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Understanding the Role of Ras Signaling in Craniofacial and Dental
Development Utilizing the RASopathies

by
Alice Fitzgerald Goodwin
ABSTRACT

Very little is known about the role of Ras signaling in tooth
development although upstream receptor tyrosine (RTK) signaling that
activates Ras and regulators of Ras signaling, like proteins encoded by the
Sprouty genes, are known to be important in tooth development. The
RASopathies, including Costello syndrome (CS) and Cardio-facio-cutaneous
syndrome (CFC), are syndromes caused by gain-of-function mutations in the
Ras pathway and are characterized by a wide range of cardiac,
musculoskeletal, dermatological, and developmental abnormalities. These
syndromes provide an excellent model to study the role of Ras signaling in
tooth development, and thus, we analyzed the craniofacial and dental
phenotypes of CS and CFC at family conferences in 2009 and 2011. CS and
CFC have in common craniofacial characteristics including macrocephaly,
bitemporal narrowing, and convex facial profile. Additionally, individuals with
CFC have hypoplastic supraorbital ridges, and CS individuals have
characteristic micrognathia, full cheeks, large appearing mouth, and thick
appearing lips. There were some overlapping dental characteristics between
CS and CFC, including malocclusion, but overall, CS had more dysmorphic
dental characteristics compared to CFC. CS individuals had class Il molar
relationship, delayed tooth development and eruption, gingival hyperplasia,

thickening of the alveolar ridge, and high-arched palate more often compared
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to CFC. Moreover, CS individuals had a hypoplastic enamel defect that was
not present in CFC. To further understand the role Ras in enamel formation,
we obtained a CS mouse model and found that the CS mouse model had a
similar hypoplastic enamel phenotype. Further analysis revealed that the
progenitor cells were hyperproliferative, and the enamel producing
ameloblasts lacked cell polarity and had delayed enamel protein expression,
resulting in the enamel defect. Next, | utilized MEK1/2 (PD0325901) and
PI3’K (GDC-0941) inhibitors to dissect the roles of the Ras effector pathways
in amelogenesis. MEK inhibition rescued the ameloblast loss of polarity and
delayed differentiation while MEK or PI3’K inhibition rescued the
hyperproliferation phenotype. Thus, this dissertation work reveals a role for
Ras signaling in amelogenesis, and knowledge gained about Ras signaling in
the tooth may be applied to efforts to bioengineer teeth and further

understand Ras in development and cancer.
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CHAPTER 1:

Introduction to Tooth Development, Ras Signaling, and the RASopathies

The work reported in this thesis dissertation answers the question:
what is the role of Ras signaling in tooth development? To address this, |
have used the RASopathies as a model. First, the craniofacial and dental
phenotype was analyzed in individuals with Costello syndrome (CS) and
Cardio-facio-cutaneous syndrome (CFC), and then an enamel defect
observed in CS patients was further analyzed in a CS mouse model,
revealing the role of Ras signaling in the mouse incisor. By way of
introduction, tooth development, Ras signaling, and the RASopathies are

reviewed in this chapter.



1.1 Tooth Development

1.1.1 Tooth Structure

The mammalian tooth is comprised of enamel, dentin, and cementum.
The crown of the tooth is the portion covered by enamel that erupts into the
oral cavity, while the root is the subgingival part that anchors the tooth into the
bone (Figure 1.1). Enamel is about 95% mineral by weight (Deakins and
Volker, 1941), which makes it the hardest structure in the body. Only 1% of
the non-mineral content is protein, while the rest is water. The main mineral
component of enamel is hydroxyapatite, a crystalline calcium phosphate.
Dentin, cementum, and bone are about 50% hydroxyapatite by weight. The
high mineral density of enamel makes it very hard but also quite brittle. The
underlying dentin provides some flexibility and resistance for the tooth. The
tooth is anchored into the alveolar bone by the periodontal ligament (PDL),
which consists of individual collagen fibrils that originate from the cementum
and attach to the bone (Ho et al., 2007). The center of the tooth, enclosed by
the dentin, is filled by the dental pulp, which is a mass of connective tissue

that contains blood vessels and nerves.
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PDL

Root ‘ Crown
I 1 1

Figure 1.1 The human tooth. lllustration of the human molar. Components and structure of
the tooth are described in the text. (enamel, En; dentin, De; pulp, P; cementum, C;
periodontal ligament, PDL; gingiva, G; bone, B)

1.1.2 Epithelial-Mesenchymal Interactions

The tooth is an organ that develops via reciprocal signaling between
the oral ectoderm-derived epithelium and underlying neural crest-derived
mesenchyme. The reciprocal interactions between epithelium and
mesenchyme are temporally and spatially controlled during tooth
development, as shown by a series of tissue recombination experiments. At
the beginning of tooth morphogenesis, the tooth forming potential lies in the
epithelium; oral epithelium from murine embryos between E9 and E11.5
induced tooth formation in non-dental neural crest derived mesenchyme
(Mina and Kollar, 1987; Lumsden, 1988). After E11.5, the mesenchyme is
able to instruct non-dental epithelium to undergo tooth morphogenesis (Kollar
and Baird, 1970); however, the dental epithelium loses its ability to induce

tooth formation. Furthermore, after E11, the mesenchyme has the ability to



determine tooth shape, since combination of mesenchyme from a molar with
epithelium from an incisor resulted in the formation of a molar tooth and vice
versa (Kollar and Baird, 1969). Thus, epithelial-mesenchymal interactions are
critical in tooth formation, and tooth forming potential shifts from the
epithelium to mesenchyme during tooth development. The tooth develops via
reciprocal epithelial and mesenchyme interactions, much like other organs
including lungs, mammary glands, and hair follicles, making the tooth an

excellent model to study organ development.

1.1.3 Stages of Tooth Development

Tooth formation is initiated by a signal from the oral ectoderm to the
underlying neural crest-derived mesenchyme (E9.5 in mouse) (Mina and
Kollar, 1987; Lumsden, 1988). The reciprocal signal from the mesenchyme
induces the oral epithelium to thicken, forming the dental lamina at E11 in
mouse and 7 weeks in human, which demarcates the future tooth field (Figure
1.2). The dental lamina then invaginates into the underlying mesenchyme,
which condenses around the epithelium to form the bud between E12.5 and
E13.5. The epithelium further invaginates to form the cap at E14, and the
mesenchyme surrounded by the epithelium gives rise to dental papilla. The
mesenchyme adjacent to the dental papilla or outside of the enamel
epithelium forms the dental follicle. During the cap stage, a transient signaling
center in the epithelium called the primary enamel knot forms. The enamel

knot expresses several signaling molecules that control cell proliferation and



apoptosis to regulate cusp morphogenesis. The enamel epithelium continues
to dive downward into the mesenchyme to form the bell at E16, which begins
to resemble the complete tooth crown. The secondary enamel knots form
during the bell stage in molar development to determine the multi-cuspid

pattern of molar crowns (Jernvall et al., 1994).

PLACODE (~E11) BUD (~E13) CAP (~E14.5) BELL (~E16)
Oral epithelium

1°en not
é ) \
Neural crest- /
derived Condensing
mesenchyme dental
mesenchyme Od
Initiation Morphogenesis Cell Differentiation

Figure 1.2 Stages of tooth development. lllustration of the stages of tooth development,
which are described fully in the text. (ameloblast, Am; odontoblast, Od)

The epithelium at the cap and bell stages is termed the enamel organ
and is composed of multiple cell types: the inner enamel epithelium closest to
the dental papilla that later differentiates into ameloblasts, the outer enamel
epithelium, and the stellate reticulum and stratum intermedium in between. At
the later bell stage, dental papilla cells differentiate into odontoblasts that

produce a dentin matrix which induces the epithelium to differentiate into



ameloblasts that deposit enamel matrix, forming the hard tissues of the tooth

crown (Thesleff and Hurmerinta, 1981).

Once crown development is complete, root formation begins when the
inner epithelium forms Hertwig’s epithelial root sheath (HERS) at the crown-
root boundary. HERS then proliferates and migrates downward, guiding root
formation and inducing the differentiation of odontoblasts from the dental
papillae to form the root dentin. Once the root reaches the appropriate length,
the HERS disintegrates, resulting in the formation of an epithelial network
called the epithelial rests of Malassez (ERM). Formation of the ERM allows
the cells of the dental follicle to come into contact with the root dentin, which
induces their differentiation into cementoblasts that deposit cementum on the
root surface. Dental follicle cells also differentiate into fibroblasts that form the
periodontal ligament that connects the root to the bone. Once tooth
development is complete, the tooth erupts into the oral cavity. Osteogenic
activity at the root of the tooth provides force to push the tooth while
osteoclastic activity at the crown creates a path through the alveolar bone

(Wise, 2009).

1.1.4 Amelogenesis

Amelogenesis is the process by which odontoblasts and ameloblasts
form dentin and enamel, respectively, during tooth development. During

amelogenesis, the ameloblasts undergo multiple differentiation steps: the pre-



secretory, secretory, transition, and maturation stages (Figure 1.3). The
presumptive ameloblasts begin as low, columnar, proliferative cells separated
from the underlying mesenchyme by a basement membrane. During the pre-
secretory stage, after receiving inductive signals from the epithelium, the
underlying mesenchyme layer begins to differentiate into odontoblasts that
induce the inner epithelial cells to stop proliferating and elongate to form pre-
ameloblasts. In the secretory stage, the pre-ameloblasts lengthen into a
columnar shape, polarize, and form conical projections or Tomes’ processes
that begin secreting enamel matrix proteins including amelogenin,
ameloblastin, enamelin, and enamelysin or matrix metalloproteinase-20
(MMP20). During the secretory stage, very thin (10nm thick) hydroxyapatite
ribbons begin to form and extend from the dentin-enamel junction (DEJ) to
the surface of the enamel to determine enamel thickness (Cuisinier et al.,
1992). Ameloblasts move away from the DEJ as they deposit matrix, and they
move in rows in an intersecting pattern that forms the decussating enamel
lattice. If ameloblasts do not secrete sufficient matrix protein during the

secretory stage, the resulting enamel is thin or hypoplastic.

Secretory

f — ' Transition .
Pre-Secretory Maturation

0 0 0 0 0
0 0 0 0 0 0 o 1o 20 0 00
. ‘ ‘ . 0% | o o ofleedflo ol of o 0%l 00 0 01%0 1 %0 | %00
0 0 0 0 0 00 (

Basement Membrane Enamel

Figure 1.3 Stages of ameloblast differentiation. Ameloblasts transition from the pre-
secretory to secretory, and then transition to maturation stages during amelogenesis. Stages
of amelogenesis are described in the text.
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Ameloblasts shorten into a cuboidal shape and lose Tomes’ processes
during the transition stage, and during the maturation stage, ameloblasts
secrete proteins like odontogenic ameloblast associated protein
(ODAM/APIN), amelotin, and kallikrein-related peptidase 4 (KLK4).
Maturation stage ameloblasts absorb water and organic matrix proteins as
enamel crystals replace the matrix to form mature enamel. The process by
which the enamel matrix mineralizes is not clear; however, it is thought that
during maturation stage, mineral is added to the hydroxyapatite ribbons
formed during the secretory stage, and these ribbons do not lengthen but
thicken to form the mature enamel rods. Failure of ameloblasts to remove
organic matrix results in hypomaturation or soft, mottled, brownish-yellow
enamel, and extreme failure to mineralize results in hypocalcification or rough,

soft enamel of normal thickness (Hu et al., 2007).

1.1.5 Amelogenesis Imperfecta and Enamel Proteins in Human and Mouse

Amelogenesis imperfecta (Al) is a group of inherited disorders
characterized by abnormal enamel formation and not associated with other
systemic abnormalities. Al enamel defects are highly variable and classified
as hypoplasia (defect in amount of enamel due to secretory defect),
hypomaturation (defect in maturation of enamel due to improper removal of
organic material), and hypocalcification (defect in initial formation and growth
of crystallites). Al can be inherited in an X-linked, autosomal recessive (AR),

or autosomal dominant (AD) manner. Mutations in multiple genes encoding



enamel proteins have been implicated in the etiology of Al, although there are
many Al cases for which the molecular basis is not known. Mutations in
amelogenin (AMELX), enamelin (ENAM), KLK4, and MMP20 are all
associated with Al (Lagerstrom et al., 1990; Rajpar et al., 2001; Hart et al.,
2004; Kim et al., 2005). More than 14 mutations have been identified in the
AMELX gene on the X-chromosome, and those resulting in a loss of the C-
terminus or total loss of the protein result in hypoplastic enamel while
mutations resulting in single amino acid changes cause hypomaturation
defects (Wright et al., 2003). ENAM mutations are inherited in an AD manner
and cause a hypoplastic phenotype, while mutations in both KLK4 and
MMP20 cause pigmented, hypomaturation, autosomal recessive Al. There
are also mutations in the FAM83H gene that cause hypocalcified, autosomal
dominant Al (Kim et al., 2008). The function of the protein encoded by
FAMS83H is not known in amelogenesis, and over-expression in a mouse
model had no effect on enamel or dentin formation (Kweon et al., 2013).
Although mutations in genes encoding enamel proteins have been
associated with Al, there are many cases of enamel hypoplasia,
hypomaturation, and hypocalcification in which the genetic etiology is
unknown. Identifying novel genes associated with enamel defects in patients
or diagnosing enamel defects in patients with a known genetic disorder will
greatly expand our understanding of the signal transduction pathways that
control amelogenesis and may elucidate new pathways regulating enamel

formation. In this dissertation, | define novel roles for Ras in amelogenesis by



examining CS and CFC patients with activating mutation in the Ras pathway.
Much has been learned about the functions of enamel proteins
secreted at the secretory stage, including amelogenin, ameloblastin, enamelin,
and MMP20 by studying mouse models. Amelogenin is the predominate
secretory product of ameloblasts and composes 90% of the enamel matrix.
Amelogenin assembles into spheres in between the forming crystal ribbons
and separates and supports them (Oldak et al., 1994; Fincham et al., 1995).
There are at least 15 different splicing variants of the amelogenin protein from
the single murine X-chromosomal gene (Simmer et al., 1994), and deletion of
a portion of the amelogenin gene that resulted in a loss of amelogenin protein
caused enamel hypoplasia and disorganized enamel crystal pattern (Gibson
et al.,, 2001). Ameloblastin is a critical adhesion protein that attaches the
ameloblast to the enamel matrix and maintains its differentiated state. In the
ameloblastin-null mouse, the ameloblasts detach from the matrix, lose cell
polarity, and begin to proliferate, forming multiple layers, resulting in
hypoplastic enamel (Fukumoto, 2004). These mice also form odontogenic
tumors of dental epithelial origin (Fukumoto et al., 2006). Enamelin is
important in mineralization of the enamel, since enamelin-null mice form an
enamel matrix, but the matrix lacks mineral content (Hu et al., 2008). MMP-20
is a proteinase that degrades the enamel matrix to allow mineral deposition,
and deletion of MMP-20 in mice resulted in less mineralized enamel with an
altered enamel rod pattern that flaked off at the DEJ (Caterina et al., 2002).

Additionally, although MMP-20 is no longer expressed during the maturation
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stage, MMP-20 deficient mice form ectopic, calcified nodules on the enamel
surface (Chen et al., 1996; Bartlett et al., 2011).

Ameloblasts secrete maturation stage proteins such as amelotin,
APIN/ODAM, and kallikrein-related peptidase 4 (KLK4). Amelotin is
expressed during maturation stage; however, the function of amelotin is not
yet clear (lwasaki et al., 2005; Somogyi-Ganss et al., 2012). Over-expression
of the amelotin gene during secretory stage under the control of the
amelogenin promoter resulted in thin, disorganized enamel with a rough
surface and loss of Tomes’ processes, however, the role of endogenous
amelotin is uncertain. APIN/ODAM is also secreted by maturation stage
ameloblasts and is thought to regulate MMP-20 in vitro (Moffatt et al., 2008;
Lee et al., 2010). KLK4 is a better-understood proteinase that degrades the
enamel matrix to allow proper mineralization. Ablating KLK4 resulted in
enamel with normal thickness and enamel rod organization but decreased
mineral content so that the enamel abraded easily and fractured above the

DEJ (Simmer et al., 2009; Smith et al., 2011).

Although much is known about the functions of the enamel proteins in
amelogenesis, there are many questions remaining about the regulation of
their expression at the appropriate time and place during tooth formation. By
further studying the role of signal transduction pathways like Ras in enamel
formation, we will gain a greater understanding of amelogenesis and

determine targets for treatment of enamel defects.
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1.1.6 Human vs Mouse Dentition

Humans have 8 teeth in each quadrant of the mouth: 2 incisors, 1
canine, 2 premolars, and 3 molars. Mice have a reduced dentition with 4 teeth
in each quadrant: 1 incisor separated from the 3 molars by a toothless
diastema. While humans have a primary and permanent set of dentition, mice

have only one set of permanent teeth that are never replaced.

In contrast to the mouse molars, that are similar to human molars, the
mouse incisor is a remarkable tooth in that it grows continuously throughout
the lifetime of the mouse, which makes the mouse incisor an excellent model
to examine the stages of tooth development (Figure 1.4). Enamel is present
only on the labial and not lingual aspect of the mouse incisor, which enables
the mouse to abrade the lingual side of the enamel into a sharp point and
thus maintain the incisor tip through self-sharpening. The rodent incisor is
fueled by a presumptive stem cell population in the inner enamel epithelium in
the cervical loop (CL) at the most proximal portion of the incisor, which has
been identified through many lineage tracing experiments (Smith and
Warshawsky, 1975; 1977; Harada et al., 1999; Seidel et al., 2010; Juuri et al.,
2012; Biehs et al.). Progenitor cells exit the CL, proliferate as they move into
the transit-amplifying (TA) region, and differentiate into ameloblasts. As the
ameloblasts move along the incisor, they transition from the secretory stage,
during which they secrete enamel proteins including amelogenin and
ameloblastin to form the enamel matrix, to the maturation stage, when

ameloblasts secrete proteins such as ODAM/APIN, amelotin, and KLK4 that

12



enable the mineralization of the enamel matrix. Thus, the distinct steps of
amelogenesis can be observed in a “conveyor belt-like” fashion along the
length of the mouse incisor, and the mouse incisor, which | utilize in this
thesis dissertation, serves as an excellent model to study the multiple stages

of tooth development.

Figure 1.4 The continuously growing mouse incisor. Image of the mouse hemi-mandible with
1 incisor and 3 molars, and magnified view of the cervical loop (CL) outlined by the dashed line.
Ameloblast progenitor cells move out of the CL, proliferate in the transit-amplifying (TA) region
and transition from pre-secretory (Pre-Sec) to secretory (Sec) stage as they move along the
incisor (transition and maturation stage ameloblasts would be further along the incisor in the more
distal region not pictured). Thus, the mouse incisor serves as an excellent model to study
amelogenesis. (Enamel is dark purple and dentin is light purple; stellate reticulum, SR; stratum
intermedium, Sl; outer enamel epithelium, OEE; inner enamel epithelium, IEE; ameloblast, Am;
odontoblast, Od)

1.1.7 RTK Signaling in Tooth Development

As discussed above, tooth morphogenesis is regulated by reciprocal
epithelial-mesenchymal interactions, which are mediated by conserved
signaling pathways including Hedgehog (Hh), Wnt, Fibroblast growth factor

(FGF), Transforming growth factor B (TGFB), Bone morphogenic protein
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(Bmp), and Ectodysplasin (Eda) (Figure 1.5). The primary focus of this
section is FGF and downstream signaling in tooth development.

