with an
extended COP-1 compartment were estimated by a ratio B-COP* area/
nucleus area. The distribution patterns of the Tfn inside the cytoplasm
were scored in replicate for the different incubation times. The Tfn
signal distribution inside the cell and its relative clustering at the
perinuclear compartment (PN) were inspected and the number of cells
(%) showing different classes of Tfn phenotype was calculated. Three

different categories of Tfn distributions were identified (accumulation
at the PN ="“clustered”, presence of a Tfn" clusters and sparse dotted
signal throughout the cell = “semidispersed”, no Tfn' clusters visi-
ble =“dispersed”). Co-occurrence of Tfn with Rab5, Rabll or Lamp2 at
the PN was quantified using the colocalization algorithm of IMARIS
softare v.9.5 (Bitplane) and the built-in thresholding method, which
was equally applied to all conditions within each experiment. Manders
overlap coefficients were calculated for the fraction of Tfn overlapping
the respective fluorophores in a manually selected ROI corresponding
to the visible Tfn+ PN cluster and viceversa'.

Zebrafish body axis, notochord, and head phenotyping
Embryos were screened for gross phenotype penetrance and classified
as class | (“normal”), class 1l (“developmental delay”), class Il (“mild”
microcephaly, with/without microphthalmia and/or mild shortening
and lateral bending of body axis) and class IV (“severe” microcephaly/
anencephaly with/without microphthalmia and marked trunk defor-
mity, defective body elongation, and severe lateral bending) at 24 and
48 hpf, as reported in the main text. For detailed analysis, not injected
controls and injected fish at 12 and 15 hpf (for body axis), 30 hpf (for
notochord), and 48 hpf (for head size) were embedded in 2% low
melting agarose (Sigma-Aldrich) dissolved in E3 medium. Bright-field
images were acquired at Leica M205FA microscope (Leica Micro-
systems) equipped with LAS X software v.3.0, x0.63 magnification (for
body axis and head size) and Leica Thunder Imager microscope (Leica
Microsystems) with N PLAN 5X/0.12 PHO objective (for notochord)
equipped with LAS X software v.3.7. These parameters were assessed:
(i) head size measured by the area surface between the rostral most
part of the head and the optic vesicle; (ii) degree of the notochord
angles (plotted in a Rose diagram using Oriana software v.4'**) and
incidence of embryos showing mild and severe notochord curvatures
(calculated on the average degree of all the curvatures per embryo);
(iii) number of notochord curvatures and (iv) antero-posterior (AP)
embryo extension, measured as length from the most anterior region
of Krox20 domain (R3) to the posterior region of MyoD domain
(paraxial mesoderm) and (v) convergence-extension index, calculated
as the ratio of AP and medio-lateral axes (ML, calculated as the length
of the visible first somite); (vi) angle between the antero-
posterior ends.

Zebrafish live imaging of brain volume and 3D rendering from
Tg(NBT:dsRed) fish

Live Tg(NBT.dsRed) fish injected with WT and mutant ARF3-encoding
mRNAs at 48 hpf were embedded in 2% low melting agarose/E3 med-
ium and imaged using Leica Stellaris 5 confocal microscope
(Leica Microsystems) equipped with LAS X software v. 4.5 using a
sensitive hybrid detector and keeping minimal laser power (579 nm
wavelength). Live z-stacks were performed using HC FLUOTAR L VISIR
water immersion %25/0.95 objective, and with an excitation lines at
594 nm (emission range 600-650 nm), a 512 x 512 format at 400 and
600 Hz and a z-step size of 2.5 um. Volumetric brain reconstructions
and quantifications were obtained using 3D Volume (Blend model) and
Surfaces rendering reconstruction algorithm of IMARIS v.9.5 (Bit-
plane), employing the same parameters for the different individuals.

