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Abstract

The RAS signaling pathway regulates cell growth, survival and differentiation, and its
inappropriate activation is associated with disease in humans. The RASopathies, a set of
developmental syndromes, arise when the pathway is overactive during development. Patients
share a core set of symptoms, including congenital heart disease, craniofacial anomalies, and
neurocognitive delay. Due to the conserved nature of the pathway, animal models are highly
informative for understanding disease etiology, and zebrafish and Xenopus are emerging as
advantageous model systems. Here we discuss these aquatic models of RASopathies, which
recapitulate many of the core symptoms observed in patients. Craniofacial structures become
dysmorphic upon expression of disease-associated mutations, resulting in wider heads. Heart
defects manifest as delays in cardiac development and changes in heart size, and behavioral
deficits are beginning to be explored. Furthermore, early convergence and extension defects cause
elongation of developing embryos: this phenotype can be quantitatively assayed as a readout of
mutation strength, raising interesting questions regarding the relationship between pathway
activation and disease. Additionally, the observation that RAS signaling may be simultaneously
hyperactive and attenuated suggests that downregulation of signaling may also contribute to
etiology. We propose that models should be characterized using a standardized approach to allow
easier comparison between models, and a better understanding of the interplay between mutation
and disease presentation.
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Introduction

The development of an organism from a single cell into a well-formed individual requires
precise coordination. This coordination relies upon the integration of information from many
sources. Each cell may receive multiple signals from surrounding tissues, and these inputs
are transduced to control fundamental processes. Disruptions to either the signal or the
transduction pathway can drastically alter the output of the cell, causing irregularities such
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as premature differentiation or unrestrained growth. These disruptions to signaling pathways
frequently manifest as developmental disease. Determining how altered signaling dynamics
leads to disease is critical for developing new therapeutic strategies, and can be informative
for understanding normal developmental processes.

A range of model organisms are informative in such studies. Recently, technological
advances have made aquatic models increasingly attractive. The external development and
high fecundity of Danio rerio (zebrafish) and Xenopus laevis (African clawed frog), coupled
with their new genetic tractability, are leading to progressively more aquatic models of
human development disease. In this review, we focus on the insights gained from using
aquatic models to study RASopathy syndromes.

RAS signaling and RASopathies

A prime example of aberrant signaling leading to developmental disease comes from the
RAS signaling pathway. RAS signaling is activated by extracellular ligands, such as
Fibroblast growth factor (FGF), which bind to a receptor tyrosine kinases (RTK; Figure 1).
Ligand engagement results in autophosphorylation of the RTK. The activated RTK then
recruits Tyrosine-protein phosphatase non-receptor type 11 (SHP2) and Growth factor
receptor-bound protein 2 (GRB2) to the intracellular portion of the receptor. GRB2 in turn
recruits a guanine exchange factor (GEF), such as Son of sevenless (SOS), RasGEF Domain
Family Member 1A (RASGEF1A), or one of the Ras Protein Specific Guanine Nucleotide
Releasing Factor (RASGRF) proteins. This membrane localization of the GEF facilitates its
activation of the RAS GTPases (HRAS, NRAS or KRAS). RAS activation initiates a
phosphorylation cascade involving mitogen-activated protein kinase kinase kinases (BRAF
and RAF1), mitogen-activated protein kinase kinases (MEK1 and MEK?2) and mitogen-
activated protein kinases (ERK1 and ERK?2). Activated ERK phosphorylates substrates in
the cytoplasm and nucleus to regulate proliferation, differentiation and apoptosis (Simanshu
etal., 2017).

Additional layers of both positive and negative control are superimposed on this core
pathway through the use of modulating proteins. For example, the E3 ubiquitin protein
ligase CBL (CBL) targets the RTK for proteolytic degradation (Levkowitz et al., 1998).
Sprouty-related EVH1 domain-containing protein 1 (SPREDZ1) is thought to recruit
Neurofibromin 1 (NF1), itself a GTPase activating protein and negative regulator of RAS
signaling, to the membrane (Martin et al., 1990; Stowe et al., 2012; Xu et al., 1990). Several
other GTPase activating proteins, including the RAS p21 Protein Activator (RASA) proteins
and the RAS protein activator like (RASAL) proteins, also inactivate RAS signaling (Vigil et
al., 2010). RAS is also ubiquitinated by Leucine-zipper-like transcriptional regulator 1
(LZTRZY), which prevents its association with the membrane (Steklov et al., 2018).

Other components mediate protein interactions that facilitate or attenuate signaling. For
example, the scaffolding protein Kinase Suppressor of Ras (KSR) facilitates signaling by
bringing RAF, MEK and ERK together (Denouel-Galy et al., 1998; Yu et al., 1998). By
contrast, 14-3-3 proteins have a dual role, depending on the phosphorylation state of RAF.
When RAF bears an inhibitory phosphate, 14-3-3 protein binds to sites in both the N- and C-
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terminus of RAF and promotes the closed, inactive conformation. In the absence of this
inhibitory phosphate, 14-3-3 protein binds to the C-terminal sites in separate monomers,
favoring the dimeric, active form of RAF (Lavoie and Therrien, 2015; Tzivion et al., 1998).
This inhibitory group is removed by Protein Phosphatase 1 (PP1) in complex with the
MRAS GTPase and Leucine-rich repeat protein SHOC2 (Rodriguez-Viciana et al., 2006a).