The role of RTK signaling has been studied extensively in tooth
morphogenesis, and FGFs play a critical role in determining tooth number,
size, and morphology. At early stages of tooth patterning, Fgf8 and Fgf9 are
expressed in the proximal portion of the mouse mandible, overlying the
presumptive molar field, while BMP4 is expressed distally, near the
presumptive incisor field (NeubuUser et al., 1997). Wnt/B-catenin signaling is
thought to regulate Fgf8 expression in the early epithelium (Wang et al.,
2009), and dental placodes do not form in mice overexpressing the Wnt
inhibitor Dkk1 (Andl et al., 2002). These signaling molecules control the
expression of homeobox genes in the underlying neural crest derived
mesenchyme. FGF8, and to a lesser extent FGF9, induce expression of
Barx1 (BarH-like homeobox 1) and DIx2 (distal-less homeobox 2) while BMP4
positively regulates expression of Msx7 and Msx2 (homeobox, msh-like 1 and
2) and negatively regulates Barx1. FGF8 positively regulates and BMP4
represses expression of the paired related homeobox gene Pitx2, which is
expressed early in the dental epithelium (Mucchielli et al., 1997; St Amand et
al., 2000). Later, FGF8 stimulates and BMP2/4 inhibit Pax9 expression in the
mesenchyme, a paired box transcription factor. Loss of Fgf8, Msx1/Msx2,
DIx1/DIx2, or Pitx2 results in initiation stage arrest while deletion of Pax9 or
Barx1 causes bud stage arrest (Trumpp et al., 1999; Bei and Maas, 1998;

Thomas et al., 1997; Liu et al., 2003; Peters et al., 1998; Tucker, 1998). In
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addition, over-expression of a dominant negative form of Fgfr2b resulted in
bud stage arrest (De Moerlooze et al., 2000). Thus, FGFs are critical in

determining the location and number of teeth.

Lhx6/7 Pax9
Barx1  Gli2/3
FGF Msx1/2  Lef1

ACTIVIN DIx1/2  Runx2

Lhx6/7 DIx1/2 BMP
Barx1 Pax9
Msx1/2  Gli2/3

Figure 1.5 Signaling in the developing tooth. Diagram of multiple signaling pathways involved
in tooth development. Specific factors discussed in text. Adapted from Thesleff and Tummers.

Later, FGFs regulate tooth morphogenesis. During the transition from
cap to bud stage, Fgf4 and Fgf9 are expressed in the enamel knot and are
thought to stimulate proliferation in adjacent epithelial and mesenchymal
tissues (Jernvall et al., 1994; Kettunen et al., 1998), while the enamel knot
itself remains non-proliferative since it expresses the cyclin-dependent kinase
inhibitor p21 and lacks Fgf receptors (Roose et al., 2007; Jernvall et al., 1998).
The localized proliferation induces epithelial folding which determines cusp
morphology. Additionally, FGF4/9 induce expression of FGF3 and FGF10 in

the dental mesenchyme, which signal back to the epithelium to regulate
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subsequent epithelial morphogenesis and enamel knot formation (Feng et al.,
2004; Kettunen et al., 2000). Deletion of Fgf3 and Fgf10 in mice results in
smaller teeth with aberrant cusp morphology (Wang et al., 2007). Antagonists
of the RTK signaling pathway also affect tooth development. The inactivation
of Sprouty genes, which are inhibitors of FGF signaling, results in the
formation of supernumerary teeth (Klein et al., 2006) and the generation of
ectopic enamel on the lingual surface of the incisor (Klein et al., 2007). Little
is known about the downstream targets of RTK signaling in tooth
morphogenesis. p-ERK is expressed in the epithelium during the cap, bud,
and bell stage and later in the ameloblasts, and inhibiting MEK in tooth organ
culture results in small, dysmorphic teeth (Cho et al., 2009). Interestingly,
normal tooth size and morphology was restored in vitro with addition of
FGF10 (Hanafusa et al., 2002; Cho et al., 2009).

Little is known about the role of RTK or downstream Ras signaling in
enamel formation. Thus, it is an open area of research, and this thesis
dissertation begins to explore the role of Ras in amelogenesis. Inactivation of
Fgfr1 in the epithelium resulted in dysfunctional ameloblasts that produced
disorganized enamel (Takamori et al., 2008). Overexpression of Fgf2 in
cultured embryonic molars resulted in decreased expression of amelogenin,
while inhibition of FGF2 increased amelogenin expression and enamel
formation (Tsuboi et al., 2003). Interestingly, Ras superfamily members have
been shown to play a role in amelogenesis, including Rac, a GTPase involved

in cytoskeletal remodeling. Conditional inactivation of Rac? in the epithelium
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resulted in ameloblasts that expressed decreased levels of amelogenin and
lost attachment to the secreted enamel matrix, resulting in hypo-mineralized
enamel (Huang et al., 2011). Thus, although studies have examined the role
of RTK in tooth morphogenesis, little is known about the role of downstream
effectors, including Ras, especially in later stages of tooth development, and

this thesis dissertation is the first to define a role for Ras in amelogenesis.
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1.2 The Ras Pathway

1.2.1 The RAS Genes

RAS genes have been a focus of study for the last 30 years as
researchers work to understand the role of these genes in development and
cancer pathogenesis (Malumbres and Barbacid, 2003). The Ras field began
during the late 1970s, when it was discovered that rat-derived Harvey and
Kirsten murine sarcoma retroviruses contribute to cancer pathogenesis
through a common set of RAS (rat sarcoma virus) genes (Scolnick et al.,
1973; Scolnick and Parks, 1974; Karnoub and Weinberg, 2008). These RAS
genes were identified in the rat and then mouse and human genomes (DeFeo
et al., 1981; Ellis et al., 1982; Chang et al., 1982), and the Harvey sarcoma
virus associated oncogene was named HRAS and the Kirsten sarcoma virus
was termed KRAS. Mutant RAS genes encoding constitutively active Ras
proteins were discovered in multiple human tumors during the early 1980s
(Santos et al., 1984; Fujita et al., 1984). In 1983, a new oncogene was
identified and found to be a third member of the RAS gene family and named
NRAS (neuroblastoma RAS viral (v-ras) oncogene homolog) (Hall et al.,

1983; Taparowsky et al., 1983).

1.2.2 Ras Protein Biology

The RAS genes encode the Ras proteins, HRAS, NRAS, and KRAS4A
and KRAS4B, which are alternatively spliced proteins encoded by KRAS.

KRAS4B is the main KRAS protein product and will hereafter be referred to
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as KRAS. The Ras proteins are part of a large family of small, monomeric
GTPases, which are divided into 5 major subfamilies: Ras, Rho, Rab, Ran,
and Arf. Ras GTPases cycle between inactive GDP bound (Ras-GDP) and
active GTP bound (Ras-GTP) states (Vetter, 2001). Ras guanine nucleotide
exchange factors (RasGEFs) facilitate the activation of Ras by releasing the
tightly bound GDP and stabilizing Ras in a nucleotide free state, so that GTP,
which is at higher concentrations in the cell than GDP, preferentially binds
Ras (Bos et al., 2007). Hydrolysis of GTP to GDP is required to inactivate Ras.
Ras has a very low intrinsic rate of hydrolysis, and so there are Ras GTPase
activating proteins (RasGAPs) that increase GTP hydrolysis to convert Ras-
GTP to Ras-GDP and inactivate it (Scheffzek et al., 1997).

The GTPase activity of Ras is critical since it allows Ras proteins to
switch on or off to relay extracellular signals into the cell to control
proliferation, differentiation, and apoptosis. Thus, the GDP/GTP binding
region from amino acid (aa) 1 to 85 of the highly homologous G domain (aa1-
1695) is critical and is identical in the Ras proteins. Within the G domain, Ras
proteins also contain a phosphate-binding loop (p-loop), to which the arginine
fingers of GAPs bind, and switch 1 and switch 2 that bind Ras regulators and
effectors, including GEFs. In the remaining aa85-165 of the G domain, the
Ras proteins share 85-90% homology.

The Ras proteins differ most at the hypervariable region at the C-
terminus (aa165-189), which contains residues that specify post-translational

modifications. Differences in post-translational modification of the Ras
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proteins are thought to determine the trafficking and localization of the Ras
proteins, which may in turn affect their activity. All of the Ras proteins contain
a CAAX motif recognized by two prenyltransferases: farnesyl transferase (FT)
and geranylgeranyl transferase type 1 (GGT1). In general, FT adds farnesyl,
a 15-carbon isoprene, to CAAX (Casey et al., 1989); however, in the absence
of FT, GGT1 adds geranylgeranyl, a 20-carbon isoprene, to CAAX (Mor and
Philips, 2006). Once prenylated, the modified CAAX motif targets Ras
proteins to the endoplasmic reticulum (ER) where they encounter the
protease RCE1 that cleaves the AAX sequence (Boyartchuk et al., 1997;
Choy et al., 1999). Then, the new C-terminal prenylcysteine is recognized by
isoprenylcysteine carboxyl methyltransferase (ICMT) that methylesterfies the
carboxyl group (Dai et al., 1998). The end result of modification at the CAAX
domain is the creation of a hydrophobic domain at the C-terminus that
mediates membrane association. It is essential for Ras to associate with
membranes to be activated, and so the CAAX modification has been a target
in cancer treatment, which will be discussed later.

A second signal is then added to the Ras proteins to target them to
membranes including the plasma membrane, endoplasmic reticulum,
mitochondria, Golgi, and endosomes. NRAS and HRAS undergo
palmitoylation on the Golgi that adds palmitic acids on cysteines upstream of
CAAX. Palmitoylated NRAS and HRAS are trapped in the Golgi and
transported to the plasma membrane in vesicles. They are then

depalmitoylated at the membrane and diffuse back to the Golgi to undergo
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another round of palmitoylation and transport to the membrane (Rocks et al.,
2005; Goodwin et al., 2005; Ahearn et al., 2011). NRAS and HRAS have
been found to signal from the Golgi and endosomes in addition to the plasma
membrane (Chiu et al.,, 2002). In contrast, KRAS does not undergo
palmitoylation, but instead KRAS contains a positively charged, polybasic
lysine rich domain in its hypervariable region that forms an electrostatic
interaction with the negatively charged inner leaflet of the plasma membrane,
targeting KRAS to the plasma membrane (Hancock et al., 1990). Additionally,
the prenyl binding protein PDE® has been shown to bind Ras and is thought
to facilitate the diffusion of KRAS to the plasma membrane (Zhang et al.,
2004; Chandra et al., 2011). Thus, HRAS and NRAS are trafficked differently
in the cell than KRAS, which results in HRAS and NRAS signaling from
multiple membrane compartments while KRAS only signals from the plasma
membrane, but how the differences in cellular location affect function remains
to be determined. Understanding the mechanism of localization and signaling
of the Ras proteins is critical since it will provide new approaches in targeting

activated Ras signaling in cancer.

1.2.3 Ras Signaling

Ras proteins are activated by many receptor types, including receptor
tyrosine kinase (RTK) receptors, G-protein-coupled receptors, and integrins.
When ligand (like FGF or EGF) binds RTK receptors at the membrane, the

receptors dimerize and autophosphorylate. The cytosolic domain of the
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activated receptor binds GRB2 at its SH2 (Src homology 2) domain, which is
bound to the RasGEF SOS 1 and 2 (encoded by son-of-sevenless 1 and 2) at
its SH3 domain (Figure 1.6). The RTK receptor also binds SHP2, a protein
encoded by PTPN11 that contains N- and C-terminal SH2 domains and a
catalytic protein tyrosine phosphatase (PTP) domain. RTK binding to GRB2
and SHP2 recruits SOS to the membrane where it converts membrane bound,
inactive Ras-GDP to active Ras-GTP.

Once activated, Ras signals through multiple effector pathways,
including RAF/MEK/ERK, PI3’K/AKT, TIAM1/Rac, and RALGDS/Ral. There
are multiple additional Ras effector pathways, and crosstalk between many of
these effector pathways creates a complicated Ras signaling network. In
simplest terms, Ras activates RAF (RAF-1, ARAF, BRAF, and CRAF), which
phosphorylates MEK1/2, which in turn activates ERK1/2 (Roberts and Der,
2007). Activated ERK1/2 phosphorylates transcription factors of the ETS
family, such as JUN and ELK1, that promote cell cycle progression and
proliferation downstream (Chambard et al., 2007). Activated Ras can also
bind phosphatidylinositol 3-kinase (PI3’K) (Rodriguez-Viciana et al., 1994;
Pacold et al., 2000), which phosphorylates PIP2 to produce PIP3, and PIP3
recruits and activates phosphoinositide-dependent kinase 1 (PDK1) and AKT,
which promote cell cycle progression and cell survival (Castellano and
Downward, 2011). PI3’K also directly binds Rac which is involved in
cytoskeletal remodeling (Welch et al., 2003). Ral guanine nucleotide

dissociation stimulator (RALGDS) family members bind Ras which recruits
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them to the membrane where they act as Ral-GEFs that activate Ral, which is
a GTPase involved in endocytosis, exocytosis, and actin skeleton
organization (Ferro and Trabalzini, 2010). RALGDS has also been shown to
activate AKT by acting as a scaffold for PDK1 and AKT (Hao et al., 2008).
Ras binds TIAM-1 (T lymphoma invasion and metastasis) and stimulates its
Rac-GEF activity, which activates Rac and leads to cytoskeletal remodeling
(Habets et al., 1994; Michiels et al., 1995). It is clear that Ras regulates many
cellular processes through its downstream effector pathways. The
contribution of each downstream effector pathway in various biological
processes is very much an active area of research; complex interactions
between the pathways have yet to be fully characterized. In an attempt to
further understand the role of the Ras effector pathways, in this thesis
dissertation, | dissect the roles of the MAPK and PI3’K pathways in the mouse

incisor.

1.2.4 Requlation of Ras Signaling

Since the intensity and duration of Ras signaling is critical in controlling
various cell functions, the Ras signaling pathway is regulated at multiple
points. The RasGEFs and RasGAPs are critical points of regulation since
they control the switch between the active GTP-bound and inactive GDP-
bound state of Ras proteins. There are 3 RasGEF families which catalyze the
binding of GTP and activation of Ras: son of sevenless (SOS 1 and 2), Ras

guanine nucleotide releasing factor (Rasgrfs 1 and 2), and Ras guanine
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nucleotide releasing proteins (RasGRPs 1-4). SOS is positively regulated
when Ras-GTP binds at a second allosteric binding site and increases the
catalytic activity of SOS and thus increases Ras activation (Boriack-Sjodin et
al., 1998; Margarit et al., 2003). The pleckstrin homology (PH) domain of SOS
acts as a gate to the allosteric binding site, and only when it binds PA or PIP2
at the membrane does it allows Ras-GTP to bind and increase catalytic
activity (Chen et al.,, 1997; Koshiba et al., 1997; Kubiseski et al., 1997;
Sondermann et al., 2004; Gureasko et al., 2008). Downstream ERK can
negatively influence SOS by phosphorylating SOS and causing it to
dissociate from GRB2 (Chen et al., 1996). Rasgfrs are less well understood
but are thought to be closely related to SOS proteins and localize to the
membrane to activate Ras most likely by a lipid interaction (Cen et al., 1993;
Fernandez-Medarde and Santos, 2011). RasGRPs have been studied most
extensively in B- and T-lymophocytes and are recruited and activated by
diacyglycerol (DAG), protein kinase C (PKC), and calcium at the membrane
although the mechanism is unclear (Ebinu et al., 1998; 2000; Dower et al.,
2000; Aiba et al., 2004; Brodie et al., 2004; Coughlin et al., 2005; Roose et al.,
2005). RasGRPs are GEFs that activate Ras by a mechanism different than
SOS, and it is thought that RasGRPs may begin converting Ras-GDP to Ras-
GTP in response to stimulus first, and the activated Ras-GTP then binds the
allosteric site of SOS and activates it (Roose et al., 2007).

RasGAPs, including GAPp120 and neurofibromin are important

inactivators of Ras signaling since they catalyze hydrolysis of Ras-GTP to
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Ras-GDP. How RasGAPs are regulated themselves is not clear, but
phosphorylation appears to play a role since nuerofibromin is phosphorylated
at several sites in its C-terminus by protein kinase A (PKA), which promotes
its interaction with 14-3-3 proteins and correlates with a reduction in RasGAP
activity (Feng et al., 2004). Phospholipids have also been shown to inhibit the
catalytic activity of RasGAPs by physically interacting with the catalytic
domain, however, this phenomenon has only been shown in vitro (Tsai et al.,
1989; Bollag and McCormick, 1991; Serth et al., 1991). Thus, Ras-GEFs and
Ras-GAPs are critical points of regulation of Ras signaling that are carefully
regulated themselves to control the intensity and duration of Ras signals. Also,
GEFs and GAPs are activated by phospholipids, localizing them to the
membrane, which may also control localization of Ras signaling.

Sprouty proteins negatively regulate Ras signaling although the exact
mechanism is unclear. It is known that Ras signaling induces Sprouty protein
expression (Sprouty proteins 1-4), and it is thought that Sprouty protein binds
GRB2, preventing SOS localization and activation of Ras (Hanafusa et al.,
2002), or binds RAF, interfering with its interaction with downstream MEK
(Sasaki et al., 2003; Kim and Bar-Sagi, 2004). Related to Sprouty proteins are
the Spred proteins (Sprouty-related protein with an EVH domain 1-3) which,
like Sprouty proteins, antagonize Ras signaling, however by different
mechanisms. Spred proteins have been shown to directly bind to Ras, inhibit
ERK activation in collaboration with caveolin-1, or bind and recruit

neurofibromin to the membrane to inactivate Ras (Wakioka et al., 2001; Kato
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et al., 2003; Nonami et al., 2005; Stowe et al., 2012). Sef is a single-pass
transmembrane protein that inhibits FGFR to prevent Ras activation, resulting
in decreased MEK, ERK, and AKT phosphorylation (Furthauer et al., 2002;
Tsang, 2004). Further downstream, PTEN is a major tumor suppressor that
antagonizes PI3’K degradation of PIP2 to PIP3 and dephosphorylates
downstream effectors of AKT thus inhibiting PI3’K/AKT/mTOR signaling
(Castellano and Downward, 2011). Map kinase phosphatases (MKPs)
specifically bind and dephosphorylate ERK. MKP1 deactivates ERK in the
nucleus (Patil and Chamberlain, 2012; Sun et al., 1993) and MKP3
dephosphorylates ERK in the cytoplasm (Ruggieri and Packer, 2001; Muda et
al., 1996). Thus, the Ras signaling pathway is regulated by multiple proteins
that may be potential therapeutic targets. An in depth understanding of the
Ras regulators is key to understand how the pathway may react to

dysregulation at multiple points in development and cancer.

1.2.5 Function of Ras Signaling

The function of Ras signaling has been studied extensively in animal
models. KRas null mice die of anemia and defective liver erythropoesis at
E12-E14 (Eerola et al., 2003; Johnson et al., 1997; Koera et al., 1997), while
HRas knock out and HRas and NRas double knock out mice are viable and
fertile (Gripp, 2005; Umanoff et al., 1995; Esteban and Vicario-Abején, 2001),
revealing that in mice, the Ras proteins have both redundant and unique

functions in development. When HRas was knocked into the KRas locus,
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mice were viable, suggesting that Ras proteins have the capacity to
compensate for each other, but endogenous HRras does not replace KRras
because it is not expressed in the same embryonic compartment (Potenza et
al., 2005). Other animal models have revealed the differences in activity of
the Ras proteins. When activated KRas®?° or HRas®'?" was expressed in
the colonic epithelium, KRas induced hyperplasia and activated MEK/ERK
while NRas did not (Haigis et al., 2008). Further experiments showed that
NRas but not KRas suppressed apoptosis. Not only the Ras gene itself, but
the regulatory elements controlling it determine function of the protein. An
HRas"! mouse, in which HRas was expressed under the control of the KRas
regulatory elements, treated with urethane developed ten-fold more lung
tumors than wild-type (To et al., 2008). Thus, HRas, which very rarely causes
lung tumors at its endogenous locus, is able to induce tumors under the
control of KRas regulatory elements, suggesting that not only the Ras gene
itself but its regulatory elements control function. These studies in mouse
models in which Ras signaling is disrupted highlight the differences among
the Ras proteins in activity and regulation and emphasize the importance of
further study to understand the different Ras proteins and their function in
development and cancer.

Both in vitro and in vivo studies have revealed the role of Ras signaling
in many cellular functions, including proliferation, differentiation, and cell
polarity. In vitro studies have shown that p-ERK and p-AKT regulate

proliferation by decreasing p27*" and p21°?" levels to allow progression from
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Go to S phase (Steelman et al., 2004; Meloche and Pouysségur, 2007). Ras
may also play a role in differentiation, as in the case of a neurofibromatosis 1
null (Nf1'/') mouse model that is missing neurofibromin which result in
increased Ras signaling, in which increased differentiation of neuroblasts into
glial cells was observed, and the increased differentiation was rescued by
inhibiting ERK (Wang et al., 2012). It is also thought that Ras signaling is
important in cell polarity. Activation of KRAS and BRAF in a colon cancer cell
line perturbs the polarity of cyst structures, and inhibition of ERK restores cyst
polarity (Magudia et al., 2012). Activation of HRAS in cultured hippocampal
neurons causes loss of polarity and multiple axon formation, and inhibition of
MEK or PI3’K prevents multiple axon formation (Yoshimura et al., 2006). A
recent in vivo study showed that ERK controls spindle orientation during cell
division in the developing lung to determine lung shape (Tang et al., 2011).
These studies have begun to shed light on the mechanistic role of Ras in cell
biology; however, further study in vivo is required to understand the function
of Ras signaling. Thus, in this thesis dissertation, | analyze the roles of the

MAPK and PI3’K pathways in the mouse incisor, in vivo.