Whole-mount immunofluorescence in 48 hpf zebrafish embryos
Zebrafish embryos were fixed in 4% PFA/PBS (Thermo Fisher, 28908)
for 3h at room temperature (RT), dehydrated through methanol
washes from 25% (in PBS) to 100% and stored at —20 °C. Fixed samples
were rehydrated back to PBS through serial washes and incubated with
150 mM Tris-HCl pH 9.0 for 5 min at RT and 15 min at 70 °C for antigen
retrieval. The samples were then permeabilized with 0.8% PBST (Tri-
ton, Sigma-Aldrich, X-100) and 1pug/ml proteinase K (Sigma-Aldrich,
P2308) for 40 min at RT (for acetylated a-tubulin and HuC/Elav) or with
cold Acetone for 20 min (for PCNA and Phospho-Histone H3, pH3). The
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samples were post-fixed in 4% PFA/PBS for 20 min at RT and incubated
4 hin a solution containing 10% of normal goat serum (NGS) and 2% of
BSA in 0.8% PBST for 4 h at 4 °C. These primary antibodies were used:
mouse anti-acetylated tubulin (1:250, Sigma Aldrich, T7451), rabbit
anti-Elavi3+4 (1:100, GeneTex, GTX128365), rabbit anti-PCNA at
(1:250, GeneTex, GTX12449), mouse anti-pH3 (1:250, Abcam, ab14955)
overnight at 4 °C with gentle shaking. These secondary antibodies
were used: goat anti-mouse Alexa Fluor 488 (1:1000, Thermo Fisher,
A11001), goat anti-rabbit Alexa Fluor 633 (1:1000, Thermo Fisher,
A21070), goat anti-rabbit DyLight 594 (1:1000, GeneTex, GTX213110-
05). The Stellaris 5 confocal microscope (Leica Microsystems) equip-
ped with LAS X software v. 4.5 and an HC FLUOTAR L VISIR water
immersion 25x/0.95 objective were used for z-stack image acquisition,
Ventral z-stacks of embryos stained for acetylated a-tubulin, mounted
in 2% low melting agarose/PBS (Sigma-Aldrich, A9414), were acquired
with: 499 nm laser line (emission range 510-600nm), 1024 x 1024
format at 400 Hz, and 1.5 pum z-step size. Z-stacks of embryos stained
for PCNA and pH3, mounted in 90% glycerol/PBS, were acquired
sequentially with 591nm and 631 nm laser lines and emission range
596-636 and 644-700 nm, respectively. Volumetric brain acquisitions
were obtained by scanning with a1024 x 1024 format at 200 Hz and 0.5
or 0.7 um z-step size and with a digital zoom of 2.5 (ventral brain) or by
scanning with a 512 x 512 format at 400 Hz and 2 pm z-step size (dorsal
brain). Embryos stained for HuC/Elav were imaged using the confocal
microscopes Leica TCS-SP8 or Olympus FV1000 equipped with FV10-
ASW version 4.1, 20%/0.75 objective, using laser line 543 (for HuC/Elav,
emission range 560-620 nm) and 635nm (for acetylated tubulin,
emission range 655-755nm) scanning with a 1024 x1024 format, a
speed of 400 Hz and z-step size of 2 pm.

Analysis of the forebrain anterior commissure

For morphological analyzes of the forebrain anterior commissure
and its lateral bundles, the medial and lateral width was calculated
using the “line selection” tool in Fiji"' as indicated in Supplemen-
tary Fig. 17.

Analysis of the number of mitotic cells and the pH3 distribution
in precursor cells of the developing anterior brain

The number of pH3" precursors cells (mitotic) was quantified in both
ventral and dorsal anterior brain z-stacks of the stained 48 hpf
embryos. The number of cells was quantified manually or using the
“spot analysis” algorithm of IMARIS software 9.5 (Bitplane) throughout
the 3D volume of the confocal acquisitions, applying the same para-
meters to all the scans. The automatic analysis was manually inspected
and corrected. Superficial staining corresponding to large epidermal
cells was excluded from the analysis. A 3D rendering in the whole
dorsal anterior brain was also performed using the same software and
showing the pH3+ cells. For the ventral scans, the pH3 signal positivity
and distribution pattern was assessed in precursor cells found within
the defined ROI corresponding to the proliferative zone of a ventral
portion of the forebrain, clearly discernible in the confocal acquisi-
tions. The total number of pH3+ cells (mitotic) were counted along the
full z-stack of the ROI. Following Tang et al., cells at different mitotic
phases corresponding to early (prophase +prometaphase), meta-
phase, and late (anaphase +telophase) were scored based on the
pH3 signal distribution, indicative of the cell’s chromatin topological
status. For the dorsal scans, to assess possible alterations of the normal
spatial distribution of pH3" cells within the optic tectum, the number
of mitotic cells in different regions (left and right neuropil vs. medial
proliferative zone and cerebellum), was manually quantified.