Disrupting the function of either the core transduction molecules or the modulating proteins
can affect pathway output, resulting in either increased or decreased RAS signaling.
Decreases in levels of RAS signaling are not common in disease, presumably since it causes
embryonic lethality as a result of placental defects and aberrant mesoderm specification
(Deng et al., 1994; Yamaguchi et al., 1994). Conversely, hyperactive RAS signaling in
somatic cells is accepted as a major contributor to cancer; indeed, mutations in the RAS
proteins were the first to be associated with cancer and continue to be among the most
prevalent mutations. However, inheriting similar activating mutations from a parent causes
developmental disease. The resultant developmental syndromes are collectively termed the
RASopathies (Tidyman and Rauen, 2009). RASopathies can arise from any mutation that
has the net effect of activating RAS signaling. These include gain of function mutations in
any of components that facilitate or transduce signaling, as well as loss of function
mutations in negative regulators of the pathway (Grant et al., 2018). However, not all
signaling components have been associated with RASopathies in patients. Figure 1 outlines
the components of the pathway currently known to be associated with disease. While the
underlying genetic causes have been determined for many patients, ongoing efforts continue
to identify novel causative genes and mutations.

Although the incidence of individual syndromes varies, RASopathies collectively occur in 1
in 1000 births (Rauen, 2013). Each syndrome is caused by mutations in specific subsets of
RAS pathway components (Table 1). Patients present a core set of symptoms that include
congenital heart defects (CHD) and craniofacial anomalies (CFA). Cardiofaciocutaneous
(CFC) syndrome patients present with thickened skin and macrocephaly (Roberts et al.,
2006). Macrocephaly and skin defects in the form of papilloma are features of Costello
syndrome (CS) (Abe et al., 2012; Rauen, 2007). Noonan syndrome (NS) patients suffer
growth retardation and neurocognitive delay, while patients with one of two subsets of NS
exhibit these symptoms in addition to more unique pathologies. Noonan Syndrome with
Multiple Lentigines (NSML) patients have additional sensorineural deafness and lentigines
(Roberts et al., 2013; Sarkozy et al., 2008), while Noonan Syndrome with Loose Anagen
Hair (NSLAH) patients have coarse, easily pluckable hair (Mazzanti et al., 2003). Legius
syndrome (LS) patients present café-au-lait spots and axillary freckling, which are also
symptoms of Neurofibromatosis type 1 (NF1) (Brems et al., 2007; NIH, 1988). In addition,
NF1 patients suffer skeletal malformations and neurofibromas.

The highly conserved nature of the RAS signaling pathway facilitates the study of pathway
dynamics across model organisms. Animal models have proven informative for elucidating
mechanisms underlying symptoms (Jindal et al., 2015). Mice that have been engineered to
express RASopathy-associated mutations in genes encoding RAS pathway components
display phenotypes that are reminiscent of human symptoms: for example, expression of NS
alleles display reduced body length, craniofacial abnormalities and cardiac defects (Araki et
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al., 2004). These mouse models have recently been reviewed in detail (Hernandez-Porras
and Guerra, 2017). Such tools allow the comparison of phenotype and genotype, but are
limited by the relatively low-throughput techniques involved in generating modified mice.
Conversely, overexpression of proteins encoding RASopathy-associated mutations in
Drosophila allows precise, quantitative analysis of signaling pathway activity in a higher-
throughput manner. However, the resultant phenotypes are less informative for the human
condition: activation of RAS signaling during development causes ectopic wing veins, a
rough eye phenotype, and lethality (Oishi et al., 2009).

Aguatic organisms offer a compromise between ease of manipulation and relevance for
disease progression. Both zebrafish, Danio rerio, and Xenopus laevis have been utilized to
study RASopathy-associated mutations in vivo. Expression of variant proteins in zebrafish
and Xenopus is quick and easy compared to mouse, allowing multiple alleles to be screened
in a high-throughput way. At the same time, the phenotypes observed in these vertebrate
models are more reminiscent of the human condition than those of Drosophila. Additionally,
the external development of transparent embryos make zebrafish an ideal system for
studying how phenotypes emerge over time and testing novel therapeutic strategies, while
their fecundity allows statistical confidence in results.

Expressing RASopathy-associated mutations in zebrafish and Xenopus

Generating Xenopus and zebrafish models of RASopathies has, to date, relied on two main
approaches: overexpressing activating mutations in proteins that facilitate signaling, and
depleting proteins that act as negative regulators of signaling (Table 2). Overexpression of
activating proteins is achieved either by injection of synthesized RNA or the integration of
transgenes encoding RASopathy-associated alleles (Anastasaki et al., 2009; Anastasaki et
al., 2012; Bonetti et al., 2014a; Goyal et al., 2017; Jindal et al., 2017b; Jopling et al., 2007;
Kota et al., 2019; Langdon et al., 2012; Miura et al., 2013; Niihori et al., 2019; Popov et al.,
2019; Razzaque et al., 2012; Runtuwene et al., 2011; Santoriello et al., 2009; Stewart et al.,
2010b). Negative regulators are depleted by generating null alleles or using morpholino-
mediated knockdown of proteins (Lee et al., 2010; Padmanabhan et al., 2009; Shin et al.,
2012; Wolman et al., 2014).