1.2.6 RAS and Cancer

Approximately 20-30% of tumors have mutations in RAS (Bos, 1989;
Schubbert et al., 2007b). The majority (85%) of these are KRAS mutations,
15% are in NRAS, and <1% are in HRAS (Downward, 2003). Some cancers

have a high propensity for activating mutations in KRAS, such as pancreatic,
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biliary tract, colon, lung, and endometrial cancers. NRAS mutations occur in
melanoma and myeloid leukemia while HRAS mutations are found in bladder
cancer (Schubbert et al., 2007a).

The most common mutations in Ras that cause cancer are at amino
acids (aa) 12, 13, and 61. Mutations at aa12 and 13 that replace the glycine
with a bulkier residue prevent GAP binding and GTP hydrolysis, resulting in a
constitutively active GTP-bound Ras (Scheffzek et al., 1997). The glutamine
at position 61 is also key for GTP hydrolysis, and thus, mutations at 61 result
in Ras activation (Der et al., 1986). However, these Ras mutations also
require a second hit mutation that activates an oncogene like Myc or
inactivates a tumor suppressor like p53 (Sinn et al., 1987; Aguirre et al., 2003;
Hingorani et al., 2005).

A major unanswered question in the Ras field is why do certain
mutations in particular RAS genes cause particular cancers? The biology of
the Ras proteins discussed above may give some insight into the localization
and activity of the Ras proteins; however, it is an open and active area of
research. Studies of Ras signaling in development by analyzing the

RASopathies may provide new insights and approaches.

1.2.7 Drugs Tarqeting the Ras Signaling Pathway to Treat Cancer

The major goal in the cancer field is to develop drugs to improve
outcomes for cancer patients, and because of its importance in cancer

biology, many small molecules have been developed to target components of

29



the Ras signaling pathway. These have met with varying success in clinical
trials for cancer. Early efforts focused on targeting oncogenic Ras itself and
its fundamental defect of persistent binding to GTP. Small molecule GAPs
that would hydrolyze and inactivate mutant Ras were developed as well as
GTP competitive antagonists, however these approaches failed (Cox and Der,
2010). Moving forward, researchers focused on indirect approaches. A major
hope in the field was the farnesyl transferase inhibitors (FTIs), including
tipifarnib (Johnson & Johnson) and lonafarnib (Schering-Plough Research
Institute) that inhibit post-translational modification of the Ras proteins by
farnesyl transferases and thus disrupt the ability of the Ras proteins to
associate with membranes, rendering them non-functional (Reiss et al., 1990).
Mouse studies found FTls to be effective against HRAS induced mammary
gland tumors (Kohl et al., 1995), however, disappointingly, they were not
effective against KRAS and NRAS due to the fact that KRAS and NRAS can
be alternatively modified by geranylgeranyl transferase when farnesyl
transferase is inhibited and still targeted to the membrane (Whyte et al., 1997;
Fiordalisi et al., 2003). The ability of the Ras proteins most common in cancer
to escape FTls by undergoing alternative prenylation explains the failure of
the FTls in clinical trials to treat cancer (Macdonald et al., 2005).

In order to disable the alternative prenylation of KRAS and NRAS,
geranylgeranyl transferase type | inhibitors (GGTIs) were developed; however,
GGTls affected other geranylgeranylated proteins and were found to be lethal

in a mouse model (Lobell et al., 2001). Drugs were also developed to target
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downstream effectors of Ras. Sorafenib (Onyx-Bayer), a type 2 kinase
inhibitor, was the first MAPK pathway inhibitor to be approved by the FDA to
treat renal cell and hepatocellular carcinoma (Abou-Alfa, 2009), and it has
been shown to be a multi-targeted kinase inhibitor active against CRAF but
less active against BRAF. However, it is thought that its anti-tumor effect is
actually due to its effect on RTK receptors for VEGF and PDGF and resultant
disruption of tumor angiogenesis rather than direct effects on BRAF (Wilhelm
et al., 2004). PLX4032 (Plexxikon/Roche) was developed to target
BRAFVG00E and has shown promise in treating patients with malignant
melanoma (Bollag et al., 2010). Toxicities include fatigue, rash, and joint pain,
and about one third of patients developed keratoacanthoma type skin lesions,
which are a class of cutaneous squamous cell carcinomas (Bollag et al.,
2010). The development of other skin carcinomas may be due to the fact that,
paradoxically, inhibiting BRAFVG600E results in increased activation of
endogenous BRAF (Hatzivassiliou et al., 2010; Poulikakos et al., 2010).

MEK inhibitors have been developed that bind an interior hydrophobic
pocket of MEK adjacent to the ATP binding site, making MEK inhibitors quite
specific (Ohren et al., 2004). CI-1040 (Pfizer) was the first MEK inhibitor in
clinical trials (Sebolt-Leopold et al., 1999), however, it did not show sufficient
anti-tumor activity in phase Il trials and was discontinued (Rinehart et al.,
2004). CI-1040 spurred the development of additional MEK inhibitors with
increased potency and improved pharmacological properties that are

currently in clinical trial, including PD0325901 (Pfizer), AZD6244
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(AstraZeneca/Array BioPharma), and GSK1120212 (GlaxoSmithKline). These
MEK inhibitors have shown some efficacy in melanoma patients and minimal
side effects including rash, diarrhea, and some visual disturbances (Sebolt-
Leopold, 2008). Dual PI3’K-mTOR inhibitors including SF-1124 (Semafore)
and XL765 (Exelixis) and pan-PI3’K inhibitors like PX-866 (Oncothyreon)
(Hong et al., 2012) and GDC-0941 (Genentech) (Folkes et al., 2008) have
shown potential in preclinical trials and are currently being tested in clinical
trials (Courtney and Corcoran, 2010). There are also AKT inhibitors including
MK-2206 (Merck), which was shown to decrease AKT levels and cause some
adverse effects including rash, diarrhea, and hyperglycemia in phase | clinical
trials (Yap et al., 2011).

New approaches to target Ras in cancer are currently in development.
Recently, a new small molecule that inhibits the prenyl binding protein PDESJ,
which facilitates KRAS diffusion to the plasma membrane, was shown to
localize KRAS to endomembranes, inhibit KRAS signaling, and suppress
proliferation of oncogenic KRAS induced human pancreatic ductal
adenocarcinoma cells in vitro and in vivo (Zimmermann et al., 2013). Thus,
disrupting the localization of Ras proteins to inhibit their activity may be a new
approach to target Ras signaling in cancer. A more recent large scale,
unbiased approach to target Ras is RNA interference screens based on the
concept of synthetic lethality, in which two genes that when mutated alone are
compatible with life but when both harbor mutations lead to death (Luo et al.,

2009). Hence, screens were set up to determine genes that when mutated in
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cells with activating mutations in RAS genes would be lethal. One gene
identified with such a screen was STK33 (Scholl et al., 2009), however,
efforts to inhibit STK33 have been shown to have no effect on KRAS-
dependent cancer cell viability (Luo et al., 2012). Other genes revealed by
this type of screen, like TANK-binding kinase 1 (TBK1), may have potential as
therapeutic targets (Barbie et al., 2009). Thus, genetic screens may reveal
new therapeutic targets of Ras in cancer, and additionally delving deeper to
further understand Ras and its effectors and exploring disrupted Ras
signaling in patients like CS and CFC individuals will provide new approaches
to targeting Ras in cancer.

The fact that small molecules developed to target Ras and its effector
pathways in the last 20 years have had little success in the treatment of
cancer emphasizes the importance of determining which Ras pathway
components to target. Clearly, targeting certain mechanisms like Ras
farnesylation have failed or inhibiting pathway components like BRAF have
had unexpected consequences, and so it is critical to further study Ras and
its signaling pathways in vivo to develop new potential therapeutic targets and
understand the repercussions of disrupting Ras signaling.

There is the possibility that small molecules developed to treat Ras in
cancer may be useful in other developmental syndromes. For example, an
unexpected, fortuitous outcome of FTI development is that FTIs may be
useful in treating Hutchinson-Gilford Progeria Syndrome (Progeria), which is a

rare, fatal genetic condition characterized by accelerated aging in children.
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Progeria is caused by incomplete farnesylation of lamin A, resulting in
accumulation of farnesylated lamin A called progerin, and mouse studies
have shown FTIs to be effective in preventing this accumulation, and FTls are
currently in clinical trials for Progeria (Worman et al.,, 2009). Thus, drugs
developed targeting the Ras pathway may be useful in other developmental

syndromes, like the RASopathies.
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1.3 The RASopathies: Dysregulation of Ras Signaling in Humans

1.3.1 The RASopathies

Dysregulation of Ras signaling can have major consequences during
development, as exemplified by the RASopathies. The RASopathies are a
group of syndromes characterized by activated Ras signaling which include
Noonan syndrome (NS), LEOPARD syndrome (LS), hereditary gingival
fibromatosis (HGF), neurofibromatosis type 1 (NF1), capillary malformation-
arteriovenous malformation syndrome (CM-AVM), Legius syndrome, cardio-
facio-cutaneous syndrome (CFC), and Costello syndrome (CS) (Tidyman and
Rauen, 2009) (Figure 1.6). It is fascinating that the RASopathies, which are
caused by mutations in the same Ras pathway, have both distinct and
overlapping features, emphasizing the complexity of the Ras pathway in

development.
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Figure 1.6 The RASopathies. Diagram of the Ras signaling
pathway with dashed lines connecting the specific RASopathy with
the protein in the pathway encoded by the causative mutated gene.
Adapted from Tidyman and Rauen, 2009.
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Noonan syndrome (NS) is an autosomal dominant disorder
characterized by distinctive craniofacial features, short stature, congenital
heart defects, renal anomalies, lymphatic malformations, bleeding disorders,
and neurocognitive delay (Roberts et al., 2013). NS is caused by
heterozygous de novo germline mutations in PTPN11, KRAS, SOS1, and
RAF1 (Tartaglia et al., 2001; Schubbert et al., 2006; Roberts et al., 2006b;
Tartaglia et al., 2007; Pandit et al., 2007; Razzaque et al., 2007). Gain of
function missense mutations in PTPN11, which encodes SHP2, are most
commonly associated with NS, accounting for half of known cases. PTPN11
mutations result in a SHP2 protein locked in the catalytically active state,
resulting in increased Ras signaling (Tartaglia et al., 2006). SOS7 missense
mutations are the second most common, accounting for 13% of cases, and
are thought to result in decrease in the auto-inhibition of the SOS1 protein
and increased Ras signaling. KRAS mutations are only associated with <2%
of cases. LEOPARD syndrome (LS) is a rare autosomal dominant disorder
with a similar phenotype to NS, and the acronym LEOPARD describes the
phenotype: Lentigines, EKG abnormalities, Ocular hypertelorism, Pulmonary
valve stenosis, Abnormal genitalia, Retardation of growth, and Deafness
(Sarkozy et al., 2008). LS, like NS, is caused by heterozygous missense
mutations in PTPN11 (Digilio et al., 2002; Legius et al., 2002); however, LS
PTPN11 mutations result in a SHP2 protein with decreased catalytic activity
(Kontaridis et al., 2006) unlike gain-of-function mutations in NS, but both

mutations result in increased Ras signaling. LS is also associated with RAF1
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mutations (Pandit et al., 2007). Hereditary gingival fibromatosis (HGF) is
characterized by slow growing, benign fibrous overgrowth of the keratinized
gingiva. HGF is caused by a mutation in SOS7 that results in a truncated
SOS1 protein and activated RAS signaling (Hart et al., 2002; Peterkova et al.,
2009). Interestingly, unlike NS, the SOS7 mutations in HGF only cause
gingival overgrowth and no other developmental anomalies.
Neurofiboromatosis type 1 (NF1) is an autosomal dominant inherited
disorder, and the phenotype includes café-au-lait maculae, intertriginous
freckling, plexiform neurofibromas, iris Lisch nodules, osseous dysplasia, and
optic pathway glioma (Rauen, 2007; Williams et al., 2009). NF1 is caused by
germline mutations in NF71 which encodes neurofiboromin, a GTPase
activating protein (GAP) that converts active Ras-GTP to inactive Ras-GDP,
and loss of function of neurofiboromin in NF1 results in constitutively active
Ras-GTP and increased signaling (Tidyman and Rauen, 2009; Wallace et al.,
1990; Cawthon et al., 1990; Viskochil et al., 1990). Capillary malformation-
arteriovenous malformation syndrome (CM-AVM) is an autosomal dominant
inherited disorder characterized by multifocal capillary malformations in many
tissues including skin, muscle, bone, heart, and brain, which may be
associated with arteriovenous malformations and fistulas (Tidyman and
Rauen, 2009; Boon et al., 2005). Like NF1, CM-AVM is caused by inactivating
mutations in a gene encoding a RasGAP, in the case of CM-AVM, a mutation

in RASA1 encoding RasGAPp120 (Eerola et al., 2003).
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Legius syndrome (neurofiboromatosis 1-like) is an autosomal dominant
disorder that shares many phenotypic features with NF1, including café-au-
lait maculae, axillary freckling, mild cognitive impairment, and macrocephaly.
Legius syndrome is caused by heterozygous mutations in SPRED1, which
encodes Spred1, a protein that antagonizes the Ras pathway (Brems et al.,
2007). Truncation of the protein in Legius results in loss of function of Spred1
and activation of Ras signaling.

Cardio-facio-cutaneous syndrome (CFC) has a characteristic facies
and congenital heart defects, including pulmonary valve stenosis,
hypertrophic cardiomyopathy, and atrial septal defects (Armour and Allanson,
2008). Abnormalities of the skin, including keratosis pilaris, hyperkeratosis,
and nevi; eyes, like optic nerve hypoplasia; and gastrointestinal tract are
common to CFC (Roberts et al.,, 2006a). Individuals with CFC also have
neurologic abnormalities to a varying degree, including hypotonia, motor
delay, speech delay, and/or learning disabilities (Yoon et al., 2007). CFC is
caused by mutations in genes encoding proteins in the MAPK pathway: BRAF,
MAP2K1, MAP2K2, and KRAS (Niihori et al., 2006; Rodriguez-Viciana, 2006).
The majority of CFC cases, 75%, are caused by mutations in BRAF, resulting
in BRAF proteins with increased kinase or kinase-impaired activity; either of
these cause dysregulated MAPK signaling. The remaining 25% of CFC cases
are caused by activating missense mutations in MEK1 and MEK2. The
association of KRAS mutations in CFC is unclear because individuals with NS

have also been diagnosed with KRAS mutations.
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Costello syndrome (CS) is characterized by distinct craniofacial
dysmorphia, musculoskeletal anomalies including abnormal muscle fiber size
and predominance of type 2 fibers, and peripheral muscle weakness (Chen et
al., 2009; Tidyman et al., 2011; Stevenson et al., 2012). Dermatological
abnormalities like loose redundant skin on hands and feet and cutaneous
papilloma and palmoplantar keratoderma (Rasband; Siegel et al., 2012) are
associated with CS. Cardiac anomalies include structural defects,
hypertrophic cardiomyopathy, and arrhythmias (Karlsson, 2010; Lin et al.,
2002). CS individuals also have severe failure to thrive, neurologic deficits like
hypotonia and a varying degree of cognitive impairment, and increased risk of
cancer development (Resende et al., 2011; Rauen, 2007). CS is caused by a
heterozygous de novo germline mutation in HRAS that results in a
constitutively active Ras protein (Gibson et al., 2001; Aoki et al., 2005;
Fukumoto, 2004). Nearly 85% of individuals with CS have a G12S
substitution caused by nt34G-A transition in codon 12 of exon 1 of the HRAS
gene (Moffatt et al., 2008; Aoki et al., 2008; lwasaki et al., 2005) while others
have a G12A or G13D substitution. This mutation causes a change in the
purine ring binding pocket of the Ras protein which affects stability of GDP
binding. The GDP-bound inactive form is destabilized so that GTP binds,
locking Ras in the active GTP-bound state without RasGEF and resulting in a

constitutively active Ras protein (Chen et al., 2009; Zampino et al., 2007).
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1.3.2 Malignancy in the RASopathies

The incidence and tissue specificity of malignancy vary greatly among
the RASopathies. In NF1 the incidence of malignancy is estimated between 4
and 52%, and NF1 individuals develop, most commonly, malignant peripheral
nerve sheath tumors (MPNSTs) and also rhabdomyosarcoma,
gastrointestinal stromal tumors, neuroectodermal tumors,
pheochromocytomas, and breast carcinoma (Li et al., 2012; Patil and
Chamberlain, 2012). MPNSTs that usually occur in adulthood manifest earlier
in life, nearly a decade earlier in the case of MPNSTs in NF1, and adult
tumors occurring early in life is also observed in other RASopathies. NF1
individuals are heterozygous for an NF1 mutation, having one normal and one
mutated copy of NF1, and NF1 patients develop cancer when a mutation
arises in the normal NF1 copy, which is a loss of heterozygosity (LOH) (Jheon
et al., 2011; Ruggieri and Packer, 2001). CM-AVM is associated with
increased risk of central nervous system tumors, similar to those in NF1 (Hu
et al., 2007; Eerola et al., 2003). It is estimated that 15-20% of CS individuals
develop malignancy, most commonly rhabdomyosarcoma and then
neuroblastoma and bladder cancer (Takamori et al., 2008; Gripp, 2005). As
mentioned above, nearly all CS individuals have a G12S mutation rather than
the G12V mutation found in cancer, suggesting the G12S mutation is less
oncogenic than G12V, and the reason for this difference in activity is not
known. The valine residue may disrupt GAP binding more and hence

increase the RasGTP pool compared to the serine residue. NS is associated
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with blood disorders including juvenile myelomonocytic leukemia (JMML),
acute lymphoblastic leukemia (ALL), and acute myeloid leukemia (AML), and
there have also been reports of solid tumors in NS patients including
rhabdomyosarcoma and neuroblastoma (Tsuboi et al., 2003; Gelb, 2006).
While there have been a few case reports of leukemias in LS and CFC, it is
not clear at this point whether these syndromes are associated with cancer,
and individuals with HGF and Legius do not appear to be at higher risk for

developing malignancy.

1.3.3 CS and CFC Mouse Models

There are multiple mouse models for the RASopathies. These models
have expanded our understanding of the syndromes, and here, CS and CFC
mouse models are discussed. CS mouse models have been developed that
express an HRAS®'?Y mutation (Welch et al., 2003; Chen et al., 2009;
Schuhmacher et al., 2008). Although 80% of individuals with CS carry an
HRAS®'?® mutation (Huang et al., 2011; Estep et al., 2006; Gripp et al., 2005;
Kerr, 2005), the HRAS®'?Y mouse model is useful because it phenocopies
many aspects of the syndrome, including growth delay, macrocephaly, and
craniofacial anomalies. The CS mouse model utilized in data presented in this
thesis dissertation develops papillomas (Magudia et al., 2012; Chen et al.,
2009), and the other mouse model develops cardiac hypertrophy and
hypertension (Yoshimura et al., 2006; Schuhmacher et al., 2008). A CFC

mouse model was generated by germline expression of one allele of
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BRAFY®% _Although BRAF'®°°F is not a mutation reported in CFC, the mouse
model phenocopied some of the characteristics of CFC including reduced life
span, small size, craniofacial dysmorphia, cardiomegaly, and epileptic
seizures (Wodarz, 2002; Urosevic et al., 2011). However, these mice also
developed neuroendocrine tumors, which are not observed in CFC patients. A
more recent CFC conditional knock in mouse model that expresses a
BRAF-"V allele reported in CFC patients was developed. This model more
closely mimics the cardiac abnormalities and craniofacial dysmorphia of CFC

(Sasaki, 2004; Andreadi et al., 2012).