Staining and analysis of apoptotic cells in the anterior brain

To assess apoptotic cells in the anterior brain of developing fish
expressing WT and mutant ARF3, live staining with acridine orange
(AO) was performed. Briefly, microinjected larvae at 48 hpf were

incubated with 100 ug acridine orange (Sigma-Aldrich, A6014) in E3
medium for 1h in the dark at 28 °C then washed extensively with E3
and mounted for microscopy in multi-well dishes using 1.5% low
melting agarose/E3 (Sigma-Aldrich, A9414). Live z-stacks of the ante-
rior forebrain in x, y, z were acquired at the Thunder Imager micro-
scope (Leica Microsystems), using HC PL Fluotar x10/0.32 DRY
objective, 2048 x 2048 format, 475-nm excitation line and with a z-step
of 5um. AO" spots were counted using the “multi-points” tool of Fiji*™!
after adjusting brightness and contrast equally across all the condi-
tions of a single experiment.

Live imaging and analysis of mitotic spindles in precursor cells
of the anterior brain

To examine spindle morphology of dividing progenitor cells in zeb-
rafish forebrain, transgenic Tg(XlFeflal:dclk2DeltaK-GFP) fish mark-
ing microtubules were injected with mRNA encoding my-tagged
ARF3"T, ARF3¥#"F and ARF3"* together with the mRNA encoding
H2AmCherry marking the chromatin. Fish at 1 dpf (-30 hpf) were
embedded in 1.5% low melting agarose in E3 medium and live con-
focal x, y, z, t acquisitions of the forebrain region were obtained at the
Stellaris 5 confocal microscope (Leica Microsystems), with an HC
Fluotar VISIR L x25/0.95 water immersion objective, 488 nm laser line
(for GFP, emission range 504-600 nm), and 594 nm (for mCherry,
emission range 625-700 nm) in sequential model and with a format
of 512 x 512 at 400 Hz and with a z-step of 1.5 um. A time interval (TI)
of 4 minutes was set between consecutive scans for -1 h (ARF3"" and
ARF3°%", acquired with a digital zoom of 1.7) and >5h (ARF3"" and
ARF3*2E acquired with a digital zoom of 1). The mitotic spindle’s
length and width were analyzed using the selection and measure-
ment tools in Fiji**",

Whole-mount in situ hybridization of Krox20 and MyoD mRNA
The fragments of Krox-20 and MyoD cDNA used for riboprobe synthesis
were amplified from a zebrafish cDNA preparation by PCR using One
Taq DNA polymerase (NEB New England Biolabs, BM0509S) and the
primers listed in Supplementary Table 11. The PCR fragments were
cloned into pGEM-T Easy vector (Promega, A1380) and sequences were
confirmed by DNA sequencing. The digoxigenin-labeled antisense
riboprobes were synthesized by in vitro transcription with DIG RNA
labeling kit SP6/T7 (Roche, 11277073910). In situ hybridization analysis
in whole-mount zebrafish embryos at 15 hpf was performed as descri-
bed in Thisse et al.””, Briefly, samples were permeabilized with protei-
nase K treatment (1pg/ml, Sigma-Aldrich, P2308-25MG) for 2 min, pre-
incubated in 2% blocking reagent (Roche, 11096176001) and incubated
with the transcribed riboprobes (2 ng/ul) in hybridization mix: 50%
formamide (Sigma-Aldrich, F9037-100ML), 1.3x SSC 20X (175.3 g NaCl,
88.2g Na Citrate 300 mM, PH 7), 100 g/ml heparin, (Sigma-Aldrich,
H3149-25KU), 50 pg/ml yeast RNA (Sigma-Aldrich, 10109223001), 0.2%
Tween-20.0 (Sigma-Aldrich, P2287), 5% CHAPS (Merck, 850500P-1G),
5SmM EDTA pH 8 (Sigma-Aldrich, E7889-100ML) at 65 °C for at least 15 h.
Afterward, samples were rinsed with scalar dilutions of SSC solutions
(25%, 50%, 75%) and incubated with anti-alkaline phosphatase (AP)-
conjugated antibody (1:5000, Roche, 11093274-910) for 2h at room
temperature. Chromogenic staining was developed via BM Purple
substrate (Sigma-Aldrich, 11442074001) according to the manu-
facturer’s instructions. Specimens were mounted in 90% glycerol and
dorsal images were acquired at the Olympus TH4-200 microscope
(Olympus) equipped with Olympus cellSens Standard software v.1.14,
with C Plan 10X/0.25 RC1 objective or Thunder Imager (Leica Micro-
systems) with N PLAN x5/0.12 PHO objective.