These techniques lead to phenotypes that phenocopy the core symptoms of the human
disease: embryos are shorter than siblings, exhibit defects in cardiac development and
develop CFA. In several cases, quantitative assays are used to assess the severity of these
phenotypes (Fig. 2). Early convergence and extension defects are assayed by measuring the
angle between the most anterior and posterior extent of the embryonic tissue, or by
measuring the aspect ratio of the embryo. Craniofacial anomalies are quantified by
measuring the angle between the ceratohyal cartilage or the distance between the eyes. And
although behavioral tests for zebrafish are limited, learning and memory can be assayed by
testing habituation to acoustic or visual cues.

For the purposes of this review, groups of mutations will be referred to in the format
PROTEINDISEASE 'while individual mutations will be represented as PROTEINMUTATION,
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For example, SHP2NS refers collectively to all variant forms of SHP2 that cause Noonan
syndrome, while SHP2P61G refers specifically to the D61G variant of SHP2.

Early patterning events

In the zebrafish zygote, the nucleus and cytoplasm are situated at the animal pole, with large
amounts of yolk at the vegetal pole. Rounds of cell cleavages increase cell number, but the
blastomeres remain localized at the animal pole, where they form a mound of cells on top of
the yolk. These cells radially intercalate and spread vegetally during epiboly (Roszko et al.,
2009). Although many factors are involved in driving epiboly, RAS-mediated FGF signaling
at the blastoderm margin is required for its successful execution (Krens et al., 2008). The
ectodermal cells proceed vegetally to enclose the yolk, but the mesendoderm population
involutes during gastrulation. After involution, convergence and extension (C&E)
movements lengthen the anterior-posterior axis. Cells move toward the dorsal midline of the
developing embryo, resulting in the mediolateral narrowing of the tissue and its extension
along the AP axis. These movements are regulated by the ventral to dorsal gradient of bone
morphogenetic protein (BMP) signaling (Myers et al., 2002; von der Hardt et al., 2007). The
BMP gradient is itself regulated by FGF signaling in the dorsal embryo, since FGF signaling
represses BMP dorsally (Furthauer et al., 1997; Furthauer et al., 2004).

Considering its roles in gastrulation, it is unsurprising that activating RAS signaling by
introducing RASopathy-associated mutations perturbs the early events that pattern the
embryo. MEK1CFC- BRAFCFC. SHP2NS. NRASNS. SHPNSML 'gppNSLAH ang
RRASNS-expressing embryos are all elongated by 10-12 hours post fertilization (hpf)
(Anastasaki et al., 2009; Bonetti et al., 2014a; Jindal et al., 2017b; Jopling et al., 2007; Kota
et al., 2019; Niihori et al., 2019; Runtuwene et al., 2011; Stewart et al., 2010b). This altered
morphology is a consequence of impaired convergence and extension movements, which
results in reduced extension of the anterior-posterior axis (Jopling et al., 2007; Runtuwene et
al., 2011). Similar effects can be seen upon introducing activated SHP2 variants into
Xenopus, which cause elongation of the animal cap (O’Reilly et al., 2000). Although the
SHP2 mutations introduced in Xenopus are not specifically associated with RASopathies,
they exert similar effects in causing activation of signaling. These data point toward
conserved mechanisms in Xenopus.

Embryonic elongation induced in zebrafish by activating RAS signaling can be rescued
using drugs to inhibit either MEK or the FGF receptor (Anastasaki et al., 2009; Anastasaki
et al., 2012; Bonetti et al., 2014a; Jindal et al., 2017b; Kota et al., 2019; Runtuwene et al.,
2011). Indeed, treatment from 4.5 to 5.5 hpf was shown to be necessary and sufficient to
prevent embryo elongation, demonstrating the underlying cause of elongation to be activated
RAS signaling during epiboly (Anastasaki et al., 2009). The fact that inhibition of the FGF
receptor prevents embryo elongation indicates that there is still a requirement for
endogenous signal to initiate the RAS signaling cascade, presumably from FGF at the
blastoderm margin. This is further supported by the observation that MEKCFC variants that
cannot be activated by phosphorylation do not cause embryonic elongation in zebrafish
(Jindal et al., 2017a).
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The anterior-posterior axis is also shorter at later points in development. Expression of a
CFC-associated variant of YWHAZ, a 14-3-3 protein that regulates RAF activity, shortens
body length in Xenopus (Popov et al., 2019). Similarly, expression of KRASCS, BRAFCFC,
SHP2NS or SHP2NSML i zebrafish reduces larval body length by 4 days post fertilization
(dpf) (Fig. 2C) (Anastasaki et al., 2012; Jopling et al., 2007; Santoriello et al., 2009).
Continuous exposure to low doses of MEK inhibitor restored the zebrafish body axis to
normal proportions (Anastasaki et al., 2012). However, a minimal time window using higher
drug doses could not be established without observing drug-induced axis defects (Anastasaki
et al., 2009; Grzmil et al., 2007). This reduction in body length is similar to the short stature
characteristic of CS, CFC, NS and NSML patients. Together, these data suggest that
inhibiting the RAS pathway may be an attractive therapeutic approach to treating patients.