1.3.4 Potential Therapeutics for the RASopathies

Many inhibitors targeting components of the Ras pathway have been
developed to treat cancer (Gysin et al., 2011), and these same inhibitors may
have therapeutic potential in the RASopathies (Rauen et al., 2011). Since the
individual RASopathies are rare, development of treatments specifically for
these syndromes would most likely not happen, so it is fortuitous that the
decades of study of Ras signaling and development of small molecules
targeting Ras may have potential to treat these individuals who otherwise
would not have hope for a treatment. Additionally, there are many animal
models for the RASopathies as described above that provide the opportunity
to test the safety and efficacy of drugs in animals before treating patients in
clinical trials. Animal studies have provided proof of principle for treating

RASopathies with inhibitors of Ras signaling. Treating a neurofibromatosis
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type 1 (NF1) mouse model, with conditional inactivation of Nf71 in
hematopoietic cells that develops JMML, with a MEK inhibitor (PD0325901)
resulted in decreased leukocyte counts, enhanced erythropoietic function,
and reduced spleen size (Steelman et al., 2004; Chang et al., 2013; Meloche
and Pouysségur, 2007). In another Nf1”~ mouse that develops neurofibromas,
treatment with PD0325901 reduced neurofibroma growth and proliferation
(Wang et al., 2012; Jessen et al., 2013). A NS mouse model with a Sos7
gain-of-function mutation showed many NS phenotypes, including growth
delay, craniofacial dysmorphia, hematologic abnormalities, and cardiac
defects, and treatment with PD0325901 ameliorated embryonic lethality,
craniofacial dysmorphia, and heart defects (Gysin et al., 2011; Chen et al.,

2010). A CFC zebrafish model expressing a kinase-activating BRAF®?°R

allele or kinase-inactivating BRAF®*%V

allele developed craniofacial
anomalies, and moreover, these defects were ameliorated by treatment with
low doses of MEK inhibitor at early stages of development (Rauen et al.,
2011; Anastasaki et al., 2012). It is astonishing that in these RASopathy
animal models, inhibition of Ras signaling reversed many of the phenotypes
associated with these syndromes, providing hope for the use of these drugs
to potentially treat RASopathy patients. Further work is necessary to identify
the most promising drugs and dosage to treat the RASopathies, and luckily,
there are animal models to do so. The potential to actually treat the

RASopathies is a wonderful hope for both individuals with RASopathies and

their families.
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In the following chapters, | report the craniofacial and dental
phenotypes of CFC (Chapter 2) and CS (Chapter 3) and analyze the
hypoplastic enamel defect observed in CS subjects in a CS mouse model,
revealing a role for Ras signaling in amelogenesis (Chapter 4). Finally, |
discuss the importance of this dissertation work in advancing our
understanding of Ras signaling in tooth development and the application of
this knowledge to the development of teeth and other organs, the

RASopathies, and cancer (Chapter 5).
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CHAPTER 2:

Craniofacial and Dental Development in Cardio-facio-cutaneous
Syndrome: The Importance of Ras Signaling Homeostasis

In this chapter, | report the craniofacial and dental phenotype of CFC for the
first time. This work was published in Clinical Genetics, June 2013.
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2.1 ABSTRACT

Cardio-facio-cutaneous syndrome (CFC) is a RASopathy that is
characterized by craniofacial, dermatologic, gastrointestinal, ocular, cardiac,
and neurologic anomalies. CFC is caused by activating mutations in the
RAS/mitogen-activated protein kinase (MAPK) signaling pathway that is
downstream of receptor tyrosine kinase (RTK) signaling. RTK signaling is
known to play a central role in craniofacial and dental development, but to
date, no studies have systematically examined individuals with CFC to define
key craniofacial and dental features. To fill this critical gap in our knowledge,
we evaluated the craniofacial and dental phenotype of a large cohort (n=32)
of CFC individuals who attended the 2009 and 2011 CFC International Family
Conferences. We quantified the craniofacial features in CFC which include
macrocephaly, bitemporal narrowing, convex facial profile, and hypoplastic
supraorbital ridges. In addition, there is a characteristic dental phenotype in
CFC that includes malocclusion with open bite, posterior crossbite, and a
high-arched palate. This thorough evaluation of the craniofacial and dental
phenotype in CFC individuals provides a step forward in our understanding of
the role of RTK/MAPK signaling in human craniofacial development and will

aid clinicians who treat patients with CFC.
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2.2 INTRODUCTION

Cardio-facio-cutaneous syndrome (CFC) is a multiple congenital
anomaly disorder characterized by craniofacial malformation, ectodermal
abnormalities, congenital heart defects, growth delays, and neurocognitive
deficits. CFC is one of the RASopathies, which also include neurofibromatosis
type 1 (NF1), Noonan syndrome (NS), NS with multiple lentigines, capillary
malformation-AV malformation syndrome, Legius syndrome, and Costello
syndrome (CS). The common feature of the RASopathies is that they are
caused by germline mutations that result in dysregulation of the Ras/mitogen-
activated protein kinase (MAPK) pathway (Tidyman and Rauen, 2009). CFC
is caused by heterozygous, activating, germline mutations in KRAS, BRAF,
MAP2K1 (MEKT), or MAP2K2 (MEK2), all of which are components of the

RAS/MAPK pathway ( Niihori et al., 2006; Rodriguez-Viciana, 2006).

Many of the phenotypic features in these syndromes overlap, and the
craniofacial phenotypes of several of the RASopathies are in fact so similar
that making a definitive syndromic diagnosis can prove difficult. Careful
examination of the craniofacial characteristics is critical in order to formulate
an accurate diagnostic plan prior to molecular testing. However, to date, a
systematic analysis of the craniofacial characteristics of each of the
RASopathies in a large cohort is lacking, and such analyses will be essential
for identification of unique craniofacial characteristics that may serve as

useful diagnostic markers and guide genetic testing.
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Receptor tyrosine kinase (RTK) signaling upstream of the Ras/MAPK
pathway is known to play a central role in craniofacial and dental
development. Fibroblast growth factors (FGFs), which initiate signaling
through RTKs, are involved in the interactions between epithelium and
mesenchyme that guide development of almost all structures of the
craniofacial complex, including teeth (Pispa and Thesleff, 2003; Nie et al.,
2006). In addition, mice carrying mutations in Sprouty genes, which encode
proteins that negatively regulate RTK and RAS/MAPK signaling, have
anomalies in both tooth number and morphology (Klein et al., 2006; 2007;

Peterkova et al., 2009).

Considering the central role that RTK signaling plays in craniofacial
development and the value of a detailed characterization of the craniofacial
and dental phenotypes present in the different RASopathies, we sought to
thoroughly examine the phenotypic features in individuals with CFC. Although
previous studies have noted the major craniofacial features in CFC, no
studies have systematically characterized both the craniofacial and dental
phenotypic features present in CFC in a large cohort of subjects. To fill this
critical gap in our knowledge and provide new insight into the effects of
activated RTK/MAPK signaling in craniofacial and tooth development, we
performed comprehensive craniofacial and dental exams on 32 CFC

individuals.
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2.3 MATERIALS AND METHODS

This study was approved by the UCSF Committee on Human
Research. A total of 32 individuals with a clinical diagnosis of CFC were
examined during the 5" International CFC Family Conference in Berkeley,
California in 2009 (Anastasaki et al., 2012; Rauen et al., 2010) and the 6"
CFC International Family Conference in Chicago, lllinois in 2011. The
diagnoses were confirmed by a board certified medical geneticist (K.A.R. or
O.D.K.) based on clinical features. Of the 32 participants enrolled in our
study, 28 of the 32 (88%) had a known mutation in a gene that is causative
for CFC, including BRAF (n=21), MEK1 (n=2), MEK2 (n=4), and KRAS (n=1).
The cohort consisted of 16 males and 16 females. The average age of the
cohort was 8 years, with a range of 2 to 27 years of age. The majority of the
cohort reported Caucasian race (84%) but also included were Latino (6%),
African (3%), and Middle Eastern (3%) individuals; the race of one subject
was not reported. Written informed consent was obtained for all subjects.
Complete intra- and extra-oral exams were preformed by a licensed dentist
(A.F.G., S.O. or J.G.). Exams included frontal and side view craniofacial
photographs (one patient declined photographs). When possible, intra- and
extra-oral photographs were taken, radiographs (including panoramic,
periapical, and bitewing radiographs) and dental records provided by the
participant were reviewed, and alginate dental impressions were taken. The
total number of patients examined for each dental characteristic is listed in

Table 2. When possible, participants’ parents and/or siblings were also
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examined as controls (n=43). Statistical comparison between the dental
phenotype of the CFC cohort and general U.S. population as determined by
the NHANES Il survey (Proffit et al., 2006) was made using the Fisher’s
exact test with 2-tailed p-value. The same statistical test was used to
compare the major craniofacial and dental characteristics between individuals

with BRAF, MEK1, and MEK?2 mutations.
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2.4 RESULTS

2.4.1 Craniofacial phenotype of CFC

Individuals with CFC have a distinct craniofacial phenotype (Figure
2.1). The main craniofacial findings observed in =50% of subjects examined
are summarized in Table 2.1. The majority of subjects presented with relative
macrocephaly (97%), high forehead (84%), and bitemporal narrowing (84%;
Figure 2.1). Most subjects had a convex (74%) facial profile (Figure 2.1). A
few subjects (10%) presented with micrognathia or a small mandible, but
most appeared to have a proportionally sized mandible. A significant number
of subjects had hypoplasia of the superior orbital ridge (52%; Figure 2.1).
Subjects also commonly had a hyperteloric (65%) and telencanthic (100%)
appearance (Figure 2.1). Other common features were a short nose (71%),
with a depressed nasal bridge (65%) and wide nasal tip (65%), and low-set

(90%), posteriorly rotated (84%) ears with upturned lobes (52%; Figure 2.1).
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Figure 2.1 Craniofacial phenotype of CFC. Frontal and profile images of individuals with CFC
demonstrate the craniofacial phenotype. Note how craniofacial features change as CFC
individuals age. (A) A 2 year-old girl with the common CFC craniofacial features including relative
macrocephaly and short nose with depressed nasal bridge and wide nasal tip. (B) A 15 year-old
female with high forehead, bitemporal narrowing, and low set, posteriorly rotated ears with
upturned lobes. (C) A 12 year-old boy with hypoplasia of the superior orbital ridge. (D) A 15 year-

old boy with a convex facial profile and hyperteloric and telecanthic appearance typical of CFC.
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Table 2.1 Summary of craniofacial findings in a cohort of 31 individuals with

cardio-facio-cutaneous syndrome (CFC).

Craniofacial Findings n | %
Relative Macrocephaly 30 | 97
High Forehead 26 | 84
Bitemporal narrowing 26 | 84
Convex facial profile 23 | 74
Hypoplasia of superior orbital ridge 16 | 52
Hyperteloric appearing 20 | 65
Telencanthic appearing 31 | 100
Depressed nasal bridge 20 | 65
Short nose 22 | 71
Wide nasal tip 20 | 65
Low set ears 28 | 90
Posteriorly rotated ears 26 | 84
Upturned lobe 16 | 52
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2.4.2 Dental phenotype of CFC

We next examined the dentition and found that individuals with CFC
have a recognizable and characteristic dental phenotype (Table 2.2; Figure
2.2). An open bite, when the anterior teeth are not in contact when the
posterior teeth are in occlusion, was a common vertical malocclusion that was
observed in 37% of our cohort (Figure 2.2C). This incidence is significantly
higher than the national average (3%; p=0.0001)(Proffit et al., 2006). In
contrast, a deep bite, which is an increased overbite in which the maxillary
anterior teeth cover the mandibular teeth by more than 2 mm, was
significantly less common among our subjects (19%) than in the general
population (49%; p=0.0001; Figure 2.2A)(Proffit et al., 2006). Posterior
crossbite, a condition in which the maxillary posterior teeth are on the lingual
(i.e. toward the tongue) side of the mandibular teeth instead of the normal
buccal (i.e. toward the cheek) side, was significantly more common in the
CFC cohort (19%) than in the general U.S. population (9%; p=0.032; Figure

2.2B)(Proffit et al., 20006).
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Figure 2.2 Dental phenotype of CFC. Intra-oral photographs showing the typical dental
phenotypes in CFC. (A) A deep bite in which the maxillary incisors cover the mandibular incisors
by more than 2 mm. (B) A posterior crossbite on the patient’s left side is marked by the black
arrow and is typically seen in CFC. (C) Open bite, with space between the anterior teeth while the
posterior teeth are in contact. Note the mamelons or ridges on the incisal edges of the mandibular
incisors (black arrows) which are normally worn down by abrasion of opposing teeth when the

teeth are in contact. (D) High-arched palate.
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A majority of subjects had class | molar relationship (54%), which is the
ideal molar relationship according to the Angle’s classification system (Riolo,
2002). In this relationship, the mesiobuccal (anterior, cheek side) cusp of the
maxillary first molar aligns with the buccal side groove in the middle of the
mandibular first molar so that the maxillary first molar and mandibular first
molar are aligned. The percent of subjects with class | molar relationship is
not significantly different from the 41% of the U.S. population with class |
molar relationship (p=0.089)(Proffit et al., 2006). The percentage of subjects
with class |l molar relationship (46%), in which the maxillary first molar is
positioned mesially (anteriorly in the mouth) to the mandibular first molar, is
also similar to the national average (53%; p=0.396)(Proffit et al., 2006). No
CFC individuals presented with class Ill molar relationship, in which the
maxillary first molar is positioned distally (posteriorly) to the mandibular first
molar; this is significantly less than the U.S. average (6%; p=0.029) (Proffit et

al., 20086).

Dental crowding was only seen in 25% of our CFC cohort compared to
about 60% of the U.S. population (p=0.0001)(Proffit et al., 2006). Only one
subject presented with missing teeth (a 17 year-old male missing a maxillary
central incisor), and none presented with supernumerary teeth, based on
clinical examinations and review of radiographs, including periapical (n=4)
and panoramic (n=2) x-rays (Table 2.2). Examination of panoramic x-rays for
two CFC subjects indicated that dental development was not delayed, but

followed typical timing. Eruption patterns were observed by assessing the
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teeth present in relationship to the age of the individual examined and
comparing to the normal eruption pattern (Pinkham et al., 2012). Most CFC
individuals (87%) did not show delayed eruption patterns. The enamel
appeared clinically normal. The majority of subjects had a constricted high-
arched palate (80%; Figure 2.2D). The labial frenal attachment was high
(62%), at the level of the unattached gingiva near the buccal fold, more often
than low (38%), at the attached gingiva near the teeth, and only one subject
(3%) presented with gingival hyperplasia defined as overgrowth of gingival
tissue. The one subject who presented with gingival hyperplasia reported
taking verapamil, a calcium channel blocker that has been reported to cause
gingival swelling (Miller and Damm, 1992). Twenty-five percent of CFC
individuals examined had clinical caries present, and 57% had a history of
caries according to dental records. Subjects also presented with habits
including a secondary tongue thrust (23%) and open mouth posture (28%). In
addition, bruxism, as determined clinically by pathologic wear of the teeth,

was present in 10% of our cohort.

We next compared the incidence of the major craniofacial and dental
characteristics between individuals with BRAF, MEK1, and MEK2 mutations
to determine genotype-phenotype correlations. Individuals with BRAF
mutations had a significantly higher incidence (92%) of high-arched palate
compared to MEK71- (0%) or MEKZ2-positive individuals (0%; p=0.03). No
other craniofacial or dental characteristics differed significantly between

individuals with these mutations.
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Table 2.2 Summary of the dental characteristics in cardio-facio-cutaneous
syndrome (CFC).

Dental Findings CFC P::)eurll:;ilnb p-value®
Affected | 198 % %

Malocclusion

Vertical

Open bite 10 27 37 3 0.0001*

Deep bite 5 27 19 49 0.0001*

Transverse

Posterior Crossbite 4 21 19 9 0.032*

Anterior/Posterior/Sagittal

Molar relationship

Class | 7 13 54 41 0.089

Class Il 6 13 46 53 0.396

Class Il 0 13 0 6 0.029*

Arch perimeter

Crowding 8 32 25 60 0.0001*

Spacing 7 32 22 N/A°

Dental development

Missing teeth 1 31 3 N/A

Supernumerary teeth 0 31 0 N/A

Delayed development 0 2 0 N/A

Delayed eruption 4 32 13 N/A

Hard tissue

High arched palate 16 20 80 N/A

Soft tissue

Frenal attachment

High 13 21 62 N/A
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Low 8 21 38 N/A
Gingival hyperplasia 1 31 3 N/A
Pathology

Caries present at exam 7 28 25 N/A
History of caries 4 7 57 N/A
Habits

Tongue thrusting 7 31 23 N/A
Open mouth posture 9 32 28 N/A
Bruxism 3 31 10 N/A

@ Number of CFC individuals examined for each dental characteristic since dental exams
were not completed on every CFC individual in the cohort

® Prevalence of dental characteristic in general population as determined by the NHANESIII
survey (Hanna et al., 2010; Proffit et al., 2006)

¢ Comparison of incidence of dental characteristic in CFC cohort compared to general
population using the Fisher’s exact test with 2-tailed p-value

* significant p-value<0.05

4 N/A Data not available
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2.5 DISCUSSION

CFC is a RASopathy caused by activating mutations in KRAS, BRAF,
MEK1, or MEK2. RAS/MAPK signaling is known to be critical in craniofacial
and tooth development, and dysregulation of the RAS/MAPK pathway in
these syndromes results in craniofacial dysmorphia. Constitutive activation of
the Ras/MAPK pathway affects craniofacial development, yet the mechanism
by which this happens is still unclear. It is interesting that although the
RASopathies are caused by mutations in the same pathway, the different
syndromes have many unique craniofacial characteristics. For example,
Costello Syndrome (CS) is caused by heterozygous de novo germline
mutations in the small GTPase HRAS, which is upstream of the kinases
BRAF, MEK1, and MEK2, mutations in which cause CFC. However, CS and
CFC have distinct craniofacial characteristics, especially as individuals age.
These differences are significant enough to be useful to clinically differentiate
and diagnose individuals with these syndromes. In this study, we quantified
the typical CFC craniofacial features in our cohort including macrocephaly,
bitemporal narrowing, convex facial profile, and hypoplastic supraorbital
ridges (Table 2.1 and Figure 2.1), which lays the groundwork for the
systematic analysis of the craniofacial features of the various RASopathies
and provides insight into the role of RAS/MAPK signaling in craniofacial

development.

This study is the first to systematically evaluate the dental phenotype

of any RASopathy, and we have determined that RAS/MAPK pathway
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dysregulation in CFC causes an abnormal oral phenotype. Determining the
dental phenotypes associated with each of the RASopathies and correlating
these phenotypes with the diverse spectrum of mutations that underlie
RAS/MAPK dysregulation will be essential in furthering our understanding of
this pathway in tooth development. Like individuals with CFC, mice carrying
deletions in Sprouty genes have hyperactive MAPK pathway signaling. In
these mice, hyperactive MAPK signaling results in supernumerary teeth (Klein
et al., 2006; Charles et al., 2011). Therefore, we expected that individuals
with CFC, who have activating mutations in the MAPK pathway, would
similarly have supernumerary teeth. However, to our surprise, individuals with
CFC did not present with anomalies in tooth number, size or morphology. In
addition, these individuals had a normal pattern of tooth development and
eruption, and their enamel and gingival architecture appeared normal. There
were, however, abnormal dental characteristics more commonly observed in
CFC than in the general population, most of which affected occlusion.
Individuals with CFC had a fairly normal molar relationship, with a normal
distribution of class | and class Il but a significantly lower incidence of class Ill
molar relationship compared to the general population (Table 2.2 and Figure
2.2). Individuals with CFC also had a significantly higher incidence of
malocclusion than the general population, including anterior open bite and
posterior crossbite (Table 2.2 and Figure 2.2). In addition, CFC individuals
commonly had a high-arched palate (Figure 2.2). Thus, the primary

distinguishing dental phenotypic feature in CFC is malocclusion, suggesting
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that dysregulation of RAS/MAPK signaling disrupts normal craniofacial

development, resulting in malocclusion.

Individuals with CFC also presented with abnormal oral habits.
Tongue thrusting was observed in a significant number of subjects in our CFC
cohort. Also, an open mouth posture was fairly common. Some evidence
suggests that a tongue thrust habit may cause an altered tongue position that
in turn may produce malocclusion, including open bite, posterior crossbite,
and vaulting of the palate (Premkumar et al., 2011). However, a direct
correlation between tongue thrust and malocclusion has not been made, and
further research is required to determine how dysregulation of RAS/MAPK

signaling results in the malocclusion observed in CFC.