Embryo extension analysis at 13 hpf and confocal live imaging of
zebrafish embryos during late gastrulation

Overall extension of embryos expressing myc-tagged ARF3 WT and
mutants at 13 hpf was estimated by calculating the angle amplitude
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between A-P ends (head and tail bud, respectively) from bright-field
images acquired at Leica M205FA microscope (Leica Microsystems),
using the “angle measurement” tool of Fiji*". For in vivo gastrulae
imaging, embryos at the mid-gastrula stage were embedded in 2% low
melting agarose (Sigma-Aldrich, A9414) in E3 medium. 4D (x, y, z ©)
fluorescent data were acquired using Leica TCS-SP8 confocal micro-
scope (Leica Microsystems) with hybrid detectors and keeping mini-
mal laser power. Time-lapses were acquired with a PIApo CS2 x20/0.75
objective using a 488nm laser line (for GFP, emission range
495-550 nm) and 594 nm (for mCherry, emission range 605-680 nm).
Z-stacks were obtained with a Tl of 30 min, a 1024 x 1024 format at
400 Hz and a z-step size of 3 pm. Fluorochromes unmixing was per-
formed by the acquisition of an automated-sequential collection of
multi-channel images, to reduce spectral crosstalk between channels,
and the same setting parameters were used for all examined samples.
Embryo live imaging was performed simultaneously using the Mark &
Find the mode of the LAS X software.

Statistics and reproducibility

Data were analyzed independently by at least two researchers and
statistical assessments were performed using GraphPad software v.9
(Prism). Log-rank (Mantel-Cox) test was used to assess survival in
zebrafish mutants and morphants. For phenotypes penetrance
assessment Chi-squared test in a 2 x2 contingency table was used,
performed as pairwise statistical comparisons across experimental
conditions as indicated in the text and figures. Normality tests
(Anderson-Darling, D’'Agostino and Pearson, Shapiro-Wilk and
Kolmogorov-Smirnov tests) were run to assess normal distribution of
the data. Parametric data with more experimental groups were ana-
lyzed with ANOVA test, non-parametric data with Kruskal-Wallis test
and specific post hoc tests were always used as indicated in the figure
legends and Statistical Table 12. All the analyses were two-tailed.

Image processing

Raw images were analyzed with Fiji"!, LAS X Life Science imaging
software (Leica Microsystems, v.3, 3.5, 3.7, 4.5), FV10-ASW software
v.4.1, Olympus cellSens Standard imaging software v.1.14 (Olympus
Life Science) and IMARIS v.9.5 (Bitplane) and processed using Photo-
shop or lllustrator (Adobe Systems Incorporated) for figure assembly.
Image acquisition parameters (laser lines and power, detector settings,
objective used) were maintained equally within each experiment.
Brightness and contrast were adjusted equally across whole images
and between images belonging to the same experiment. Exceptions
are explained here. In Fig. 10, due to possible background differences
within each imaged well, each brightfield image showing the noto-
chord was individually adjusted for brightness and contrast to allow
the best notochord visualization. Given the high signal intensity that
would shadow the Golgi staining, in Supplementary Fig. 10 the
brightness of the mKOFP signal (blue) used only for membrane ren-
dering was reduced in post-processing for ARF3¥%F as compared to
ARF3"". All the schematic illustrations were generated by researchers
using Illustrator 2021-2022 (Adobe) except for the human brain
illustration item in Fig. 8 which was created with BioRender.com and
modified in lllustrator 2021-2022 (Adobe).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The clinical data were collected after signed consent forms. The entire
dataset is included within the manuscript. Given the progressive nature
of the disease, additional information eventually collected after this
publication will be made available upon request to the corresponding
authors (antonella.lauri@opbg.net, marco.tartaglia@opbg.net) and