Cardiac abnormalities

Cardiac development is a highly dynamic process involving multiple precisely regulated
steps that effect successful morphogenesis of the heart. Disruption of any one of these events
can result in CHD, the most common structural birth defect in the U.S. (Mozaffarian et al.,
2016). The zebrafish heart is simpler than the human heart, consisting of a single atrium and
ventricle. The Xengpus heart is more complex, consisting of two atria and one ventricle.
While the human heart has four chambers, the morphogenetic processes and signaling cues
that direct cardiac development are well conserved across vertebrates (Grant et al., 2017;
Warkman and Krieg, 2007). In zebrafish, cardiac precursor cells originate in bilateral sheets
that migrate towards the embryonic midline (Stainier et al., 1993). These populations fuse
into a shallow cone, which undergoes clockwise rotation in response to asymmetric Nodal
signaling from the left lateral plate mesoderm (Baker et al., 2008; de Campos-Baptista et al.,
2008; Lenhart et al., 2013; Smith et al., 2008; Yelon et al., 1999). The concomitant
involution of the most right-posteriorly situated cells allows formation of a linear heart tube,
which bends to situate the atrium to the left and anterior of the ventricle (Fig. 2D) (Rohr et
al., 2008). In Xenopus, the process is very similar; bilateral cardiac populations fuse in the
ventral midline, forming a trough of myocardium that fuses into a linear heart tube. The
linear tube then forms into an anticlockwise spiral that positions the atrium dorsal to the
ventricle, subsequently forming chambers and asymmetrically dividing the atrium (Mohun
et al., 2000).

RAS-mediated FGF signaling regulates both precursor cell specification and accretion of
secondary cardiac cell populations to the heart (Cavanaugh et al., 2015; Marques et al.,
2008). The importance of this pathway in heart development is underscored by the
prevalence of cardiac defects in RASopathy models. Every syndrome modeled presents
some form of heart defect, manifesting as reduced heart rate, reduced blood oxygenation or
presence of pericardial edema (Fig. 2C) (Anastasaki et al., 2012; Bonetti et al., 2014a;
Jopling et al., 2007; Niihori et al., 2019; Padmanabhan et al., 2009; Santoriello et al., 2009).
This is to be expected, as any perturbation in the earlier events of cardiac morphogenesis
will impact cardiac function.

Cardiac hypertrophy is a common phenotype in RASopathy patients. In fact, cardiac cells
induced from RASopathy patient iPSC cell lines are larger in size than those derived from
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unaffected controls (Carvajal-Vergara et al., 2010; Cashman et al., 2016; Josowitz et al.,
2011). Consistent with the prevalence of this symptom in patients, the size of the heart is
altered in aquatic models of CS, CFC and NS. Expression of MEK1CFC increases heart size
(Jindal et al., 2017b). Conversely, HRASCS leads to a reduction in heart size with an
associated reduction in proliferation (Santoriello et al., 2009). However, this difference may
be accounted for by the observation that there is no detected increase in pathway output in
the HRASCS model (Santoriello et al., 2009). The effect of NS-associated mutations on heart
size is less clear; no change is reported for zebrafish, while a reduction in heart size is
observed in Xenopus when expressing the same mutation (SHP2P%1C) (Bonetti et al., 2014a;
Langdon et al., 2012). KRASNS zebrafish embryos actually developed a larger heart
(Razzaque et al., 2012). Together, these data suggest that the same developmental event may
be differentially impacted depending on the specific allele expressed, or the organism
studied. Additionally, the timing of the assay may be important; for example, heart size was
assayed at 6 weeks for HRASCS, but 19.5 hpf for MEK1CFC model. Examining the heart at a
standard time point, or several time points, would provide more directly comparable results.

Aberrant cardiomyocyte migration may also contribute to cardiac defects. Cardiac
morphogenesis is delayed in aquatic models of NS and CS. HRASCS expression in zebrafish
results in hearts remaining at the earlier cone stage when they should have formed linear
heart tubes (Santoriello et al., 2009). Similarly, expression of SHP2NS causes delayed
cardiac development in Xengpus, with cardiac troughs persisting (Langdon et al., 2012). In
zebrafish models of NS, cardiac progenitor cells migrate more slowly than in wildtype
siblings, suggesting a possible mechanism for this delayed development (Bonetti et al.,
2014a).

Beyond delayed development, expression of SHP2NS or SHP2NSML also causes
randomization of jogging laterality, such that the heart tube may be displaced to the right or
remain at the embryonic midline instead of being positioned correctly to the left (Bonetti et
al., 2014b; Jopling et al., 2007). This randomization is a consequence of disrupted left-right
patterning, resulting from abnormalities in the zebrafish left-right organizer, Kupffer’s
vesicle (KV). KV is lined with motile cilia, which generate an asymmetric fluid flow that
specifies the left side of the embryo (Grimes and Burdine, 2017). Promigratory cues from
the left lateral plate mesoderm subsequently instruct the heart tube to jog towards the left as
a result of clockwise rotation of the cardiac cone (Baker et al., 2008; de Campos-Baptista et
al., 2008; Lenhart et al., 2013; Rohr et al., 2008; Smith et al., 2008). SHP2NS and
SHP2NSML cause a reduction in cilia length and number, which translates into loss of
asymmetric patterning (Bonetti et al., 2014b). The randomization of heart laterality in this
case is therefore a readout of this earlier defect, rather than a bone fide cardiac defect.