Notably, just as activation of RAS/MAPK in humans results in
craniofacial malformation, activation of the same RAS/MAPK pathways in
mouse and zebrafish directly affects craniofacial phenotype. A mouse model

for CFC expressing an attenuated Braf’®’’F

allele (an allele that has only
been identified in cancer but not in CFC) displays a rounder and shorter head
as well as defects in the shape of the skull vault caused by differences in the
shape of the frontal and parietal bones that form the skull vault (Urosevic et
al.,, 2011). In addition, we determined that a zebrafish model expressing a
kinase-activating BRAF®?*'R allele, or kinase-inactivating BRAF®**®V allele,
also develops craniofacial anomalies (Anastasaki et al., 2012). Moreover,

these defects were ameliorated by treatment with low doses of MEK inhibitor

at early stages of development. These animal models of CFC provide a
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powerful tool to further understand the role of RAS/MAPK signaling in

craniofacial development.

This study, which describes the dental phenotype of CFC, establishes
a first step towards understanding the role of RAS/MAPK signaling in dental
development, and it provides a tool for clinicians who care for individuals with
CFC. CFC individuals do not present with unique dental pathologies requiring
specific treatment. Like the general population, patients with CFC require
routine dental examinations and appropriate hygiene and restorative care.
Careful oral hygiene instructions to patients and their families are necessary,
since individuals with CFC may not have meticulous oral hygiene habits.
Some individuals with CFC may be anxious dental patients due to cognitive
delay and oral aversion, and thus, these individuals should be seen early and
often by the dentist to accustom them to dental treatment. In addition, dentists
should be aware and monitor the development of malocclusion in individuals
with CFC and be prepared to refer patients to an orthodontist for treatment if
necessary. In summary, thorough characterization of the craniofacial and
dental phenotypes of CFC and other RASopathies will not only help guide
clinicians in treating these patients, but will also provide insight into the

complex role of the RAS/MAPK pathway during craniofacial development.
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CHAPTER 3:

Craniofacial and Dental Development in Costello Syndrome; HRAS
Dysregulation in the Craniofacial Complex

In this chapter, | report the craniofacial and dental phenotype in a large CS
cohort for the first time and compare to CFC.
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3.1 ABSTRACT

Costello syndrome (CS) is a RASopathy characterized by a wide range
of cardiac, musculoskeletal, dermatological, and developmental abnormalities.
The RASopathies are defined as a group of syndromes caused by activated
RAS/mitogen-activated protein kinase (MAPK) signaling. Specifically, CS is
caused by activating mutations in HRAS. Receptor tyrosine kinase (RTK)
signaling, which is upstream of RAS/MAPK, is known to play a central role in
craniofacial and dental development, yet the key craniofacial and dental
features of CS have not been systematically defined. To fill this critical gap in
our knowledge, we evaluated the craniofacial and dental phenotype of a large
cohort (n=41) of CS individuals. We found that the craniofacial features
common in CS include macrocephaly, bitemporal narrowing, convex facial
profile, full cheeks, and large appearing mouth. Additionally, CS patients have
a characteristic, abnormal dental phenotype that includes malocclusion, with
open bite and posterior crossbite, enamel hypo-mineralization, delayed tooth
development and eruption, gingival hyperplasia, thickening of the alveolar
ridge, and high-arched palate. Comparison of the craniofacial and dental
phenotype in CS with other RASopathies, such as Cardio-facio-cutaneous
syndrome (CFC), provides insight into the complexities of RAS/MAPK

signaling in human craniofacial and dental development.
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3.2 INTRODUCTION

Costello syndrome (CS) is characterized by craniofacial malformations,
dermatologic anomalies, cardiac defects, musculoskeletal abnormalities,
growth delay, and cognitive deficits (Rauen, 2007). CS is one of the
RASopathies, a group of syndromes that includes neurofiboromatosis type 1
(NF1), Noonan syndrome (NS), NS with multiple lentigines, capillary
malformation-AV malformation syndrome, Legius syndrome, and Cardio-
facio-cutaneous syndrome (CFC) (Tidyman and Rauen, 2009). The
RASopathies are all caused by mutations that increase signaling through the
RAS signaling pathway, including its main effector pathways, mitogen-
activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3’K)
(Tidyman and Rauen, 2009). In the case of CS, all known patients have a
heterozygous, de novo germline mutation in HRAS that results in a

constitutively active RAS protein (Aoki et al., 2005).

The RASopathies, which are due to distinct mutations in the
RAS/MAPK pathway, have both unique and overlapping phenotypic features,
especially in the craniofacial complex. Geneticists rely on craniofacial
characteristics to clinically diagnose and guide genetic testing; however,
distinguishing between RASopathies, such as CS and CFC, can prove
difficult because of the shared phenotypic features. Thus, it is critical to
carefully delineate the specific craniofacial characteristics of each of the

RASopathies.
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Receptor tyrosine kinase (RTK) signaling upstream of RAS/MAPK is
known to play a crucial role in craniofacial and dental development. For
example, Fibroblast growth factors (FGFs) that initiate signaling through RTK
are involved in the crosstalk between epithelium and mesenchyme that guide
the formation of nearly the entire craniofacial complex, including the teeth
(Pispa and Thesleff, 2003; Nie et al., 2006). Comparing the craniofacial and
dental phenotypes of the RASopathies will further our understanding of the
role of RAS/MAPK signaling in craniofacial and dental development. We
recently reported the craniofacial and dental findings in CFC subjects
(Goodwin et al., 2012). In order to improve the phenotypic understanding of
the RASopathies and to further our understanding of RAS/MAPK signaling in
the craniofacial complex, we examined the craniofacial and dental features in

a large cohort of 41 CS individuals.
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3.3 MATERIALS AND METHODS

This study was approved by the UCSF Committee on Human
Research (UCSF Committee on Human Research, IRB # 10-01426). A total
of 41 individuals with a clinical diagnosis of CS were examined during the 6"
International Costello Syndrome Conference in Berkeley, California in 2009
(Rauen et al., 2010) and the 7™ International Costello Syndrome Family
Forum in Chicago, lllinois in 2011. The diagnosis was confirmed by a board
certified medical geneticist (K.A.R. or O.D.K.) based on clinical features. All of
the 41 participants (21 males and 20 females) enrolled in our study were
HRAS mutation positive. The average age of the cohort was 11 years, with a
range of 1 to 35 years of age. The majority of the cohort reported Caucasian
race (80%) but also included were Latino (10%), African (5%), Asian (2%),
and Middle Eastern (2%) individuals. Written informed consent was obtained
for all subjects. Complete intra- and extra-oral exams were performed by a
licensed dentist (A.F.G., S.O., or J.M.). Exams included extra-oral frontal and
profile view facial photographs. When possible, intra-oral photographs were
taken, radiographs (including panoramic, periapical, and bitewing
radiographs) and dental records provided by the participant were reviewed,
and alginate dental impressions were taken. The total number of patients
examined for each dental characteristic is listed in Table 2. When possible,
participants’ parents and/or siblings were also examined as controls (n=43).
Statistical comparison between the dental phenotype of the CS or CFC cohort

and general U.S. population as determined by the NHANES Il survey (Proffit
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et al., 2006) was made using the Fisher’s exact test with 2-tailed p-value.
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3.4 RESULTS

3.4.1 Craniofacial phenotype of CS

Individuals with CS have a characteristic craniofacial phenotype (Table
3.1, Figure 3.1). The majority of subjects presented with relative
macrocephaly (93%), high forehead (85%), and bitemporal narrowing (98%).
Most subjects had a convex facial profile (85%) and micrognathia (51%) or a
relatively small mandible. Subjects also commonly had a hyperteloric (56%)
and telencanthic (83%) appearance. Other common features were a short
nose (73%), with a depressed nasal bridge (73%) and wide nasal tip (90%).
Individuals with CS also had full cheeks (71%), a large appearing mouth
(76%), and thick appearing lips (95%), often with a tented upper lip (76%).
Commonly in CS, ears were low-set (93%) and posteriorly rotated (73%) with

upturned lobes (66%).
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Figure 3.1 Craniofacial phenotype of CS.

Frontal and profile images of individuals with CS demonstrate the craniofacial phenotype. (A) A 6
year-old boy with common CS craniofacial features including relative macrocephaly and short nose
with depressed nasal bridge and wide nasal tip. (B) A 20 year-old male with a convex facial profile,
micrognathia, and low-set, posteriorly rotated ears with upturned lobes. (C) A 14 year-old female with
full cheeks and a large appearing mouth with thick appearing lips. (D) A 23 year-old female with a

high forehead, bitemporal narrowing, and hyperteloric and telecanthic appearance typical of CS.
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Table 3.1 Summary of craniofacial findings in a cohort of 41 individuals with
Costello syndrome (CS).

Craniofacial Findings n %
Relative macrocephaly 38 | 93
High forehead 35 | 85
Bitemporal narrowing 40 | 98
Convex facial profile 33 | 85
Micrognathia 21 | 51
Hyperteloric appearing 23 | 56
Telencanthic appearing 34 | 83
Depressed nasal bridge 30 | 73
Short nose 30 | 73
Wide nasal tip 37 | 90
Full cheeks 29 | 71
Large appearing mouth 31 | 76
Thick appearing lips 39 | 95
Tented upper lip 31 | 76
Low set ears 38 | 93
Posteriorly rotated ears 30 | 73
Upturned lobes 27 | 66
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3.4.2 Dental phenotype of CS

Individuals with CS have a recognizable and characteristic dental
phenotype (Table 3.2, Figure 3.2). An open bite, when the anterior teeth are
not in contact with the posterior teeth in occlusion, was a common vertical
malocclusion that was observed in 41% of our cohort (Figure 3.2B). This
incidence is significantly higher than the national average (3%; p=0.0001). In
contrast, a deep bite, in which the maxillary anterior teeth overlap the
mandibular teeth by greater than 2 mm, was significantly less common
among our subjects (9%) than in the general population (49%; p=0.0001).
Posterior crossbite, a condition in which the maxillary posterior teeth are
positioned lingually (i.e. toward the tongue) relative to mandibular teeth
(normally, maxillary teeth are placed bucally (i.e. toward the cheek)), was
significantly more common in the CS cohort (35%; Figure 3.2B) than in the

general U.S. population (9%; p=0.0001).
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Figure 3.2 Dental phenotype of CS. Intra-oral photographs show the typical dental
phenotype in CS. (A) Class Il malocclusion. (B) Open bite and posterior crossbite on the
patient’s left side marked by the black arrow. (C) High-arched palate with thickening of the
posterior maxillary alveolar ridge (yellow arrows) and gingival hyperplasia (white arrows)
typical of CS. (D) Thickening of the anterior mandibular alveolar ridge (yellow arrows) and

heavy incisal wear on the mandibular central incisors (white arrows).



The percentage of subjects with class | molar relationship (30%), which
is the ideal molar relationship according to the Angle’s classification system
(Riolo, 2002), in which the mesiobuccal (anterior, cheek side) cusp of the
maxillary first molar aligns with the buccal side groove in the middle of the
mandibular first molar so that the maxillary first molar and mandibular first
molar are aligned, was not significantly different from the 41% of the U.S.
population with class | molar relationship (p=0.139). The percentage of
subjects with class Il molar relationship (33%), in which the maxillary first
molar is positioned mesially (anteriorly in the mouth) to the mandibular first
molar, was significantly greater than the national average (53%; p=0.006).
Class Il molar relationship (37%), in which the maxillary first molar is
positioned distally (posteriorly) to the mandibular first molar, was significantly

greater than the U.S. average (6%; p=0.0001; Figure 3.2A).

Dental crowding was only observed in 39% of our CS cohort compared
to about 60% of the U.S. population (p=0.004). None of the CS subjects
presented with missing teeth, and only one subject presented with
supernumerary teeth (lateral incisor), based on clinical examination and
review of radiographs. Examination of panoramic x-rays for 6 CS patients
indicated that dental development was delayed in 5 of the subjects. Eruption
patterns were determined by assessing the teeth present in relationship to the
age of the individual examined and comparing to the normal eruption pattern.
Most CS individuals (93%) showed delayed eruption patterns. The majority of

subjects had a constricted high-arched palate (84%; Figure 3.2C). CS
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patients also presented with a thickening of the posterior maxillary alveolar
ridge (30%; Figure 3.2C), and 2 patients had a striking thickening of the
anterior mandibular alveolar ridge (Figure 3.2D). Most CS individuals had
gingival hyperplasia (64%), or overgrowth of the gingival tissue. Only 25% of
CS individuals presented with clinical caries at exam; however, 57% had a
history of caries according to dental records. Nearly all of the CS subjects
presented with an enamel defect (88%), which was characterized clinically by
demineralized white focal and striation lesions in the enamel. The subjects
who presented with enamel defects were 5-35 years of age while those who
did not present with enamel defects tended to be younger, between the ages
of 2 and 8. Subjects also presented with habits including a secondary tongue
thrust (28%) and open mouth posture (55%). In addition, bruxism, as
determined clinically by pathologic wear of the teeth, was present in 56% of

our cohort.
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Table 3.2 Summary of the dental characteristics in Costello syndrome (CS).

cS CFC CFC
Dental General vs CS
. CS CFC . b
Findings Population c p- p-
p-value c d
value value
Affected | _ 1@ 1o | Affected | - 108 1o %
Examined Examined
Malocclusion
Vertical
Open bite 13 32 41 10 27 37 3 0.0001* | 0.0001* 0.79
Deep bite 3 34 9 5 27 19 49 0.0001* | 0.0001* 0.44
Transverse
Posterior 12 34 35| 4 21 19 9 0.0001* | 0.032* | 023
crossbite
Anterior/
Posterior/
Sagittal
Molar
relationship
Class | 8 27 30 7 13 54 41 0.139 0.089 0.17
Class I 9 27 33 6 13 46 53 0.006* 0.396 0.50
Class Il 10 27 37 0 13 0 6 0.0001* 0.029* 0.016*
Arch
perimeter
Crowding 13 33 39 8 32 25 60 0.004* 0.0001* 0.29
Spacing 14 33 42 7 32 22 N/A°® 0.1
Dental
development
Missing teeth 0 31 0 1 31 3 N/A 1.00
Supernumerary 1 31 3 0 31 0 N/A 1.00
teeth
Delayed 5 6 83| o 2 0 N/A 0.11
development
Delayed 27 29 93 4 32 13 N/A 0.0001*
eruption
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Hard tissue

High arched
palate

27

32

84

16

20

80

N/A

0.72

Thickening of
the posterior
maxillary
alveolar ridge

10

33

30

31

N/A

0.0009*

Thickening of
the anterior
mandibular
alveolar ridge

33

31

N/A

0.49

Soft tissue

Gingival
hyperplasia

21

33

64

31

N/A

0.0001*

Pathology

Caries present
at exam

35

26

28

25

N/A

1.00

History of
caries

10

14

71

57

N/A

0.64

Enamel defect

29

33

88

13

31

N/A

0.0003*

Habits

Tongue
thrusting

32

28

31

23

N/A

0.77

Open mouth
posture

22

40

55

32

29

N/A

0.03*

Bruxism

18

32

56

31

10

N/A

0.0001*

@ Number of CS individuals examined for each dental characteristic since dental exams were not
completed on every CS individual in the cohort

® Prevalence of dental characteristic in general population as determined by the NHANESIII survey

¢ Comparison of incidence of dental characteristic in CS cohort compared to general population using the
Fisher's exact test with 2-tailed p-value

* significant p-value<0.05

¢ Comparison of incidence of dental characteristic between CS and CFC using the Fisher’s exact test with
2-tailed p-value

® N/A Data not available
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3.5 DISCUSSION

The RASopathies are a group of syndromes caused by dysregulation
of the Ras/MAPK pathway in which affected individuals commonly present
with craniofacial dysmorphia. Each syndrome is characterized by distinct
facies that are used to clinically differentiate and diagnose the many
RASopathies. We have previously reported that CFC, caused by activating
mutations in KRAS, BRAF, MEK1, or MEKZ2 (Rodriguez-Viciana, 2006; Niihori
et al., 2006), is characterized by a distinct craniofacial phenotype including
macrocephaly, bitemporal narrowing, convex facial profile, and hypoplastic
supraorbital ridges (Goodwin et al., 2012). Here, we have thoroughly
examined the craniofacial findings in CS, which is caused by heterozygous de
novo germline mutations in the small GTPase HRAS that functions upstream
of the kinases BRAF, MEK1, and MEK2. CS shares craniofacial features with
CFC, including macrocephaly, bitemporal narrowing, and convex facial profile,
but also possesses additional, unique characteristics including micrognathia,
full cheeks, large appearing mouth, and thick appearing lips. The “coarser”
appearance of CS individuals may be attributed to these “fuller” features,
which are distinguishable from CFC, especially as individuals age. Analyzing
the craniofacial features of the RASopathies provides specific craniofacial
criteria that are useful in clinical diagnosis of the RASopathies, and further
study may elucidate the role of Ras/MAPK signaling in craniofacial

development.
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There are many striking differences between the dental phenotypes of
CS and CFC (Table 3.2), and analysis of the dental phenotypes of the
RASopathies caused by mutations at different points along the Ras pathway
will provide insight into the role of Ras and its effector pathways in tooth
development. We identified some overlapping dental characteristics between
CS and CFC, but overall, CS had more dysmorphic dental characteristics
compared to CFC. Malocclusion, including anterior open bite and posterior
crossbite, was a common dental finding in both CFC and CS, and there was
no statistical significance in the incidence between CS and CFC in either
(p=0.79, p=0.23, respectively, Table 3.2). However, individuals with CS also
had a significantly increased incidence of class Il molar relationship
compared to the CFC cohort and general population (p=0.016, p=0.0001,
respectively). Similar to individuals with CFC, those with CS did not have
anomalies in tooth number or morphology. Although we did not observe
differences in size of the teeth clinically or based on dental casts (n=3) in our
CS cohort, it was recently reported in a small cohort of 4 CS individuals that
primary lateral incisors and first and second molars and permanent first
molars were small in size, based on multi-detector row computed tomography

(MDCT) (Takahashi and Ohashi, 2012).

Our previous analyses of mice carrying mutations in RTK antagonists
revealed the formation of supernumerary teeth and changes in tooth
morphology due to hyperactive MAPK signaling (Klein et al., 2006; 2007;

Peterkova et al., 2009). We therefore had predicted that individuals with CS
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and CFC would have supernumerary or malformed teeth, and our finding of
normal tooth number and shape was surprising. Another surprising finding
was that in CS individuals the enamel structure was severely disrupted.
Individuals with CS frequently presented white focal lesions and striations
(88%) compared to CFC individuals (31%; p=0.0003). CS individuals also had
increased incidence of bruxism (56%) compared to CFC individuals (10%;
p=0.03), indicative of pathologic wear, most likely due to decreased
mineralization of CS enamel. Indeed, the structure of CS enamel was less
densely mineralized and disorganized according to scanning electron
microscopy (SEM; See Chapter 4). Interestingly, SEM imaging of CFC

enamel revealed normal structure (Goodwin et al., 2012) data not shown.

In addition to structural defects, CS individuals also had delayed tooth
development and eruption, unlike CFC individuals. The difference in
incidence of delayed tooth eruption was statistically significant between the
CS and CFC cohorts (p=0.0001), however there was not a clear statistical
significance in delayed development (p=0.11), most likely due to the small
sample size of the cohorts (5/6 and 0/2, respectively; Table 3.2). The delayed
eruption in CS individuals may be due to dysfunction of osteoclasts, which
resorb alveolar bone around the developing tooth to allow eruption (Wise,
2009). CS and CFC individuals have been shown to have increased urinary
pyridinium crosslinks (breakdown product of mature collagen), suggestive of
increased osteoclastic activity (Stevenson et al., 2011). However, activity of

CS or CFC osteoclasts has not been assessed in vitro or in vivo. In addition
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to the osteoclast activity in the coronal region of the erupting tooth, there must
also be osteogenic activity near the roots of the tooth to force the tooth to
erupt and maintain alveolar bone around the tooth. Thus, tooth eruption
requires both osteoclastic and osteogenic activity, and it may be that an
imbalance in bone remodeling in the activated Ras signaling environment

results in impairment of tooth eruption.