referring clinicians. The sequencing data are available under restricted
access for privacy/ethical reasons, access can be obtained by contacting
the corresponding authors. The ARF3 variants identified in this study
have been deposited in the Clinvar database under the following
accession codes: SCV002549683 (c.34C>G, p.Leul2Val) [(ARF3):c.34C%
3EG%20(p.Leul2Vval)],  SCV002549684  (c.95C>A,  p.Thr32Asn)
[(ARF3):c.95C%3EA%20(p.Thr32Asn)],  SCV002549685  (c.139C>T,
p.Pro47Ser) [(ARF3):c.139C%3ET%20(p.Pro47Ser)], SCV002549686
(c.200A>T, p.Asp67Val) [(ARF3):c.200A%3ET%20(p.Asp67Val)],
SCV002549687  (c.277G>A, p.Asp93Asn)  [(ARF3):c.277G%3EA%
20(p.Asp93Asn)], and SCV002549688 (c.379A>G, p.Lys127Glu)
[(ARF3):c.379A%3EG%20(p.Lys127Glu)]. The UCSC GRCh37/hgl9
human genome assembly used as a reference for reads alignment is
available at https://www.ensembl.org/info/website/tutorials/grch37.
html. The dbSNP150, gnomAD V.2.1L1, ClinVar, and COSMIC v.96 data-
bases used in this paper are available at https://gnomad.broadinstitute.
org/, https://genome.ucsc.edu/cgi-bin/hgTrackUizdb=hg38&g=
snpl50Common and (https:;//www.ncbi.nlm.nih.gov/clinvar/), https://
cancer.sanger.ac.uk/cosmic, respectively. The raw blots and raw data
for the different measures of this study are provided in the Supple-
mentary Information/Source data file. Due to the large size of each
dataset, all the raw imaging data, supporting the findings of the work are
available from the corresponding authors upon request. All the con-
structs generated in this study will be shared upon request to the cor-
responding authors. Source data are provided with this paper.
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Discussion

Nearly all cellular activities include members of the RAS superfamily and their
downstream effectors. The GTPases' general purpose is to govern the readout of their
effectors by mediating incoming signals and controlling them. To carry out this extremely
complex activity, the signaling components must be organized spatially and temporally.
Therefore, the emergence of many human disorders are commonly linked to the
dysregulation of these components (Hebron et al., 2022; Simanshu et al., 2017). Between
active GTP-bound and inactive GDP-bound states, RAS GTPases function as molecular
switches. A network of nuclear and cytoplasmic signaling pathways are activated when
RAS GTPases connect with a wide variety of effector proteins (Lowy and Willumsen,
1993).

RASopathies and cancer have both been linked to mutations in the genes encoding for
the RAS/MAPK pathway. About three decades ago, somatic, gain-of-function mutations
in the RAS genes were discovered to be the first distinct genetic changes linked to human
cancer. RAS proteins have been identified as crucial elements of signaling networks
regulating cellular proliferation, differentiation, or survival in studies conducted over the
past years. It is recognized that the oncogenic mutations of the H-RAS, N-RAS, or K-RAS
genes typically identified in human malignancies tip the balance of those signaling
pathways, resulting in the formation of tumors. More recently, oncogenic mutations in a
number of different RAS signaling pathway upstream or downstream elements (such as
membrane RTKs or cytosolic kinases) have been found in connection with a number of
malignancies. (Rauen, 2013; Fernandez-Medarde and Santos, 2011; Baines et al., 2011).

We have been successful in illuminating and characterizing various RAS-related signaling
pathway members, among them RAF1, HRAS, and RIT1, in a variety of disorders
primarily linked to germline gain of function mutation associated RASopathies, including
Noonan syndrome and Costello syndrome in association with the development of
hypertrophic cardiomyopathy and cutaneous disorders.

iPSC modeling of the RAF1-associated Noonan syndrome's altered myocardial
structure and function

One aspect of this dissertation was a disease modeling approach to study the molecular
mechanisms involved in development of hypertrophic cardiomyopathy with high incidence
rate among Noonan syndrome patients harboring a germline mutation in RAF at Serine
257 residue. Development of HCM is linked to severe morbidity and a risk of cardiac
mortality in Noonan syndrome (NS), the most common disease entity among the
RASopathies. Notably, whereas HCM only occurs in roughly 20% of NS generally, it
affects more than 90% of NS people with an RAF1 variation (Pandit et al., 2007;
Razzaque et al., 2007).

To examine the molecular processes causing cardiac dysfunction in RAF1-related
Noonan syndrome, patient-derived tissues were used to create CBs and BCTs using in
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vitro cellular reprogramming of iPSC clones, differentiation, and tissue engineering.
Beyond 2D systems and animal models, human 3D cardiac models provide in-depth
molecular and functional insight into cardiac dysfunctions. A better understanding of the
relationships between particular genetic mutations and pathologies is made possible by
the advantages of creating patient-specific disease models and the potential use of gene
editing techniques like CRISPR/Cas9. These techniques also offer a variety of options for
therapeutic testing on these patient-specific disease models.