Interestingly, cilia number is also reduced upon expression of MEK1CFC, although
embryonic lethality precluded characterization of the heart (Jindal et al., 2017b). This
suggests that disruption of KV patterning may be a relatively common feature of
inappropriate activation of RAS signaling, and is consistent with reports that FGF signaling
is required for KV formation, ciliogenesis and regulating cilia length (Albertson and Yelick,
2005; Hong and Dawid, 2009; Neugebauer et al., 2009).
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Neural crest derived structures

Neural crest cells (NCC) arise at the border between the neural and epidermal ectoderm.
Following neural tube closure, NCC delaminate and migrate throughout the embryo. NCC
contribute to a wide range of structures and cell populations, including skeletal elements, the
developing heart, pigment cells, neurons and glia (Cooper and Raible, 2009; Cordero et al.,
2011; Klymkowsky et al., 2010; Stewart et al., 2010a). Although the induction and migration
of NCC is controlled by multiple pathways, RAS-mediated FGF signaling has been
demonstrated to be involved in both (Abu-Issa et al., 2002; Cavanaugh et al., 2015; Frank et
al., 2002; Kubota and Ito, 2000; Mayor et al., 1997). The prevalence of CFA and pigmented
macules in patients is therefore unsurprising, and similar NCC-related phenotypes are
recapitulated in zebrafish and Xengpus, where the emergence of the phenotype can be
studied to elucidate the underlying mechanisms.

In zebrafish, RASopathy-associated CFA generally manifest as widening of the head. This
widening has been observed upon HRASCS, SHP2NSML  sHp2NS ' NRASNS and RRAS2NS
expression (Jopling et al., 2007; Niihori et al., 2019; Runtuwene et al., 2011; Santoriello et
al., 2009). In some cases, the ceratohyal cartilage is also more posteriorly positioned with
respect to the Meckel’s cartilage (Jopling et al., 2007). There are as yet no reports of CFAS
in CFC models, but the observed lethality rates may preclude such analysis in many cases
(Jindal et al., 2017b). Mutations that cause syndromes that lack CFAs in the clinical setting,
such as NF1, are not reported to cause craniofacial malformations in zebrafish
(Padmanabhan et al., 2009; Shin et al., 2012). Thus, mutations that are associated with those
syndromes that include a CFA in humans, also cause craniofacial malformations in
zebrafish.

The development of pigment patterns is also disrupted in RASopathies. The pathologies of
NF1, LS, NSML and NSLAH include pigmented macules. In zebrafish, expression of
SHP2NSML |eads to an increased number of pigment cells that is highly reminiscent of the
multiple lentigines observed in patients (Stewart et al., 2010b). This increase in number was
associated with increased expression of soxZ0and foxd3, transcription factors that maintain
the NCC in an undifferentiated state. In addition to the increased number, aberrant migration
patterns were observed. Cranial NCC migrated laterally rather than into ventral regions of
the head, while trunk NCC were delayed in migrating posteriorly over the yolk (Stewart et
al., 2010b). In contrast, no changes in foxd3or sox10 levels were detected upon knockdown
of NF1 (Padmanabhan et al., 2009). Pigmentation defects in NF1 null embryos were
observed at later time points, but comprised a decrease in melanocyte number rather than the
expected increase (Shin et al., 2012). This is surprising considering the café-au-lait spots
observed in NF1 patients. Melanocytes were initially specified correctly, but the regular
pattern of melanocytes along the lateral stripes was disrupted, suggesting defects in the
regeneration or migration of melanophores that develop from melanocyte stem cells
(Hultman and Johnson, 2010). Expression of YWHAZCFC caused clustering of pigment
cells in Xenopus, although the authors note this may be a consequence of changes in cell
shape (Popov et al., 2019).

The sympathetic neurons also develop from NCC precursors, and this population is
increased upon expression of SHP2NS mutations (Stewart et al., 2010a; Stewart et al.,
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2010b). Since the sympathetic nervous system innervates the myocardium to regulate heart
rate, and is responsible for the flight-or-fight response, this change in cell number may also
impact cardiac and neurocognitive development by altering the stimulus these tissues
receive. In addition, if the increased numbers of sympathetic neurons are due to unrestrained
proliferation, expression of these variants may increase the risk of developing tumors
derived from these cells, such as neuroblastomas.

Neurocognitive impairment

Neurocognitive delay is a feature common to several RASopathy syndromes, but remains
relatively understudied in aquatic models. Using behavioral testing, nfa/~:nf1t7/~ fish
were demonstrated to have learning and memory deficits (Shin et al., 2012; Wolman et al.,
2014). NF1 depletion was also associated with increased numbers of Schwann cells and
oligodendrocyte precursor cells (Lee et al., 2010; Padmanabhan et al., 2009; Shin et al.,
2012). Consistent with disrupted Schwann and oligodendrocyte development, the myelin
sheaths surrounding neurons in the nervous system were malformed in NF1-deficient
embryos, presumably with negative effects on the conduction of electrical impulses and
suggesting a possible mechanism for the emergence of the learning and memory deficits
(Shin et al., 2012). The memory deficits could be rescued by inhibiting RAS signaling
(Wolman et al., 2014), confirming a role for RAS signaling in memory formation.