CS individuals presented with distinct hyperplasia of the oral tissues
not observed in CFC; about 65% of our CS cohort and only 3% of our CFC
cohort presented with gingival hyperplasia (p=0.0001, Table 3.2). A significant
number (30%) of CS individuals also had thickening of the maxillary posterior
alveolar ridge not observed in CFC (0%; p=0.0009), and there were two CS
individuals who presented with a thickening of the mandibular anterior
alveolar ridge. It is intriguing that only CS and not CFC individuals presented
with this tissue hyperplasia phenotype. Since CFC is mainly caused by
mutations in MAPK (BRAF, MEK1, MEK2) and CS is caused by upstream
activating mutations in HRAS, it is possible that Ras is signaling through
PI3'K, rather than MAPK, to increase oral tissue proliferation in CS. This
hypothesis is supported by case reports in Proteus Syndrome, a rare
hamartoma syndrome that includes gingival hypertrophy and can be caused
by mutations in the PI3’K/AKT pathway (Becktor et al., 2002; Sakamoto et al.,
2010). Additionally, gingival fibromas have been reported in individuals with
Tuberous Sclerosis caused by mutations in TSC7 or TSC2, which encode

proteins downstream of AKT (Sparling et al., 2007). Activation upstream of
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Ras signaling has also been implicated in gingival hypertrophy. Hereditary
Gingival Fibromatosis Type 1 (HGF1), which is caused by activating
mutations in SOS-17 that encodes a protein that recruits Ras to the membrane
for activation, is characterized by benign, slowly progressive, non-
hemorrhagic, fibrous enlargement of maxillary and mandibular keratinized
gingiva (Hart et al., 2002). These patient data point to differences in the roles
of the multiple effector pathways of Ras such as MAPK and PI3'K in the

presentation of RASopathies.

Like individuals with CFC, CS individuals do not present with dental
features requiring special treatment. CS individuals should undergo regular
dental exams and treatment. Dentists should pay special attention to the oral
hygiene of CS patients since hyperplasia of the gingival tissue may make
proper cleaning of the teeth difficult. Although the caries incidence in our
cohort was not strikingly high, CS individuals may be at higher risk due to
hypo-mineralized enamel. Additionally, hypo-mineralized enamel may lead to
increased pathologic wear of the teeth, and increased fluoride treatment,
whether in office fluoride varnish or at home fluoride rinse in addition to
fluoride toothpaste, may be recommended. For severe tooth abrasion, a
custom mouthguard may be considered. Delayed tooth development and
eruption should be explained to patients and their families to alleviate any
concerns. If there is a significant delay, panoramic x-rays are recommended

to determine tooth development stage. In addition, CS individuals are likely to
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develop malocclusion, and so early referral to an orthodontist is

recommended.

Together, the data we present here add to the study of the craniofacial
and dental phenotypes in the RASopathies, and this information is useful for
clinicians treating CS patients. Additionally, by comparing the RASopathies
and focusing on the differences between the syndromes, we can begin to
dissect the roles of the Ras pathway and its multiple effectors in craniofacial

and dental development.
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CHAPTER 4:

Abnormal Ras Signaling Negatively Regulates Enamel Formation

In this chapter, | thoroughly evaluate the hypoplastic enamel defect observed
clinically in CS patients, and further analyze the enamel defect in a CS mouse
model, revealing an important role for Ras in amelogenesis.
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4.1 ABSTRACT

RASopathies are syndromes caused by gain-of-function mutations in
the Ras signaling pathway. One of these conditions, Costello syndrome (CS),
is caused by an activating germline mutation in HRAS and is characterized by
a wide range of cardiac, musculoskeletal, dermatological, and developmental
abnormalities. We report that a majority of individuals with CS have hypo-
mineralization of enamel, the outer covering of teeth, and that similar defects
are present in a CS mouse model. Comprehensive analysis of the mouse
model revealed that ameloblasts, the cells that generate enamel, lacked
polarity, and the ameloblast progenitor cells were hyperproliferative. Ras
signals through two main effector cascades, the mitogen-activated protein
kinase (MAPK) and phosphatidylinositol 3-kinase (PI3’K) pathways. To
determine through which pathway Ras affects enamel formation, inhibitors
targeting either PI3’K or MEK1/2, a kinase in the MAPK pathway, were
utilized. MEK1/2 inhibition rescued the hypo-mineralized enamel, normalized
the ameloblast polarity defect, and restored normal progenitor cell
proliferation. In contrast, PI3’K inhibition only corrected the progenitor cell
proliferation phenotype. We demonstrate for the first time the central role of
Ras signaling in the teeth of CS individuals, and we present the mouse incisor

as a model system to dissect the roles of the Ras effector pathways in vivo.
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4.2 INTRODUCTION

The role of Ras signaling has been extensively studied in development
and disease, particularly in cancer, yet its function in tooth development is not
yet known. Receptor tyrosine kinase (RTK) signaling upstream of Ras is
activated by fibroblast growth factors (FGFs), which are known to regulate
epithelial-mesenchymal interactions in the developing tooth (Nie et al., 2006).
We have previously reported that deletion of Sprouty genes, which encode
proteins that antagonize the Ras/mitogen-activated protein kinase (MAPK)
pathway, results in changes in tooth number and morphology (Klein et al.,
2006; 2007; Peterkova et al., 2009), suggesting that Ras signaling is
important in developing teeth. However, the role of Ras and its downstream
effectors, including the MAPK and phosphoinositide 3-kinase (PI3'K)

pathways, has not yet been explored in tooth development and renewal.

Costello syndrome (CS) provides an ideal model to study the effects of
activated Ras signaling in development. CS is characterized by craniofacial
malformations, dermatologic anomalies, cardiac defects, musculoskeletal
abnormalities, growth delay, and cognitive deficits (Rauen, 2007). CS is one
of a number of RASopathies, a group of syndromes that includes
neurofibromatosis type 1 (NF1), Noonan syndrome (NS), NS with multiple
lentigines, capillary malformation-AV malformation syndrome, Legius
syndrome, and Cardio-facio-cutaneous syndrome (CFC) (Tidyman and
Rauen, 2009). The RASopathies are caused by mutations that increase

signaling through the Ras/MAPK pathway (Tidyman and Rauen, 2009). In CS,
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individuals have heterozygous, germline mutations in HRAS that result in the

constitutive activation of Ras (Aoki et al., 2005).

Multiple mouse models have been developed to study the
RASopathies. Here, we have utilized a CS mouse model expressing an
HRas®'® mutation (Chen et al., 2009). Although 80% of individuals with CS
carry an HRAS®'?® mutation (Estep et al., 2006; Gripp et al., 2005; Kerr et al.,
2006), the HRas®'?Y mouse model is useful because it phenocopies many
aspects of the syndrome, including growth delay, macrocephaly, craniofacial

anomalies, and papilloma development (Chen et al., 2009).

We examined the teeth of individuals with CS and in CS (HRas®'?")
mice and observed that enamel was hypo-mineralized in both human and
mouse CS. To systematically study the cellular mechanisms underlying this
defect, we took advantage of the continuously growing mouse incisor model
(Smith and Warshawsky, 1975; 1977; Harada et al., 1999; Seidel et al., 2010;
Juuri et al., 2012; Biehs et al.; Jheon et al., 2012). We discovered that in CS
mice, the proliferation and differentiation of enamel-producing ameloblasts
and their precursors were compromised, and the inhibition of MEK1/2
(mitogen activated protein kinase kinase) or PI3’K rescued distinct aspects of
the dental phenotype. Our studies demonstrate for the first time the central
role of Ras signaling in tooth development, and the utilization of the mouse

incisor model to dissect the roles of the distinct components of RAS signaling.
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4.3 MATERIALS AND METHODS
4.3.1 Human subject craniofacial and dental exams

A total of 41 individuals with a clinical diagnosis of CS were examined
during the 6™ International Costello Syndrome Conference in Berkeley,
California in 2009 (Rauen et al., 2010) and the 7™ International Costello
Syndrome Family Forum in Chicago, IL in 2011. The diagnosis was confirmed
by a board certified medical geneticist (K.A.R. or O.D.K.) based on clinical
features. All 41 participants enrolled in our study were HRAS mutation
positive. The cohort consisted of 21 males and 20 females. The average age
of the cohort was 11 years, with a range of 1 to 35 years of age. The majority
of the cohort reported Caucasian race (80%), but also included were Latino
(10%), African (5%), Asian (2%), and Middle Eastern (2%) individuals. Written
informed consent was obtained for all subjects. Complete intra- and extra-oral
exams were preformed by a licensed dentist (A.F.G.). Exams included frontal
and side view craniofacial photographs, intra-oral photographs, review of
radiographs (including panoramic, periapical, and bitewing radiographs) and
dental records provided by the participant, and alginate dental impressions.
UV images were taken with an Olympus E-620 camera (Center Valley, PA)
and a Pentax Ultra-Achromatic Takumar Quartz lens (Denver, CO), which
heightened the contrast between areas of mineralized and de-mineralized

enamel.
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4.3.2 Mouse husbandry and inhibitor treatment

All experiments involving mice were conducted in accordance with
protocols approved by the University of California, San Francisco Institutional

S12YY mice were bred and

Animal Care and Use Committee. CS (Hras
genotyped as previously described (Chen et al., 2009). PD0325901 (Pfizer,
New York, NY) and GDC0941 (Genentech, South San Francisco, CA) were
formulated in 0.5% (w/v) (hydroxypropyl)methyl cellulose (HPMT; Sigma, St.
Louis, MO). PD0325901 was administered to 3-month-old mice by oral
gavage at 12.5 mg/kg and GDC0941 at 75 mg/kg per mouse once per day for

28 days.

4.3.3 Micro-computed tomography and SEM analysis of exfoliated

human and mouse teeth

Micro-computed tomography (UCT) was performed on human teeth
and mouse hemi-mandibles. For patient samples, 1 exfoliated primary
maxillary central incisor from a CS individual and 1 age-matched control tooth
were collected and stored dry at room temperature. For mouse samples,

G12Y) mice were

hemi-mandibles from P21 and P70 control and CS (Hras
dissected, cleaned of excess tissue, and fixed overnight in 4%
paraformaldehyde (PFA), followed by dehydration in 70% ethanol. Human

and mouse samples were scanned using a micro-focused X-ray tomographic

system (MicroXCT-200, Xradia, Pleasanton, CA), at 55 kV and 144 pA. 2000
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projection images at an exposure time of 13 s with a linear magnification of
2X were taken. The final pixel size was 20.5 uym. The volume was
reconstructed using a back projection filtered algorithm (XRadia, Pleasanton,
CA). Following reconstruction, 3D image processing and analysis were
carried out using MicroView (Version 5.2.2, GE Healthcare, Pittsburgh, PA)
and Amira (Version 5.3, Visualization Sciences Group, Burlington, MA)
software. A 700um transverse section (35 slices) of the incisor, adjacent to
the second molar, was used to measure the following parameters: enamel
volume and enamel coverage, which is defined by the ratio of enamel area to

tooth area.

Scanning electron microscopy (SEM) was performed on exfoliated
patient teeth and mouse hemi-mandibles. For patient samples, 2 exfoliated
primary teeth (maxillary central and lateral incisor) from 2 CS individuals and
1 exfoliated age-matched control maxillary central incisor were collected and
stored dry at room temperature. For mouse samples, hemi-mandibles from
12-week old control and CS mice were dissected free of soft and connective
tissue, fixed in 4% PFA in PBS overnight, then dehydrated in a graded
ethanol series, and dried in a vacuum desiccator. After initial treatment,
mouse and human samples were treated the same. Samples were embedded
in epoxy resin (resin 105 and hardener 205 at a ratio of 5:1 w/w, WestSystem,
Bay City, MI), ground to the desired thickness on a plate grinder (EXAKT
400CS, Norderstedt, Germany) using 800 grit silicon carbide paper, and

polished with 2000 and 4000 grit silicon carbide paper (Hermes Abrasives,
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Mississauga, ON, Canada). The exposed tissue was etched with 10%
phosphoric acid for 30 seconds, rinsed with water, and dried in a vacuum
desiccator. Samples were mounted on SEM stubs with carbon tape, surfaces
coated with 7nm gold using a sputter coating machine (Desk Il, Denton
Vacuum, Moorestown, NJ), and imaged in a Philips SEM instrument (XL30
ESEM, Philips, Andover, MA) operating at a beam energy of 20 keV in
secondary electron or backscatter mode. Images were processed using
Adobe Photoshop CS5.1 to adjust upper and lower limits of input levels in

grayscale mode, and to apply auto balance and auto contrast settings.

4.3.4 Histological analysis of mouse teeth

Post-natal day 2, 21 and 70 CS and control mice were euthanized and
mandibles were removed and fixed in 4% paraformaldahyde overnight.
Mandibles were then decalcified in 0.5M EDTA for 7-16 days, dehydrated,
embedded in paraffin, and serially sectioned sagitally or coronally on a Leica
microtome at 7 mM. Samples were stained with H&E and imaged at 20X and
40X on a Leica upright microscope. Quantification was done using ImageJ
software (Rasband). Immunohistochemistry (IHC) was also performed
following standard protocols using antibodies against GM-130 (Cell Signaling
#2296, Danvers, MA), amelogenin (Santa Cruz #32892, Dallas, TX), and p-
ERK (Cell Signaling #9101, Danvers, MA). For proliferation analysis, 10-week
control and CS mice were injected intraperitoneally with 1mg of BrdU 1.5

hours prior to euthanization, and IHC was performed using an antibody
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against BrdU (Abcam #6326, Cambridge, MA). Number of nuclei and BrdU
cells in the cervical loop and transit-amplifying region was determined using

pixel quantification in Adobe lllustrator.

4.3.5 RNA isolation and qPCR

Mandibular molars were removed from P11 control and CS mandibles
in PBS and transferred to Dulbecco’s Modified Eagle Medium (DMEM) at 4°C.
RNA was extracted from the tissue using the RNeasy Mini Kit (Qiagen,
Germantown, MD). RNA was then quantified using the NanoDrop 2000
(Thermo Scientific, Wilmington, DE), and cDNA was made with MMLV
Reverse Transcriptase. qPCR reactions were performed using the GoTaq
gPCR Master Mix (Promega, Madison, WI) in a Mastercycler Realplex
(Eppendorf, Hauppauge, NY). PrimeTime gqPCR primers (Integrated DNA
Technologies, Coralville, 1A) for each of the genes of interest were used
(sequences available upon request). gPCR conditions were as follows: 95°C,
2 minutes; 40 cycles at 95°C, 15 seconds; 60°C, 15 seconds; 68°C, 20
seconds; followed by a melting curve gradient. Expression levels of the genes
of interest were normalized to levels of L19 and are presented as relative

levels to control.

4.3.6 Western blot hybridization

Liver tissue was collected, snap-frozen, and homogenized in cell lysis
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buffer with the addition of phosphatase inhibitor cocktail. The lysates were
cleared by centrifugation and soluble protein quantified by the Bradford
method. 2.5 mg of protein was subjected to PAGE on a NUPAGE Novex 4—
12% Bis-Tris gradient gel (Invitrogen, Grand Island, NY) and transferred to
BVDF membrane. Western blot hybridization was performed using standard
protocols. Blots were probed with antibodies to p-MEK1/2 (Cell Signaling
#2338, Danvers, MA), p-ERK (Cell Signaling #9101, Danvers, MA), total ERK
(Cell Signaling #9102, Danvers, MA), p-AKT (Cell Signaling #9271, Danvers,
MA) and total AKT (Cell Signaling #9272, Danvers, MA). Antibody to GAPDH

(#AM4300, Ambion, Austin, TX) was used as a protein loading control.
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4.4 RESULTS

4.4 .1 Individuals with CS have defective enamel

Because of the optical properties of enamel, less dense enamel
appears chalky white and opaque to the human eye, whereas normal enamel
looks translucent and slightly yellow. Therefore, the presence of white lesions
is suggestive of demineralized enamel (Karlsson, 2010). The enamel of
nearly all CS participants examined (n=29; 88%) had focal white lesions and
striations, which are not normally present in healthy enamel (Figure 4.1A,B).
In addition, pathologic wear, as indicated by reduced cusps and/or cup
shaped lesions on the cusps (Figure 4.1C,D), was present in 56% (n=18) of
CS subjects. Such pathologic wear, not observed in unaffected individuals of
the same age, suggested that CS individuals’ enamel was less densely
mineralized, and thus, more susceptible to abrasion (Figure 4.1C,D). In order
to increase the contrast between the mineralized and demineralized enamel
areas, we obtained photographs using a UV camera, which confirmed that
individuals with CS had demineralized striated lesions that were not present

in controls (Figure 4.1E,F).

To assess for the presence of structural enamel defects, scanning
electron microscopy (SEM) was performed on etched enamel from exfoliated
CS and age-matched control teeth. Healthy enamel displayed a parallel
arrangement of hydroxyapatite prisms spanning from the dentin-enamel

junction (DEJ) to the enamel surface (Figure 4.1G). In CS enamel, the
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organized, parallel pattern of hydroxyapatite prisms was absent, and the
orientation of rods was more irregular from the DEJ to the enamel surface
(Figure 4.1H). More importantly, the inter-rod hydroxyapatite crystals that fill
the space between enamel rods in normal enamel (Figure 4.1G’) were absent
in CS enamel (Figure 4.1H’). Furthermore, micro-computed tomography
(MCT) analysis of exfoliated primary teeth showed that the enamel in CS

subjects was thinner than in controls (Supplemental Figure 1).
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Control CS Affected

——— SEM ———— UVFlash —— BrightFlash ——

Figure 4.1 Defective enamel is a feature of CS. (A-D) Intraoral photographs. Control patient (A) had normal
enamel, whereas 19 year-old CS affected female (B) had demineralized white focal lesions and striations
(black arrows). Control patient (C) had normal cusps, whereas 23 year-old affected male (D) had cup-shaped
lesions (black arrows) on cusps. (E,F) UV flash images of mandibular canine and first premolar in unaffected
15 year-old (E) and his 25 year-old CS affected brother with heavy wear on the cusps (F, white arrows).
Alternating light and dark striations (yellow arrows) in F indicated demineralized enamel. (G,H) SEM images
of enamel of exfoliated maxillary primary incisors showed that the hydroxyappetite crystals were less
organized and not parallel in the affected CS individual (H) compared to control (G) as highlighted by the red
and yellow dashed lines (scale bar: 50um). Higher magnification images showed that the inter-rod enamel

present in control (G’) was missing from CS enamel (H’) (scale bar: 5um).
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4.42 CS (Hras®?) mice have poorly mineralized and disorganized

enamel

UCT was performed on hemi-mandibles of CS (HRas®'?")

mice (Figure
4.2A). Coronal images at the first molar were captured to determine the
volume, distribution, and density of molar and incisor enamel (Figure 4.2A’).
Normally, mice possess enamel on the crowns of the 3 molars and the labial
aspect of the incisor (Figure 4.2B,B’,D,D’). However, the molars of CS mice
showed little to no enamel (Figure 4.2C-C”,E-E”). In control mice, incisor
enamel was more dense at postnatal day (P) 70 than P21 (Figure 4.2B”,D™).
In fact, at all stages analyzed, the CS incisor enamel was less densely
mineralized (Figure 4.2C” E™). In controls, enamel covered the entire labial
surface of the incisor, whereas in CS mutants, the total volume of enamel was
decreased, with enamel covering a decreased percent of the tooth area

(Figure 4.2C” E”, Supplemental Figure 5).