By using super-resolution and EM imaging, we were able to describe the cytoskeletal and
sarcomeric ultra-structures of the CBs and BCTs as well as their calcium handling,
contractility, and intracellular signal transduction. Collectively these complementary
methods distinguished RAF 15257t CMs from the gene-corrected isogenic control and wild-
type CMs by their reduced MYH6 abundance over MYH7, elevated NPPB expression and
pro-BNP secretion, decreased SERCA2/PLN ratio, reduced force generation coupled
with a reduced rate of intracellular calcium transients, elevated levels of p-ERK1/2 and p-
p38, and attenuated p-YAP.

Most interestingly, RAF1527L CBs, BCTs, and cardiac biopsy samples from affected
patient showed an abnormal ultrastructural characteristic, including condensed I-bands
while treatment with the MEK inhibitor PD0325901 inhibited the N2BA-to-N2B shift (shift
in expression of titin isoforms from the longer variant to the shorter variant), restoring the
shortening of the |-bands observed in RAF1S257L CBs/BCTs. Different doses of MEK
inhibitors have been utilized therapeutically as a therapy option for individuals with
Noonan Syndrome, and these patients' heart health has significantly improved, cardiac
hypertrophy has been suppressed, and their pro-BNP levels have returned to normal
(Andelfinger et al., 2019; Mussa et al., 2021).

Based on the observations in coordination with earlier studies, CMs with heterozygous
RAF15257L showed a 50% decreased inhibitory phosphorylation of RAF1 at S259
(Razzaque et al., 2007; Jaffré et al., 2019). Accordingly, and in line with other research
(Dhandapany et al., 2011), greater p-ERK1/2 levels were found in RAF1525’L CMs
compared to control CMs, and after MEKi treatment, p-ERK1/2 levels were noticeably
decreased in CBs. In contrast to WT and MEKi-treated CBs, RAF152"L CBs showed
differential expression of a fetal-like gene program, proteins of the contractile machinery,
MYH7, and calcium transient regulators. According to earlier research, transcriptional
activation of the hypertrophic-responsive gene promoters by GATA4, AP1, MEF2, NFAT,
and NFB is likely what causes the observed alterations in the expression of these genes
(Dirkx et al., 2013; Ho et al., 2001), most likely via variable activation states of ERK, p38
and YAP in RAF1S257L CBs.

Additionally, we noticed that RAF15257L CBs expressed higher levels of YAP targets such
as MYH7 and NPPB. Pro-BNP levels that were significantly above the clinical markers
established for the possibility of a heart failure condition in patients (Strunk et al., 2006)
were secreted by the differentiated cardiomyocytes and detected in the supernatant of
RAF1S257L CBs, indicating the presence of highly increased quantities of the NPPB gene
product. This supports the signaling effect of hyperactive RAF15257L signaling on the fetal
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gene expression programs, which leads the cells towards a heart failure condition. We
significantly suppressed the MEK-MAPK axis in cardiac cells without directly targeting
RAF1, therefore we anticipated that only the MAPK-dependent phenotype is recovered
after MEKIi therapy. But as a result of MEKi treatment like MST2/YAP, parallel pathways
downstream of RAF1 were also detected to be reversed.

We detected downregulation of two key regulators of intracellular calcium transients,
SERCA2a and LTCC, as well as alterations in the SERCA2/PLN ratio in RAF1525’- CMs.
The SERCA2/PLN ratio was restored in RAF 15257t CMs after MEKIi therapy, while NPPB
was markedly downregulated to levels comparable to WT CMs. This implies that ERK1/2
may directly or indirectly regulate the transcription of NPPB and the SERCA2A/PLN ratio.
As a result of SERCA being inhibited by PLN, a decreased SERCAZ2/PLN ratio in
RAF1S257L CMs can alter the kinetics of calcium transients, which in turn reduces the
ability of the heart to contract. As a result, it is possible to consider a reduced
SERCAZ2a/PLN ratio as the stressor that drives towards the HCM phenotype (Huang et
al., 2014; Periasamy et al., 2008).