Phenotype severity and mutation strength

Although many of the same tissues and morphogenetic events are disrupted by expression of
RASopathy associated mutations, the precise phenotypic presentation can be quite disparate.
When comparing models of different RASopathy syndromes, we expect to see different
phenotypes since each syndrome is diagnosed according to a set of criteria that define the
disease, and distinguish it from other RASopathies (Abe et al., 2012; Brems et al., 2007;
Grant et al., 2018; NIH, 1988; Rauen, 2007; Roberts et al., 2006; Roberts et al., 2013;
Sarkozy et al., 2008). It is therefore to be expected that models of CFC will not completely
phenocopy models of NS. For example, the presence of pigmentation defects in models of
NF1 and NSML reflects the pathology of these diseases (Shin et al., 2012; Stewart et al.,
2010b). Similarly, the shortened body length in NS, NSML, CS and CFC models reflects the
reduced stature of patients. The concordance of human symptoms and model phenotypes
validates the use of zebrafish and Xernopus in studying the emergence of phenotypes.

The distinction of diagnostic criteria between syndromes does not explain the variation in
phenotype manifestation within models of the same syndrome. While the effects of
RASopathy mutations are pleiotropic, and the presentation of a specific symptom is not
guaranteed, much of this variability is presumably associated with the unique genetic and
environmental factors encountered by individual patients. In a model organism, where
genetic background and environmental exposures are more strictly controlled, the effects of
activating RAS signaling might be expected to generate more consistent phenotypes. Part of
this variability within syndromes may be due to differences in causative genes. CFC, NS and
NSML are associated with mutations in multiple components of the RAS signaling pathway
(Table 1). These genes represent distinct steps in the pathway sequence, and may thus
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experience different levels of regulation. Mutations in those components that are more
downstream in the sequence may then have stronger effects, simply because there are fewer
regulatory events that can impact them. For example, CFC is associated with mutations in
KRAS, BRAF, MEK1 and MEK?2. Perhaps those mutations in MEK1 and MEK2 might be
more severe than those in KRAS due to their position in the pathway. Indeed, this appears to
be the case at the syndrome level. CFC mutations, which occur in components of the
phosphorylation cascade, seem to have stronger effects on morphogenetic events than do NS
mutations, which are more prevalent in earlier steps of the pathway (Anastasaki et al., 2009;
Bonetti et al., 20144a; Jindal et al., 2017b; Jopling et al., 2007; Runtuwene et al., 2011).

The variability that may arise from mutation of different genes does not account for the
differences in phenotype severity observed for different alleles of the same gene. Although
there are components for which both activating and inactivating mutations cause
RASopathies, most mutations in the same gene exert an effect in the same direction.
However, the amplitude of this effect may be variable and depend upon the specific
mutation. It was recently shown that NRAS mutations can differentially activate RAS
signaling, as assayed by the extent of embryo elongation at 11 hpf (Runtuwene et al., 2011).
The same can be demonstrated for MEK1 (Jindal et al., 2017b). Furthermore, MEK1
mutations could be ranked by “strength’, and this rank was predictive of the inhibitor dose
required to restore normal embryo morphology. Since this rank was generated based on a
single developmental event, it would be interesting to test whether it is predictive of the
severity of other phenotypes, or whether mutations differentially impact distinct phenotypes.
Such insights could be crucial for developing effective treatment regimens using
pharmacological inhibitors of the signaling pathway (Anastasaki et al., 2012; Jindal et al.,
2017h).

The phenomenon of mutations displaying a range of strengths does not appear to be
confined to MEK1 and NRAS. Although similar studies have not yet been performed for all
other signaling components, there are indications that SHP2 and RRAS2 mutations may also
have disparate strengths. A higher level of expression was required to generate phenotypes
for the NS-associated mutation SHP2P61G than SHP2T73! suggesting SHP2P61G has a
weaker effect in activating signaling (Jopling et al., 2007). Additionally, by this metric the
NSML-associated mutations SHP2G465A and SHP2A462T appear to be stronger than NS-
associated mutations, despite having reduced phosphatase activity (Bonetti et al., 2014a;
Jopling et al., 2007). Similarly, RRAS2Q72L caused embryonic lethality, while the same
amounts of RRAS2Q72H or RRAS2G24-G25dup did not (Niihori et al., 2019). Systematic
investigation of mutation strength across other pathway components may yield further
insights into disease etiology.

These observations do raise an interesting question; are all RASopathy mutations
fundamentally similar, differing only in extent of pathway activation? There is certainly
overlap in causative genes; BRAFand KRAS alleles can cause either NS or CFC depending
on the specific mutation. Perhaps NS and CFC represent different points along a spectrum of
pathway activation. After all, RASopathy patients display overlapping symptoms. However,
the relative dissimilarity in symptoms between RASopathies caused by activating signaling
components (NS, NSML, NSLAH, CS, CFC) and those arising from inactivating negative
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regulators (NF1, LS) may suggest that there are different mechanisms at play. In any case,
the discovery that there is a spectrum of mutation strength provides the opportunity to use
such mutations as tools to incrementally increase pathway activation when investigating the
role of RAS signaling in developmental events.

and attenuation: dual effects of RASopathy mutations

While RASopathies arise from net activation of the RAS signaling pathway, some loss-of-
function mutations have been identified in proteins that usually activate signaling. A subset
of disease-associated alleles of BRAF have been characterized as kinase inactivating
mutations that would be predicted to attenuate signaling. Both kinase activating and
inactivating mutations, however, manifest as CFC in patients (Garnett et al., 2005; Niihori et
al., 2006; Rodriguez-Viciana et al., 2006b; Wan et al., 2004). How then do mutations that
have opposing effects cause the same outcome?