To determine whether enamel microstructure was disrupted in CS mice,
SEM analysis was performed on incisors of 12-week old (P70) animals. In
controls, the enamel rods were highly organized, running parallel from the
DEJ to the enamel surface (Figure 4.2F,F’) similar to that observed in human
teeth (Figure 4.1G). This interdigitated and highly organized pattern was lost
in CS incisors, and the enamel rods intersected at irregular angles and did not
completely span the DEJ to the enamel surface (Figure 4.2G,G’), similar to

what we observed in human CS teeth (Fig. 4.1H).
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MCT imaging of CS mice also revealed large cysts in the bone in the
region of the 3™ molar at P21 as compared to control (n=3; Figure 4.2B,C).
Histological examination of the cysts at P21 revealed that they were lined by
epithelium infiltrated by ghost cells, or aneucleic cells with basophilic granules
(data not shown). The cysts were near, but not associated with, the 3" molar,
which is suggestive of calcifying odontogenic cysts (Resende et al., 2011).
Interestingly, these cysts were not observed at P70, indicating that they

resolved in adulthood (n=3; Figure 4.2E).
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SEM P70

Figure 4.2 CS (Hras®'*') mice have less densely mineralized, disorganized enamel. Micro-CT (uCT) images of the

entire mouse mandible (A) and first molar and incisor (A’) (red dashed plane). (A”, A”) Magnified view of the molar and
incisor. Enamel is colored red, dentin is green, and bone is gray. (B,C,D,E) In control, enamel was present on the molars
(B’,B”,D’,D”; white arrows) and labial aspect of the incisor (B’,B”,D’,D”; yellow arrows) while CS mutant had little to no
enamel on the molars (C’,C”,E’,E”; open white arrows) and less dense and abnormally distributed enamel on the labial
aspect of the incisor at P21 (C’,C”) and P70 (E’,E”; open yellow arrows). Note the large cyst structure in the region of the
3" molar in the CS mutant (marked by asterisk) at P21 (C) that was resolved at P70 (E). (F,G) SEMs showed that control
enamel rods were parallel and ran continuously from the DEJ (bottom of image) to enamel surface (top of image) (F’)

while the CS mutant enamel rods were disorganized and intersected (G’) (scale bar: G,H; 50um G’,H’; 10um).
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4.4.3 CS (Hras®'?Y) ameloblasts are disorganized and have abnormal cell

polarity at the secretory and maturation stages

In order to determine the cause of the enamel defects in the CS

(Hras®'2Y)

mice, the ameloblasts were examined using the mouse incisor
model. The rodent tooth is remarkable in that the ameloblast progenitor cells
exit the stem cell-containing cervical loop (CL), proliferate as they move into
the transit-amplifying (TA) region, and differentiate into ameloblasts. As the
ameloblasts move along the incisor, they transition from the secretory stage,
during which they secrete enamel proteins including amelogenin (AMEL) and
ameloblastin (AMBN) to form the enamel matrix (Gibson et al., 2001;
Fukumoto, 2004), to the maturation stage, when ameloblasts secrete proteins
such as odontogenic ameloblast associated protein (ODAM/APIN) and
amelotin (AMTN) that enable the mineralization of the enamel matrix (Moffatt
et al., 2008; Iwasaki et al., 2005). Thus, the distinct steps of amelogenesis

can be observed in a “conveyor belt-like” fashion along the length of the

mouse incisor.

Normally, ameloblasts are highly organized in a single cell layer on the
labial aspect of the incisor (Figure 4.3A-A”). Hematoxylin and eosin (H&E)
stained coronal sections in the region of the 1% molar from P70 control mice
showed that the ameloblasts and underlying stratum intermedium (SI) cells
were separated by a clear border (Figure 4.3B,B’). In addition, control
ameloblasts were polarized, with the nuclei located in the basal portion of the

cell (Figure 4.3B,B’). In contrast, CS ameloblasts and the underlying SI and
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stellate reticulum (SR) were disorganized, and there appeared to be a loss of
the well-defined border between ameloblasts and Sl (Figure 4.3C,C’; (Chen et
al., 2009)). CS ameloblasts appeared crowded (Figure 4.3C’), and there was
an increased number of CS ameloblasts at both the secretory and maturation
stages (Figure 4.3E). Furthermore, the nuclei in CS ameloblasts were located
in the apical two-thirds of the cell significantly more often than in controls at
both the secretory and maturation stages (Figure 4.3B°,C’,D). This mis-
orientation of nuclei indicated a loss of cell polarity. In control ameloblasts, the
Golgi apparatus is positioned apically with respect to the nuclei. However, in a
significant number of CS ameloblasts the Golgi apparatus was mis-oriented
basally relative to the nucleus, demonstrating a lack of CS ameloblast polarity
(Supplemental Figure 2). Interestingly, there were no differences between
control and CS mice in expression of the hemi-desmosomal protein E-
cadherin (Li et al., 2012) or the desmosome-associated protein PERP that are

important in ameloblast-S| attachment ((Jheon et al., 2011); data not shown).

When ameloblasts reach the maturation stage, the enamel protein matrix is
normally removed to allow proper mineralization (Hu et al.,, 2007). In
demineralized samples from control mouse incisors, the empty enamel space
between the ameloblasts and dentin confirmed the complete removal of
enamel matrix (Figure 4.3B). In contrast, CS mice showed residual enamel
matrix, indicating that CS ameloblasts did not completely remove the enamel

matrix to form properly mineralized enamel (Figure 4.3C). Furthermore, g°PCR
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showed that maturation stage molars at P11 expressed decreased levels of

Amitn and Apin/Odam (Supplemental Figure 3).
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Figure 4.3 CS (Hras®'?Y) ameloblasts are disorganized and lose cell polarity. Coronal sections of the
mouse mandible at the plane of the first molar, as shown in A, were stained with H&E. Images were taken
of the labial aspect of the incisor at 20X (A’) and 40X (A”). (B, B’) In control, the ameloblasts (Am) were
highly organized, with their nuclei in the basal aspect of the cell, and there was a clear border between the
ameloblasts and underlying stratum intermedium (SI) and stellate reticulum (SR). (C, C’) In the CS mutant,
the ameloblasts were crowded, the nuclei were in the apical 2/3 of cells, and there was no clear boundary
between the ameloblasts and SI/SR. The enamel space in the control was empty (B) while there was pink
stained enamel matrix protein (marked by the arrow) in the CS mutant (C). The percent of nuclei in the
apical 2/3 of the cell (D; **p<0.0025) and number of ameloblasts in the labial aspect of the incisor (E;

*p<0.025) at secretory (Sec.) and maturation (Mat.) stage are quantified.
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4.4.4 Treatment with MEK and PI3’K inhibitors enhances enamel

deposition in control mice

In order to determine through which effector pathway HRAS acts to
regulate amelogenesis, mice were treated with MEK1/2 (PD0325901, Pfizer,
New York, NY) or PI3’K (GDC-0941, Genentech, South San Francisco, CA)
inhibitors. The systemic inhibition of the signaling pathways by the specific
inhibitors was confirmed by performing western blot analysis on protein
isolated from the liver (Supplemental Figure 4). We first tested the effects of
these inhibitors in control adult (P70) mice. Coronal uCT images showed that
mice treated with MEK or PI3’K inhibitors for 28 days had normal enamel
density (Figure 4.4A’,E’]l'); however, the enamel formed earlier after
treatment with either of the inhibitors compared to vehicle-treated control mice.
In control mice, enamel was visible near the 1% molar, whereas enamel
appeared near the 2" molar with MEK inhibition and near the 3™ molar with
PI3’K inhibition (Figure 4.4A,E,l). Although the timing of enamel deposition
differed, the enamel structure analyzed by SEM was the same with vehicle,

MEK and PI3’K inhibitor treatments (Figure 4.4B,F,J).
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MEKi Vehicle

PI3Ki

Figure 4.4 HRAS signaling negatively regulates enamel formation. Micro-CT (uCT) and SEM images
of control and CS (Hras®'?") incisors treated with vehicle, MEK1/2 inhibitor (MEKi), or PI3K inhibitor
(PI3Ki) for 28 days. (A,E,l) Coronal uCT images of the incisor in the plane of the 1* molar indicated by the
red dashed rectangle showed that enamel density and distribution was similar in control treated with
MEKI (E’) or PI3Ki (I') compared to vehicle (A’), but enamel mineralization began earlier as noted by white
arrowheads. (C,G,K) The CSincisor treated with MEKi (G’) appeared to have denser enamel than the CS
incisor treated with vehicle (C’) or PI3Ki (K’), similar to the control treated with vehicle (A’). Note MEKi
(G’), but not PI3Ki (K’), treatment rescued CS enamel distribution pattern, including enamel pearl
phenotype (marked by yellow arrowhead) (C’). (D,H,L) SEM images showed that the highly organized
pattern of enamel rods in the control (B) was rescued in the CS incisor treated with MEKi (H), but not

PI3Ki (L) (scale bar: 50um).
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4.4.5 MEK inhibition of CS (Hras®'?Y) mice rescues the enamel defect

We next assessed the effects of the pathway specific inhibitors in CS
adult mutant mice. Treatment of CS mice with the MEK inhibitor rescued the
density, patterning and structure of enamel, whereas PI3’K inhibition only
partially rescued the enamel density and had no effect on the patterning or
structure of enamel. CS mice treated with MEK inhibitor produced densely
mineralized enamel that covered the entire aspect of the labial incisor, similar
to vehicle-treated control mice (Figure 4.4A’,G’). In fact, the enamel volume
and percent of tooth covered by enamel was not significantly different
between MEK inhibitor treated CS and vehicle treated control incisors
(Supplemental Figure 5). MEK inhibition not only rescued the density and
patterning of enamel but also restored the enamel microstructure comparable
to the control (Figure 4.4B,H). Treatment with PI3’K inhibitor resulted in the
formation of enamel with slightly increased mineral density compared to CS
enamel but less dense than control incisor, and thus, the rescue appeared to
be less than with MEK inhibition (Figure 4.4C’,G’,K’). PI3’K inhibition failed to
rescue the distribution of enamel, as the enamel did not cover the entire labial
aspect of the incisor, or the enamel structure, because the enamel rod pattern
was disorganized similar to CS enamel (Figure 4.4D,L). These studies using
highly specific antagonists demonstrate that hyperactive HRAS signals

primarily through MAPK to dysregulate enamel formation.

Underlying the rescue of the enamel mineralization defect was the

normalization of the morphology of the enamel-producing ameloblasts. CS
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ameloblasts treated with MEK inhibitor were normally polarized, with nuclei in
the basal portion of the cell similar to control mice (Figure 4.5A’,G’,M). In
contrast, PI3’K inhibition did not rescue polarity of CS ameloblasts (Figure
4.5D’,J’,M). Also, in both vehicle treated and PI3’K inhibited CS incisors, there
was residual enamel matrix in the enamel space (Figure 4.5D,J). In 75% of
samples, areas of sequestered enamel matrix were surrounded by
disorganized ameloblasts (Figure 4.5D) on the labial aspect of the CS incisor.
These sequestered areas of matrix were presumably precursors of ectopic
enamel pearls observed near the lateral aspect of CS incisors (Figure 4.4C’).
In contrast, areas of sequestered enamel matrix were not observed in CS
incisors treated with MEK inhibitor, although they were present in incisors

treated with PI3’K inhibitor (Figure 4.5G,J).

MEK inhibition also appeared to rescue the ability of CS ameloblasts to
differentiate and secrete enamel proteins. In CS mice, there was a delay in
ameloblast secretion of enamel proteins such as AMEL and AMBN, as
indicated by the increased distance between the cervical loop (CL) region and
the appearance of enamel proteins compared to controls (Figure 4.5B,E,N).
Treatment with MEK inhibitor rescued this delayed expression, and CS
ameloblasts began to secrete AMEL at the same location as control (Figure
5H,N). In contrast, PI3'K treatment of CS mice did not rescue the delay in

appearance of enamel proteins (Figure 4.5K,N).

To determine differences in Ras/MAPK signaling in the CS incisor

compared to control, p-ERK immunostaining was done. p-ERK expression in
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the control incisor was low compared to high levels of p-ERK activation along
the length of the CS incisor (Figure 4.5C,F). MEK inhibitor treatment of the
CS incisor decreased the p-ERK levels to control, and PI3’K inhibition did not

affect p-ERK expression in the CS incisor (Figure 4.51,L).
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Figure 4.5 MEK inhibition rescues CS (Hras®'?') ameloblast cell polarity and protein expression. Images of
H&E stained coronal sections showed CS ameloblasts treated with MEK inhibitor (MEKIi) (G, G’) were polarized
with nuclei in the basal portion of the cell, similar to control (A, A’) while the PI3'K inhibitor (PI3Ki) treated CS
ameloblasts (J, J’) showed loss of polarity like the CS ameloblasts treated with vehicle (D, D’). Sagittal sections of
mouse incisors stained with antibodies against amelogenin (AMEL) showed that expression of the secretory stage
enamel protein was delayed and detected at a greater distance from the cervical loop in CS incisor (E) compared
to control (B). Treatment with MEKIi (H) decreased the distance similar to control (B), unlike treatment with PI3Ki
(K). Immunostaining on sagittal sections with an antibody against p-ERK showed high levels of expression along
the length of the CS incisor (F) compared to control (C). Treatment of CS incisor with MEKi (1) reduced expression
levels to that of control (C) while PI3Ki did not affect p-ERK expression (L). Quantification of the percentage of
nuclei in the apical 2/3 of the ameloblasts (M; *p<0.05) and distance from the cervical loop to the start of enamel
protein expression (N; *p<0.05) is shown in the graphs. (ameloblast, Am; stellate reticulum, SR; stratum

intermedium, Sl; outer enamel epithelium, OEE; inner enamel epithelium, IEE; odontoblast, Od)
110



4.4.6 MEK or PI3’K inhibition rescues the hyperproliferative progenitor

G12v

phenotype in CS (Hras” “") mice

The increase in ameloblast number at the secretory and maturation
stages in CS mice was correlated with increased proliferation of progenitor
cells in the CL and transit-amplifying (TA) region compared to control (Figure
4.6B,C). In the CS mouse CL/TA region, 25% of cells were proliferative,
compared to 12% of cells in control mice (Figure 4.6B,C,H). In addition, the
length of the TA region was significantly shorter in CS mice compared to
controls (Figure 4.6B,C,I). In control mice, MEK and PI3’K inhibition
decreased proliferation in the CL/TA and decreased the length of the TA
region significantly (Figure 4.6B,D,F). There was no significant difference in
proliferation or TA zone length between MEK and PI3’K treated control mice
(Figure 4.6H,l). MEK inhibition of CS mice rescued the hyperproliferative
phenotype, reducing proliferation to levels observed in control mice (Figure
4.6B,E). However, the length of the TA region was not rescued (Figure 4.6l).
P13'K-treated CS mice showed reduced proliferation levels even below that of
controls (Figure 4.6B,G), and the TA region was significantly shorter than

vehicle-treated control and CS mice (Figure 4.6l1).
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Figure 4.6 MAPK or PI3’K inhibition rescues progenitor cell hyperproliferation in CS (Hras
incisor. Immunostaining with anti-BrdU antibody (red) and DAPI (blue) counterstain in the cervical loop (CL)
(A’) at the proximal end of the incisor (A) revealed an increase in the number of proliferative cells in the CS
incisor (C) compared to control (B) in the CL and transit amplifying (TA) region (outlined by the white dashed
line). Proliferation was decreased in the control by treatment with MEK1/2 (MEKi) (D) and PI3’K (PI3Ki)
inhibitor (F), and the length of the TA zone was shortened (labeled with yellow line). Treatment of CS mice
with MEKi (E) decreased the proliferation to control levels, and treatment with PI3Ki (G) reduced it below
control levels; however, treatment with neither MEKi nor PI3Ki rescued the TA region length. The percent of
BrdU positive cells (H; **p<0.01) and TA length (I; *p<0.05) are quantified in the graphs (significant compared

to vehicle treated control). (ameloblast, Am; stellate reticulum, SR; stratum intermedium, SI; outer enamel

epithelium, OEE; inner enamel epithelium, IEE; odontoblast, Od)
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4.5 DISCUSSION

The RASopathies are a group of syndromes estimated to affect 1 in
1,000 live births. There are numerous morbidities associated with these
syndromes, and presently, effective therapies are lacking. Although the role of
Ras signaling has been studied in development of several organs, almost
nothing is known about its role during tooth development and renewal. Our
analyses of both humans with CS and a CS mouse model revealed that
activated HRAS negatively regulates enamel formation. Specifically, CS
individuals with activated Ras signaling presented with hypo-mineralized,
disorganized enamel, and a similar enamel phenotype was observed in CS
mice. CS ameloblast progenitor cells were hyperproliferative, and CS
ameloblasts lacked cell polarity. Furthermore, attenuation of the MAPK
pathway led to the rescue of the enamel and ameloblast phenotypes,
whereas modulation of either MAPK or PI3’K signaling prevented progenitor

cell hyperproliferation in CS mice.

The role of RTK, and particularly FGF, signaling has been studied
previously in tooth development, but the focus has been on tooth
morphogenesis. Only a few studies have explored FGF signaling in enamel
formation, and thus, little is known about the role of RTK or downstream Ras
signaling in enamel formation. Inactivation of Fgfr1 in the epithelium resulted
in dysfunctional ameloblasts that produced disorganized enamel (Takamori et
al., 2008). Overexpression of Fgf2 in cultured embryonic molars resulted in

decreased expression of amelogenin, while inhibition of FGF2 increased
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amelogenin expression and enamel formation (Tsuboi et al., 2003).
Interestingly, other Ras superfamily members have been shown to play a role
in amelogenesis, including Rac, a GTPase involved in cytoskeletal
remodeling that is directly activated by PI3’K (Welch et al., 2003). Conditional
inactivation of Rac1 in the epithelium resulted in ameloblasts that expressed
decreased levels of amelogenin and lost attachment to the secreted enamel
matrix, resulting in hypo-mineralized enamel (Huang et al., 2011). Thus, it is
possible that activated HRAS disrupts Rac1 signaling, which may result in

ameloblast dysfunction and hypo-mineralized enamel in CS.

Ras is thought to play an important role in cell polarity, proliferation,
and differentiation, but studies to address the mechanistic role of Ras have
largely been performed in vitro. For example, tissue culture studies have
shown that activation of KRAS and BRAF in a colon cancer cell line perturbs
the polarity of cyst structures (Magudia et al., 2012), and activation of HRAS
in neuronal cell culture causes loss of polarity and multiple axon formation
(Yoshimura et al., 2006). To establish polarity in mammalian epithelial cells, a
PAR-3/PAR-6/aPKC/Cdc42 complex localizes to the apical end of the cell,
where adherens junctions and then tight junctions form that divide the apical
and basolateral regions of the cell (reviewed in (Wodarz, 2002)). PI3'K
signaling has been shown to localize Rac and Cdc42 to the leading edge of
cells undergoing chemotaxis to induce actin polymerization there (Sasaki,
2004), and in breast epithelial tumor cells, PI3’K activates Rac, which results

in loss of polarity (Liu, 2004). Only recently have investigators begun to study
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Ras function in vivo. A recent study showed that ERK controls spindle
orientation during cell division in the developing lung (Tang et al., 2011). In
our study, the loss of ameloblast polarity in CS mice was rescued by
treatment with MEK but not PI3’K inhibition, suggesting that, in the incisor,
hyperactive Ras disrupts ameloblast polarity through MAPK. The mechanistic
role that Ras plays in epithelial cell polarity is still unclear, and ameloblasts
may serve as a useful model to further understand the role of Ras in the

establishment and maintenance of epithelial cell polarity in vivo.

In vitro studies have shown that p-ERK and p-AKT regulate
proliferation by decreasing p27**" and p21°?" levels to allow progression from
Go to S phase (Steelman et al., 2004; Meloche and Pouysségur, 2007). In the
mouse CS incisor, proliferation in the cervical loop (CL) and transit-amplifying
(TA) region was increased. MEK inhibition reduced proliferation to control
levels, and PI3'K inhibition reduced it even further. Thus, both MAPK and
PI3’K signaling are important in proliferation, and in CS, PI3’K may have a
larger role than MAPK in proliferation. Ras may also play a role in cell
differentiation, as in the case of a Nff”" mouse model, in which increased
differentiation of neuroblasts into glial cells was observed, and the increased
differentiation was rescued by inhibiting ERK (Wang et al., 2012). In this study,
we found that p-ERK levels were high in the CS incisor compared to the low
levels in control incisors, indicating that the low level of p-ERK may be
necessary for the ameloblast progenitors to exit the cell cycle and differentiate.

MEK inhibition rescued the delay in ameloblast differentiation in CS mice.
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Thus, in the CS mutant, consistently high levels of p-ERK result in hyper-

proliferative progenitor cells and delay in ameloblast differentiation.