Sarcomere structure was disrupted as seen in RAF152%7L CMs. The atypical I-bands in
both the RAF18257L CMs and the cardiac biopsy samples from the patient with harboring
the heterozygous RAF152%7L were a stunning and novel discovery. This phenotype was
noted in a number of various experiments and techniques, and MEK inhibition entirely
restored it.

In RAF1S257L BCTs, two neighboring PEVK areas on the Z-line overlapped, but in WT, the
Z-line was clearly encircled by two distinct and well-separated PEVK regions. This was
shown by immunohistochemistry of the chosen region of the I-band, the PEVK domains
of titin, and the Z-line. These abnormalities were corrected in BCTs after treatment with
0.1 M MEKIi. When sarcomeres are stretched, the I-band of titin serves as a molecular
spring that builds tension, simulating a regulatory node that integrates and perhaps
coordinates several signaling events (Krlger and Linke, 2011). It has been demonstrated
that the four-and-a-half LIM domain 1 protein (FHL-1) interacts directly as a scaffold
protein with RAF1, MEK2, and ERK2 to boost cardiac MAPK signaling and bind to titin at
the elastic N2B area (Sheikh et al., 2008). In our studies, RAF15257t CMs had increased
FHL1 mRNA expression. Furthermore, we noticed that in RAF1525’L CMs, RAF1 was
mostly observed in close proximity and/or at the sarcomeres. It's interesting to note that
ERK2 has been shown to phosphorylate the N2B region of titin, which makes titin less
stiff (Perkin et al., 2015). Considering the observed higher expression levels of FHL1 in
RAF1S257L CBs, we suggest that RAF15257L promotes titin phosphorylation at its N2B
region by hyperactivating the MEK1/2-ERK1/2 pathway, which is scaffolded alongside the
sarcomeres, via FHL1. It is unknown how much these events may affect sarcomere
distensibility and contribute to the cardiac defects linked to RAF1S257L,
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Figure 4. At the sarcomere of the muscle cells, FHL1 scaffolds RAF/MEK/ERK on the N2B
domain of the massive protein titin. FHL1 limits the range at which sarcomere length may
extend by acting as a stretch sensor at the | band sensing stretch or agonists induced GPCR (Gq)
signaling. MAPK subunits RAF1, MEK, and ERK are all capable of direct interaction with FHL1.
This highlights a MAPK scaffolding function for FHL1 at the titin N2B area of the sarcomere. The
FHL1/RAF1/MEK/ERK complex all localized to the sarcomeric | band. An increase in ERK
signaling brought on by a gain-of-function mutation in the gene for FHL1 contributes to the
development of cardiac hypertrophy. In both mice and humans, FHL1 becomes significantly
elevated in hypertrophic conditions, whereas FHL1 knockout hearts show a reduced response to
development of cardiac hypertrophy.

It is unknown how the RAF1-MAPK signaling pathway affects the myocardium's ability to
contract. One reason for the abnormal contractile activity of RAF 1525 CMs could possibly
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be the MYHG-to-MYH7 transition which has been perturbed as a result of the aberrantly
active MAPK signaling. The cardiac-specific transcription factor GATA4 is known to be
phosphorylated by ERK1/2 at S105, increasing its transcription regulating capacity. A
number of structural and cardiac hypertrophy response genes, including NPPB, MYH7,
TNNI3 (troponin 1), and ACTA1 (-skeletal Actin) are known to be transcriptionally
regulated by GATA4 (Dirkx et al., 2013; Charron et al., 1999; Liu et al., 2015). We believe
that the elevation of myosin heavy chain isoforms by RAF-MAPK is mediated by
transcription factors unique to the heart. The SERCA2/PLN ratio, titin's phosphorylation
by ERK1/2, the disorganized sarcomeric structures, and changes in the length and shape
of titin's flexible I-band region may all have an impact on the myocardium's ability to
generate force and maintain its elastic properties in addition to the MYH6-to-MYH7
switch.

HRAS p.Gly12Ser affects RIN1-mediated integrin trafficking in epidermal
keratinocytes

The epidermal manifestation in individuals with Costello syndrome raises concerns about
the functional impact of HRAS mutations linked to Costello syndrome in keratinocytes,
which make up the majority of skin cells. The experiments demonstrated that the HRAS
effector RIN1, which had previously received less attention compared to RAF kinases, is
robustly expressed in both permanent and primary keratinocytes and is significantly
enriched in HRASGIly12Ser precipitates. RIN1 specifically and affinitively binds to active
HRAS (Han and Colicelli, 1995). Similar to this, we discovered that RIN1 has a strong
affinity for HRASGIly12Ser. It has been shown that RIN1 as a high affinity binder
effectively competes with RAF1 for binding to activated RAS (Wang et al., 2002).