One explanation is that all mutations are, in fact, activating. The BRAF mutations were
characterized as kinase inactivating using in vitro assays. An in vitro assay, which is an
isolated system by its nature, may not fully reflect the signaling status in vivo. Indeed, it is
known that mutations in MEK1 act differently in vitro when compared to in vivo effects
(Jindal et al., 2017a). When tested in zebrafish embryos, both kinase activating and
inactivating mutations in BRAF cause pathway activation, as assayed both by the levels of
dually phosphorylated ERK (dpERK) and embryo elongation at 12 hpf (Anastasaki et al.,
2009). Furthermore, combining suboptimal doses of activating and inactivating mutations
results in pathway activation, indicating the mutations exert the same effect on signaling.
This is likely because BRAF can activate signaling via interacting with C-RAF, despite
reduced kinase activity (Garnett et al., 2005).

Intriguingly, this is not necessarily the same for all signaling components. SHP2 mutations
can either activate or inactivate phosphatase activity. Although both subsets of mutation
cause RASopathies in humans, activating mutations cause NS while mutations that decrease
phosphatase activity are associated with NSML (Fragale et al., 2004; Hanna et al., 2006;
Keilhack et al., 2005; Kontaridis et al., 2006; Tartaglia et al., 2006). SHP2NS and SHP2NSML
cause overlapping phenotypes in zebrafish, but their effects on signaling are less clear.
SHP2NS causes increased dpERK levels as a result of active signaling, but SHP2NSML
variants have been reported to both decrease and increase dpERK levels (Bonetti et al.,
2014a; Stewart et al., 2010b). Combining suboptimal doses of activating (NS) and
inactivating (NSML) mutations did not cause phenotypes, suggesting that the mutations may
not act in precisely the same way in vivo (Jopling et al., 2007). However, the early
phenotypes of embryos expressing SHP2NSML variants could be rescued by inhibition of
MEK, indicating that RAS signaling is activated in SHP2NSML_expressing embryos (Bonetti
et al., 2014a). This is consistent with recent data that suggest SHP2NSML mutations activate
signaling despite reduced phosphatase activity, by destabilizing the closed conformation
such that the protein is more sensitive to pathway stimulus (Yu et al., 2013).

An alternative explanation for opposing mutations having the same effects, is that there is a
critical level of pathway activation that allows proper embryonic development: therefore,
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either increasing or decreasing pathway activity will similarly disrupt normal
morphogenesis. Although the effect of reduced signaling in humans is not well documented,
there are phenotypic similarities between zebrafish models of signaling loss and signaling
activation. Pharmacological inhibition of RAS signaling results in shorter embryos and
craniofacial malformation, while knockdown of KRAS causes cardiac defects and
craniofacial malformations (Anastasaki et al., 2012; Razzaque et al., 2012). Loss of SHP2
function, either through morpholino knockdown or null mutations, leads to shorter embryos
that present with craniofacial malformations (Bonetti et al., 2014b; Jopling et al., 2007;
Stewart et al., 2010b). Pigment cells in the lateral stripes are lost upon activating the
pathway by removing the negative regulator NF1, and upon inhibition by loss of the RTK
ErbB (Hultman et al., 2009; Shin et al., 2012). And in Xenopus, inhibiting SHP2 function
leads to a smaller heart (Langdon et al., 2007).

However, there are also differences between models of increased signaling and those where
signaling is attenuated. Strong inhibition of RAS signaling causes a reduction in the
embryonic aspect ratio at 11 hpf rather than the increase observed upon pathway activation
(Jindal et al., 2017b). Additionally, knockdown of SHP2 causes apoptosis in the brain and
neural crest derived tissues, while SHP2NSML causes increased pigmentation (Stewart et al.,
2010b). These differences may reflect morphogenetic events that do not require a specific
threshold of activation to properly pattern embryonic structures. Instead, the morphogenesis
may respond to varying levels of signaling in the manner of a rheostat, with weak,
intermediate and strong activation translating into different effects along a continuous
spectrum.

A third possibility is that it is a combination of pathway activation and attenuation within a
single embryo that induces the observed phenotypes in zebrafish. As with most signaling
events, the RAS pathway is finely tuned by positive and negative feedback loops.
Hyperactive signaling at early time points may desensitize the pathway to later input,
generating a system where there is an early gain-of-function in one set of tissues, and later
loss-of-function in a separate set of tissues. MEK1CFC reduces pathway output in regions
that receive endogenous signal, such as the blastoderm margin, even while ectopic signaling
is detected in the animal cap (Goyal et al., 2017). Structures descended from the blastoderm
margin may therefore be expected to present phenotypes associated with loss of signaling,
while tissues derived from the cells in the animal cap may develop phenotypes associated
with hyperactive RAS signaling. Consistent with this role of negative regulation of the
pathway over time, transgenic integration of HRASCS did not result in increased pathway
activity at 6 dpf, while inducible expression of the same variant did increase signaling,
suggesting the pathway activation may be transient (Santoriello et al., 2009). Thus, it may be
that a subset of phenotypes arises from pathway activation in regions not usually exposed to
endogenous ligand, and others arise from attenuated signaling in regions where RAS
signaling is normally active. Those phenotypes that are conserved between gain- and loss-of-
signaling models may then be attributed to the loss of signaling output. Recent developments
in harnessing optogenetics to activate RAS signaling in zebrafish will allow researchers to
dissect these spatially disparate consequences of hyperactive signaling /n vivo (Patel et al.,
2019).
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Conclusion