A number of inhibitors have been developed to target Ras and its
effectors to treat cancer (reviewed in (Gysin et al., 2011)). These same
inhibitors are potentially useful for treating the RASopathies (Rauen et al.,
2011), and our study is the first to report modulation of the Ras pathway with
inhibitors in CS. This concept has recently been explored in animal models of
other RASopathies. For example, treatment of neurofibromatosis type 1 (NF1)
mouse models with a MEK inhibitor (PD0325901) reduced the growth and
proliferation of neurofibromas (Jessen et al., 2013) and abrogated the
myeloproliferative disease in these mice (Chang et al., 2013). In a Noonan
syndrome (NS) mouse model with an activating mutation in SHP2, MEK
inhibition with U0126 ameliorated craniofacial defects and rescued skull
shape and size (Nakamura et al., 2009), and in another SOS gain-of-function
NS mouse model, treatment with MEK inhibitor (PD0325901) reduced
embryonic lethality and rescued heart defects (Chen et al.,, 2010). A CFC

F@257R allele or kinase-

zebrafish model expressing a kinase-activating BRA
inactivating BRAF®>*®" allele developed craniofacial anomalies, and moreover,
these defects were ameliorated by treatment with low doses of MEK inhibitor
at early stages of development (Anastasaki et al., 2012). Interestingly, these
studies focused on the role of MAPK signaling in NF1, NS, and CFC, and

very little work has been done to examine PI3’K/AKT signaling in any of the

RASopathies.
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By comparing the distinct dental phenotypes found in the various
RASopathies, we can obtain further insights into the role of the Ras pathway
in human teeth. For example, whereas activating mutations in HRAS cause
CS, individuals with CFC harbor activating mutations in the kinases BRAF,
MEK1 or MEK2, which function downstream of HRAS (Niihori et al., 2006;
Rodriguez-Viciana, 2006). Our inhibitor studies in the CS mouse model
revealed that modulating the MAPK pathway rescued the enamel phenotype,
which would suggest that CFC individuals with activating mutations in the
MAPK pathway would have an enamel defect. However, in contrast to the
enamel defects in CS individuals, CFC enamel appeared clinically normal
(Goodwin et al., 2012), and SEM data showed that the structure of CFC
enamel was normal (data not shown). Thus, hyperactivation of Ras signaling
in CS versus hyperactivation of MAPK signaling in CFC individuals has
different effects on cells in the developing tooth, and whether this is due to
quantitative differences in the levels of signaling or to qualitative differences in
signaling outputs will be important future topics to explore. Data from clinical
studies of other RASopathies indicate that additional pathways downstream
of Ras, including PI3'K, or pathways that crosstalk with the RAS/MAPK
pathway also play a role in amelogenesis. For example, individuals with
Tuberous Sclerosis, which is caused by mutations in the AKT targets TSC1 or
TSC2, have de-mineralized pits in the enamel surface (Sparling et al., 2007);
interestingly, this phenotype is different from the generalized hypo-

mineralized enamel defect in CS. These data suggest a role for PI3’K in tooth
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development and that dysregulation of PI3’K signaling may disrupt enamel
formation. Further studies of RASopathies, both in terms of clinical
phenotyping of patients and through utilization of mouse models for
mechanistic studies, will help to dissect the role of Ras signaling in

amelogenesis and other tissues.

Because the tooth, like most other organs, develops through reciprocal
epithelial-mesenchymal interactions (Tucker and Sharpe, 2004; Jernvall and
Thesleff, 2000), knowledge gained by studying tooth development may be
generalizable to other organs. Thus, dissecting the function of the Ras
pathway and its many effectors, including MAPK and PI3’K, in the teeth of
both humans and mice will not only advance our knowledge of signaling in the
tooth, but also will provide information about the intricacies of Ras signaling in
general, which will in turn advance progress towards treatment of the

RASopathies.
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CHAPTER 5:

Summary, Conclusion, and Future Perspective

In this chapter, | summarize the findings of this thesis dissertation
exploring the role of Ras in tooth development utilizing the RASopathies. The
work presented in this thesis elucidates the role of Ras in amelogenesis,
which will be useful in advancing our efforts to bioengineer teeth. Also, the
knowledge gained by studying Ras in the tooth may further our understanding
of the functions of Ras and its effector pathways in the RASopathies and

cancer.

Summary

The role of Ras signaling in tooth development was analyzed using the
RASopathies as a model. | analyzed the craniofacial and dental phenotypes
in Costello syndrome (CS) and cardio-facio-cutaneous syndrome (CFC) and
found that these syndromes have both unique and shared characteristics. CS
and CFC have in common craniofacial characteristics including macrocephaly,
bitemporal narrowing, and convex facial profile. Additionally, individuals with
CFC have hypoplastic supraorbital ridges, and CS individuals have
characteristic micrognathia, full cheeks, large appearing mouth, and thick
appearing lips. It is these differences in craniofacial phenotype that give CFC

its “delicate” features and CS its “coarser” appearance.
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The data presented in this thesis are the first analyses of the dental
phenotype of any of the RASopathies. Neither CS nor CFC had changes in
tooth number or shape. Common to both CS and CFC was malocclusion,
including open bite and posterior crossbite. CS and CFC also both had
minimal dental crowding, similar caries incidence, and similar habits, like
tongue thrusting and open mouth posture. The molar relationship differed
between CS and CFC since CFC individuals tended to have class | or class Il
molar relationship while CS had class Ill. Overall, the CS dental phenotype
was more dysmorphic, with thickening of the posterior maxillary and anterior
mandibular alveolar ridge and gingival hyperplasia. CS individuals also had
delayed tooth development and eruption. Strikingly, CS individuals had
hypoplastic enamel with decreased enamel density and disorganized enamel

rod pattern with missing inter-rod enamel that was not present in CFC.

The hypoplastic enamel phenotype in CS provided an excellent
opportunity to explore the role of Ras signaling in amelogenesis, and we
obtained a CS mouse model for further analysis. The CS enamel phenotype
was phenocopied in the CS mouse with missing enamel on the molars and
less densely, improperly distributed enamel with disorganized, intersecting
enamel rods on the labial aspect of the incisor. Further analysis revealed that
the progenitor cells in the cervical loop were hyperproliferative, and the
ameloblasts lacked cell polarity and had delayed enamel protein expression,

resulting in the enamel phenotype.
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To determine the mechanism by which Ras affects amelogenesis, |
utilized MEK1/2 (PD0325901) and PI3’K (GDC-0941) inhibitors. Interestingly,
MEK inhibition rescued the ameloblast loss of polarity and delayed
differentiation while MEK or PI3’K inhibition rescued the hyperproliferation

phenotype.

Conclusion and Future Perspectives

The data presented in this thesis dissertation advance our
understanding of Ras signaling in craniofacial and dental development. The
studies presented here are the first to analyze the craniofacial and dental
phenotype in a large cohort of CS and CFC subjects. This data is useful in
aiding in clinical diagnosis to guide genetic testing. Also, this thesis provides a
primer for dentists treating CS and CFC patients. Additionally, further
craniofacial phenotyping of other RASopathies and analysis and manipulation
of dental and craniofacial phenotypes in animal models will further our

understanding of Ras signaling in craniofacial and tooth development.

In particular, comparison of dental findings in CS and CFC revealed a
striking role for Ras in amelogenesis. In the CS mouse model with activated
HRAS signaling, ameloblasts were disorganized and lost cell polarity, which
may have resulted in inability of the ameloblasts to properly secrete enamel
proteins. Delayed expression in secretory enamel proteins and decreased

levels of maturation stage protein resulted in a thin matrix that was not
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properly mineralized. How Ras affects secretion remains unclear, but Ras
may have direct effects on cytoskeletal modeling through Rac or target
components of the vesicular trafficking apparatus. Cell culture would be quite
useful to observe protein trafficking in ameloblasts using fluorescently labeled
enamel proteins, however, the availability of ameloblast cell lines are limited.
There are LS8 and HAT7 cell lines which are ameloblast progenitor cells
cultured from mouse cervical loops (Chen et al., 1992; Kawano et al., 2002).
However, these cells do not necessarily behave like ameloblasts; for example,
they do not secrete enamel proteins in appropriate stages or produce
mineralized matrices. Currently, our lab is isolating and characterizing mouse
incisor stem cells that may be a more useful cell model to understand the

direct effects of Ras on amelogenesis (Chavez et al., 2013).

Also, our data suggest that Ras is necessary to maintain ameloblast
cell polarity. Much work is necessary to determine direct targets of Ras in
establishing and maintaining epithelial cell polarity. | performed many
experiments to determine the expression of tight junction proteins like
Par3/Par6 and ZO-1, and hemi-desmosomal components like E-cadherin and
PERP in vivo; however, | did not observe clear differences in localization of
these cellular junctions that may have disrupted polarity in the HRAS
activated mutant. Further work is now being done to determine whether there
are changes in mitotic spindle orientation in the HRAS activated cells that
may contribute to the lack of polarity. /n vitro cell culture would be useful to

further explore the effects of Ras signaling on cell polarity. | attempted to
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culture Madin-Darby canine kidney epithelial cells (MDCKs), a classic
epithelial cell line, on multiple substrates, like Matrigel and transwell filters, to
induce polarization, and | had some success inducing MDCKs to polarize on
transwell filters, but | was unable to transfect these cells with mutated HRAS
plasmids to explore the effect of activated Ras signaling on polarity.
Wounding assays, in which a scratch is made in a confluent layer of cells, and
the way in which the cells orient and migrate at the wound is observed, with
HRAS transfected cells would have been another way to explore Ras effects
on cell polarity, however, wounding assays are mimicking cell migration which
is not necessarily the same as establishment and maintenance of cell polarity.
Thus, the role of Ras in cell polarity is an unanswered question that could
have major implications in cancer treatment since prevention of Ras induced
loss of polarity could impede metastasis. Further experiments in the effect of
Ras on polarity in the tooth may provide generalizable knowledge about Ras

and epithelial cell polarity.

Mechanistically, high levels of p-ERK expression were observed along
the entire length of the CS incisor compared to control, and high levels of p-
ERK may have prevented proliferative progenitor cells from exiting the cell
cycle and differentiating into ameloblasts in the incisor. The expression of p-
AKT in the incisor is not shown in this thesis, however, preliminary data
indicates that p-AKT is indeed expressed in cervical loop where progenitor
cells reside, and p-AKT may control progenitor proliferation there. Work is in

progress to determine the expression patterns of the Ras effectors in the
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tooth, and it will be quite interesting to explore the effect of regulators like
Sprouty proteins and upstream FGFs on expression of Ras effectors in the
tooth. These types of experiments may be done in mouse models in vivo, in
Sprouty-null or Fgf3/10 knock out mice for example, or cervical loop cultures
may be manipulated with Ras pathway inhibitors or agonists to determine the
effects of Ras signaling dysregulation on progenitor cell proliferation and
ameloblast differentiation in vifro. Our data suggest Ras controls
differentiation of ameloblasts through MAPK and regulates proliferation of the
progenitor cell population through MAPK and PI3’K. The exact role of MAPK
and PI3’K in proliferation and differentiation is a major unanswered question,
and the tooth provides an excellent model to dissect the roles of the multiple
effector pathways of Ras, and what is learned about Ras signaling in the
tooth will be applicable to our understanding of Ras in the RASopathies and

cancer.

A major goal in craniofacial biology and clinical dentistry is to
bioengineer teeth to alleviate the morbidities of tooth loss in patients, and
information gained about Ras signaling in tooth development may aid in this
endeavor. There are currently many approaches to replacing adult human
teeth under consideration. Humans develop a secondary, permanent dentition
from the dental lamina of the primary dentition (Jarvinen et al., 2009). There is
some information known about the signaling necessary to activate and
maintain the dental lamina, including the importance of Wnt signaling

(Jarvinen et al., 2009; Wang et al., 2009). However, adult secondary dentition
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does not have a dental lamina, so the potential to grow another replacement
set of teeth in adult humans is minimal. There are also stem cells (SCs) in the
human tooth that may be used to grow teeth including mesenchymal dental
pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), stem
cells from exfoliated deciduous (SHED) and 3™ molars, and epithelial SCs in
the rests of Malassez that all have varying capacity to produce dentin,
cementum, and enamel- and PDL- like structures (Gronthos et al., 2000; Seo
et al., 2004; Lozano and Bueno, 2011; Shinmura et al., 2008). However,
these cells have limited potential and most likely could not undergo tooth
morphogenesis in vivo. A more realistic approach may be to engineer a tooth
in vitro and implant it into the patient’s mouth. Tooth bud tissue recombination
experiments have been done in mouse, and recombining dissociated
embryonic dental epithelial and mesenchymal cells and implanting them in
the adult mouse jaw can generate a functional tooth (Nakao et al., 2007;
Oshima et al., 2011). In patients, human embryonic or induced pluripotent
stem cells could be reprogrammed and differentiated along epithelial and
mesenchymal cell fates (Hanna et al., 2010). However, at this stage, the
molecular signatures of the dental epithelial and mesenchymal lineage are
not well understood, and many labs are working to understand the critical
signaling in dental stem cells and how to culture them. Another approach,
once the signaling to program progenitor cells to differentiate along the
epithelial or mesenchymal lineage and undergo tooth morphogenesis is

understood, would be to apply these factors directly to the tissue to induce
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tooth development. Undoubtedly, much work is required to make
bioengineered teeth a reality, but an improved understanding of critical
signaling cascades will be an important feature of the foundation for such
approaches. Therefore, my finding that Ras is important in amelogenesis and
that MAPK signaling may be required for ameloblasts to differentiate and

produce enamel may help advance progress towards replacement teeth.

It is also critical to understand activated Ras signaling in the context of
the RASopathies as progress is made toward clinical trials to treat the
RASopathies, and the tooth may serve as a useful model to do so.
Understanding how activating mutations in CS and CFC affect the Ras
signaling pathway is necessary to select potential drug therapies. There are
several drugs targeting specific proteins affected in CS and CFC that may
have potential in treating these syndromes. Farnesyl transferase inhibitors
(FTIs), like tipifarnib (Johnson & Johnson) and lonafarnib (Schering-Plough
Research Institute), were quite successful in inhibiting HRAS, and since CS is
caused by activation of HRAS, FTls may be effective in treating CS. Also,
MEK inhibitors like PD0325901 (Pfizer) may be useful in treating CFC.
Specific BRAF inhibitors may be less useful in CFC because they are
targeted to BRAFV600E and, surprisingly, appear to have opposite effects on
endogenous BRAF signaling, increasing signaling. The Ras signaling
pathway must be clearly understood in order to know which components to
target because in the case of inhibitors in cancer, manipulation of the Ras

pathway had surprising consequences. Paradoxically, BRAF inhibitors have
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been shown to activate MEK possibly due to negative feedback that
decreases inhibitory autophosphorylation and increases Raf signaling.
Inhibition of MEK decreases MAPK signaling as expected; however, it can
also activate upstream signaling through negative feedback and activate
alternative pathways, including PI'3K. Therefore, it will be important to
determine appropriate doses of these inhibitors to ameliorate rather than
totally ablate the MAPK signaling pathway and avoid negative feedback, or
consider dosing drugs in combination. Also, appropriate dosing is critical to
minimize side effects, especially if patients will be taking low doses over long

periods of time.

To move forward with clinical trials in CS and CFC, it will be important
to identify clear endpoints for a clinical trial. It is necessary to identify which
characteristics to target with drug treatment and develop parameters to test
the efficacy of treatment. Endpoints for clinical trials of CS and CFC may
include cardiomyopathy, short stature, neurocognition, and hypotonia (Rauen
et al.,, 2011). Recruitment criteria for clinical trials are important as well. CS
and CFC are both rare syndromes with only a few hundred reported cases,
but it is still important to select age, sex, and ethnicity matched individuals
who would benefit most from a trial. Fortunately, both CS and CFC have
strong family networks (CS Family Network and CFC International,
respectively), which may aid in identifying and recruiting participants. Thus,
although there are many hurdles to clinical trials to treat CS and CFC, there is

potential to bring effective treatment to patients.
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In addition, what is learned by studying the RASopathies and the
effects of Ras signaling, using the tooth as a model, may be applicable to
further understanding Ras signaling in cancer and developing new
approaches to cancer treatment. Considering the high prevalence of RAS
mutations in cancer, it is fascinating that although individuals with the
RASopathies have mutations that increase Ras/MAPK signaling in every cell
of their body, they do not necessarily develop cancer. An explanation could
be that the mutations in the RASopathies activate the cascade less strongly
than those in cancer. For example, the most common BRAF mutation in

cancer is the highly activating BRAF'%%%F

mutation implicated in malignant
melanoma, papillary thyroid cancer, and colorectal cancers, as well as
ovarian, breast and lung cancers (Cantwell-Dorris et al., 2011); however,

there are no reports of germline BRAF'°%°F

mutations, most likely because
this highly oncogenic mutation is incompatible with life. CFC is caused by a
heterogenous group of missense mutations in BRAF that result in kinase-
active and —inactive BRAF proteins that activate downstream p-MEK and p-
ERK to varying degrees (Rodriguez-Viciana, 2006), including BRAF activity
similar to that induced by BRAF®°°F. However, even though BRAF mutations
in CFC activate MAPK signaling to a high level, it does not necessarily result
in tumorigenesis. An explanation may be that a second hit mutation in a tumor
suppressor like p53 may be required to induce tumorigenesis in cells with less

activating RAS mutations (Santoriello et al., 2009). Another explanation is that

constant increased Ras signaling in the RASopathies may result in elevation
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in negative regulatory mechanisms. For example, increased Sprouty or Spred
protein expression may increase negative regulation of Ras, ultimately
resulting in decreased Ras signaling, although this hypothesis must be
proven experimentally. Activated Ras signaling in the RASopathies may also
signal through alternative effector pathways, increasing cross talk and
negative regulation between pathways. It is fascinating that RASopathy
patients are somehow able to manage constant Ras activation, and
understanding the mechanisms that underlie this regulation could be useful in

managing activated Ras in cancer.

Thus, the RASopathies provide an opportunity to study Ras signaling
in humans, and in particular, the tooth serves as an excellent model organ to
dissect the intricacies of Ras signaling. Indeed, information gained about Ras
signaling in the tooth may not only be useful in understanding tooth
development, but applied to efforts to bioengineer teeth and also understand

Ras in development of other organs and in cancer.
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Supplemental Figure 1 Individuals with CS have decreased enamel thickness compared to
controls. (A) Micro-CT (uCT) images of labial (la), mesial (m), lingual (li), and distal (d) surfaces of
affected CS and age-matched control teeth (primary maxillary incisors). The color of each pixel
represents the enamel thickness at that point of the tooth; blue is decreased and red is increased
thickness. (B) Graph of the quantification of colored pixels (y-axis) corresponding to enamel thickness (x-
axis) in the volume of the tooth, indicated by the dashed box in (A). Inset, yCT scan of control and

affected teeth at the level of the dashed line in (A).
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Supplemental Figure 2 CS (Hras” “") ameloblasts have mis-oriented golgi relative to
nuclei. Coronal sections of incisor in the plane of the 1% molar stained with anti-GM130
antibody and counterstained with DAPI showed that golgi is oriented apically relative to nuclei
in the control (A,A’) as expected in polarized epithelial cells. Golgi were mis-oriented basally

G12Vv
)

relative to nuclei in CS (Hras incisors (B,B’). (C) Number of nuclei positioned apically with

respect to the golgi is quantified (*p<0.0004).
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Supplemental Figure 3 CS (Hras” ") maturation ameloblasts express

decreased levels of enamel proteins. gPCR performed on RNA extracted
from P11 molars in the maturation stage showed that CS (Hrasem)
ameloblasts expressed decreased levels of Klk4, Amin, and Apin/ODAM,

which encode maturation stage enamel proteins, relative to L19, compared to

control (*p<0.01).
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Supplemental Figure 4 Inhibitors specifically target particular effector pathways. To ascertain systemic
inhibition, Ras/MAPK and PI3’K pathway signaling was examined in liver from control (Con) and CS (Mut)
mice treated with or without MEK (MEKi) and PI3’K (PI3Ki) inhibitors. Ras/MAPK pathway activity was
assessed by measuring the level of p-MEK1/2 and p-ERK. PI3’K pathway activity was assessed by the level
of phosphorylated AKT (p-AKT). The activation of the Ras/MAPK pathway was confirmed as indicated by a
marked increase in the levels of p-MEK and p-ERK in CS mice compared to control. There was also a marked
increase in the levels of p-AKT in CS compared to control mice. Therefore, both Ras/MAPK and PI3’K
pathways are activated in the liver of CS mice. Administration of the MEK specific inhibitor abrogated
Ras/MAPK signaling without affecting PI3’K signaling; likewise, the PI3’K inhibitor markedly reduced PI3’K

activity as indicated by the levels of p-AKT, without reducing Ras/MAPK signaling.
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Supplemental Figure 5 Treatment of CS mice with MEKi rescues the enamel volume and
distribution phenotype. Quantification of the enamel volume (A) and percent area of the tooth covered
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by enamel (B) based on microCT (UCT) data for control and CS (Hras mice treated with MEKi or

PI3Ki (*p<0.01).
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