However, modest levels of RAF1 expression in HaCaT keratinocytes show that RAF1 is
only a minor RIN1 rival in these cells. Accordingly, expression of active HRASGly12Ser
in HaCaT cells had a negligible impact on RAF-MAPK signaling. In contrast, previous
studies had shown that RAS-RAF kinase signaling is dramatically affected by CS-
associated HRAS mutations in neuronal cells or fibroblasts (Niihori et al., 2011; Krencik
et al., 2015b).

Additionally, the activation of RAB5 GTPases is modulated by the binding of active HRAS
to RIN1. We revealed that RIN1 and HRAS regulate RAB5 signaling in HaCaT cells, which
is consistent with the literature (Tall et al., 2001). Since RIN1 is known to enhance ligand-
induced receptor internalization in fibroblasts, epithelial cells, and cancer cells in addition
to having a significant influence on endosome shape and endosome fusion, a role for
RIN1 in the control of endocytic trafficking is well established (Tall et al., 2001; Balaji and
Colicelli, 2013; Barbieri et al., 2003; Hunker et al., 2006). We demonstrated that HRAS-
RIN1 signaling regulates integrin trafficking and, consequently, the availability of integrins
on the cell surface of epidermal HaCaT keratinocytes. Activation of HRAS-RIN1 signaling
also increases the intracellular 1 integrin fraction at the expense of surface 1 integrin.
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We emphasize the HRAS-RIN1 signaling axis, which controls integrin receptor
expression and/or distribution. The capacity of keratinocytes to adhere to the ECM is
mediated by integrins, and the HRASGIly12Ser variation further disturbs these
mechanisms by altering the cellular distribution of integrin. Costello syndrome patients
have impacted cell adhesion defects. These findings are consistent with how individuals
with Costello syndrome present with epidermal and cell adhesion defects clinically. In
conclusion, abnormal endosomal sorting of cell surface receptors may explain certain
epidermal symptoms in different RASopathies and connected diseases.

Characterization of RIT1 indels in Arteriovenous Malformations Enables Targeted
Therapy

Numerous investigations employing various cell lines have shown that RIT1 is expressed
in numerous tissues at various phases of development and also confers functional roles
in neuronal morphogenesis, neural differentiation, and cellular stress tolerance (Shi et al.,
2006; Lein et al., 2007; Cai et al., 2011; Spencer et al., 2002). Along with the initial reports
of several somatic cancer mutations (Gomez-Segui et al., 2013; Berger et al., 2014), the
discovery of germline mutations in Noonan syndrome individuals (Aoki et al., 2013; Kouz
et al., 2016; Yaoita et al., 2016) brought attention to the significance of RIT1 mechanistic
studies and targeted therapies.

In patients with peripheral AVMs, three previously unreported somatic activating RIT1
indel mutations were described. All three variants are found near the RIT1 Switch 2
domain, which also contains RIT1 germline mutations frequently linked to Noonan
syndrome. It's interesting to note that vascular malformations have been linked to indel
variations of RAS GTPases in KRAS and HRAS, while in both cases located around the
Switch 2 region as well (Eijkelenboom et al., 2019). Biochemically, ERK hyperactivation
was far more prominent in the indel mutations in comparison to the Noonan-associated
RIT1 mutations.

We reasoned that since SHP2 works upstream of RAS proteins while MEK and ERK work
downstream in the RAS-MAPK pathway, RIT1-induced ERK hyperactivation may
respond differently to SHP2 and MEK inhibition. MEK inhibition with PD0325901
demonstrated to be a very promising approach towards rescuing the hyperactivated ERK
profile and indicated a massive reduction in the readout of the MAPK pathway for all three
indel variants. Given RIT1's readout towards ERK activation and its position as a member
of the RAS family of GTPases, it was hypothesized that treatment with a SHP2 inhibitor
(SHP099) may also exert an impact on the phosphorylation state of ERK in cells
transfected with the novel indel variants. However, there was no significant impact from
the SHP2 inhibitor observed on any of the three indel variants, suggesting that RIT1's
upstream regulation may follow a different axis from that of classical RAS GTPases (H-
K-N-RAS).
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