The disruptions to development caused by RASopathy-associated mutations can be
effectively modeled in zebrafish and Xenopus embryos. The phenotypes observed in these
vertebrate models are highly reminiscent of the symptoms of patients. CHD and CFA are
present upon expression of many RASopathy-associated mutations, while less common
phenotypes, such as disrupted pigmentation, are found only upon expression of mutations
that cause similar symptoms in patients. The conserved nature of the developmental
disruptions arising from RASopathy mutations allows mechanistic insight into how disease
develops. However, the transient nature of models relying on injection of morpholinos or
RNA makes longer term analysis of development more challenging. The advent of CRISPR
and TALEN mediated gene editing will likely lead to increasing numbers of zebrafish lines
carrying RASopathy mutations. Most patients are heterozygous for their causative alleles
and knock-in fish carrying RASopathy mutations will provide more insight into the human
condition, especially over time frames beyond early development.

Perhaps the most problematic aspect of comparing models is the lack of consistent
phenotyping. Although embryo elongation, cardiac and craniofacial phenotypes are well
reported, there is no consensus in the timing and nature of the assays. It would be useful to
have a standard phenotyping stratagem, such as the example pipeline outlined in Fig. 3. This
would allow more comparable studies between models.

Overall, zebrafish and Xenopus are attractive organisms in which to study RASopathies. The
conserved morphogenetic events of vertebrate development allow investigation into the
primary causes of symptoms. The accessibility of embryos, coupled with the wide range of
tools allowing in vivo imaging of cell populations, provides the opportunity to evaluate
changes in the developmental program over time. By understanding how symptoms emerge,
we may be able to identify novel sites of intervention for patients. External embryonic
development is especially attractive for conducting large scale pharmacological studies. The
efficacy of drug treatments can be rapidly tested in a high-throughput manner using
zebrafish and Xengpus embryos, and the effect on each phenotype can be quantitatively
analyzed. Indeed, studies have already demonstrated critical time windows for
pharmacological intervention with MEK inhibitors, and provided strategies for overcoming
disadvantageous drug-induced side effects (Anastasaki et al., 2009; Anastasaki et al., 2012).
Furthermore, when combined with quantitative analysis of mutation strength, the drug dose
required to restore normal development can be predicted (Jindal et al., 2017b). These
insights can only improve our understanding of the etiology and pathology of these
debilitating diseases, and improve treatment strategies. Extending such studies will not only
allow the rapid assessment of novel therapeutic strategies, but may facilitate treatment plans
that are personalized to individual patients, according to genetic cause.
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Figure 1: Mutationsin the RAS signaling pathway are associated with RASopathies.
Signaling is triggered by binding of extracellular ligand to a receptor tyrosine kinase (RTK).

Activation of the RTK recruits Tyrosine-protein phosphatase non-receptor type 11 (SHP2)
and Growth factor receptor-bound protein 2 (GRBZ2), which subsequently recruits RAS
guanine exchange factors such as Son of sevenless homolog 1 (SOS) to the membrane. SOS
promotes the exchange of GDP for GTP, activating RAS. RAS-GTP initiates the
phosphorylation cascade involving Mitogen-activated protein kinase kinase kinases (RAF),
mitogen-activated protein kinase kinases (MEK) and mitogen-activated protein kinases
(ERK). Meanwhile, feedback loops modulate signaling. The E3 ubiquitin protein ligase
CBL mediates degradation of the RTK. Sprouty-related EVH1 domain-containing protein 1
(SPREDZ1) recruits the GTPase activating protein Neurofibromin 1 (NF1) to the membrane,
returning RAS to a GDP-bound inactive state. Leucine-zipper-like transcriptional regulator 1
(LZTR1) ubiquitinates RAS to prevent its membrane localization. A complex of Protein
phosphatase 1 (PP1), Leucine-rich repeat protein SHOC2, and MRAS GTPase
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dephosphorylates RAF, allowing 14-3-3 protein to switch from stabilizing the inactive form
of RAF to facilitating active RAF dimer formation. Both activating mutations (green) in
pathway components and inactivating mutations (purple) in negative regulators cause
activation of the signaling pathway. Components that do not cause RASopathies are not
shown unless no alternative protein is associated with disease (gray).
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Figure 2: Assaying RASopathy mutationsin zebrafish embryos.
(A) Embryos expressing SHP2NS and MEK1CFC exhibit lengthening of the major axis,

forming an elongated embryo compared to vehicle injected controls (VEH). (B) Embryo
elongation is quantified by measuring the ratio of the major axis (a) to the minor axis (b).
Alternatively, the angle between the most rostral and caudal limits of the embryonic tissue
(red lines) can be used to quantify extension of the anterior-posterior axis. (C) Embryos
expressing SHPNS are shorter than vehicle injected controls at 3 dpf (arrowhead) and display
pericardial edema (arrow). (D) In situ hybridization for the myocardial marker myl7
illustrates steps during heart morphogenesis. Bilateral populations migrate medially to fuse
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into a cone in the midline. The cone undergoes rotation and involution to form a linear heart
tube. (E) Craniofacial structures including Meckel’s cartilage (purple) and the ceratohyal
cartilage (green) are hypoplastic in RASopathy models. Widening of the head is measured as
an increase in the ceratohyal angle (curved arrow) or the distance between the eyes (blue).
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Figure 3.
Schematic of an example phenotyping pipeline for zebrafish
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