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Deviations from the precisely coordinated programme of human head development can lead
to craniofacial and orofacial malformations often including a variety of dental abnormalities
too. Although the aetiology is still unknown in many cases, during the last decades different
intracellular signalling pathways have been genetically linked to specific disorders. Among
these pathways, the RAS/extracellular signal-regulated kinase (ERK) signalling cascade is
the focus of this review since it encompasses a large group of genes that when mutated
cause some of the most common and severe developmental anomalies in humans. We present
the components of the RAS/ERK pathway implicated in craniofacial and orodental disorders
through a series of human and animal studies. We attempt to unravel the specific molecular
targets downstream of ERK that act on particular cell types and regulate key steps in the asso-
ciated developmental processes. Finally we point to ambiguities in our current knowledge that
need to be clarified before RAS/ERK-targeting therapeutic approaches can be implemented.

Introduction

From the moment life begins from a single fertilised egg all the way until the formation of
structures, organs and the development of the foetus, signalling molecules and cascades
play crucial roles in the orchestration and the entire generation of the new organism.
Studies on a variety of model organisms have increased our understanding of how different
signalling pathways can control developmental processes and how dysregulation of these path-
ways can lead to abnormal phenotypes and pathological conditions (Refs 1, 2). In terms of
head development, structures are formed and integrated through a complex sequence of cross-
talk events between different germ layers and tissues involving activation of molecular signal-
ling cascades at distinct locations and stages. Hedgehog, Wnt, TGF and FGF signalling have
been shown to regulate the patterning of craniofacial and orodental structures in the develop-
ing embryo (Ref. 3). The extracellular signal-regulated kinase (ERK) pathway is considered to
have a central role in mediating a panoply of extracellular signals from the plasma membrane
to the nucleus of the cell, thus controlling cellular response to particular stimuli during head
formation. In this well-studied pathway, extracellular signals, such as growth factors, bind to
receptor tyrosine kinase proteins (RTKs), which upon dimerisation and cross-phosphorylation
on tyrosine residues interact with adaptor proteins such as the GRB2 (Refs 4, 5). This inter-
action leads to the recruitment of guanine nucleotide exchange factors (GEFs) like SOS to the
plasma membrane of the cell and the subsequent conformational change of RAS proteins
towards their active GTP-bound form (Refs 6, 7). This event promotes the activation of
RAF kinases, which in turn phosphorylate MEK kinases resulting finally in ERK1/2
(MAPK3/1) activation and the subsequent regulation of a variety of intracellular targets.
Although RAS/ERK signalling cascade has been extensively studied in the context of tumour-
igenesis, it also plays a major role in craniofacial and orodental development. Mutations in the
components of this particular pathway can lead to some of the most common skull and face dis-
orders in humans. In addition to RASopathies that are well studied and reviewed elsewhere
(Refs 8, 9), a variety of craniosynostosis cases as well as orofacial abnormalities, such as cleft
lip and palate, spring from dysregulation of the RAS/ERK pathway activation. This review focuses
on all these cases and is divided into three main sections representing the corresponding areas of
research: (1) orofacial development with respect to palate and mandibular formation, (2) cranio-
facial development with respect to calvarial bone and suture formation and (3) dental develop-
ment including studies of enamel, dentine and cementum generation. It also analyses human
disorders that are not so widely known yet they have severe phenotypes and are linked to the
RAS/ERK cascade too. Although a plethora of human developmental abnormalities are associated
with mutations on RTKs, for example, Muenke syndrome, osteoglophonic dysplasia, we concen-
trate on cases that have been suggested to be specifically mediated by the ERK pathway. An over-
view of the downstream molecular mechanisms affecting specific cell types and developmental
stages that are implicated in the pathophysiology of these disorders is also provided in this review.

RAS/ERK pathway in orofacial malformations
Orofacial development

In mammals, the nasal cavity and the oral cavity of the face are separated by palate, a tissue
that contains an anterior bony part, the hard palate, and a posterior mainly muscular part,
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Fig. 1. Mouse embryonic craniofacial and orodental devel-
opment. The scheme summarises main events of mouse
craniofacial, orofacial and dental development described
in the review. (a) Developmental origin of calvarial
bones. (I) Populations of mesoderm-derived mesenchymal
cells (shown in dark blue) and neural crest-derived mesen-
chymal cells (shown in light blue) accumulate at the supra-
orbital regulatory centre at E10.5, from which they migrate
to the sites of the future parietal and frontal bones,
respectively, shown in (ll). MS, mesoderm-derived mesen-
chymal cells; NC, neural crest-derived mesenchymal cells;
F, frontal bone; P, parietal bone; IP, interparietal bone;
CS, coronal suture; SS, sagittal suture. (b) Development
of the oral cavity and jaw. (1) Oral view of secondary palate
at E14.5. Palatal shelves consisting of neural crest-derived
mesenchymal cells are depicted in light blue. Epithelial
cells that will constitute the MEE (medial edge epithelium)
are shown in dark red. (Il) Mandibular bone is formed by
differentiating neural crest-derived mesenchymal cells
(light blue) in proximity to Meckel’s cartilage depicted in
black. PS, palatal shelf; Mb, mandibular bone; Mc,
Meckel’s cartilage. (c) Tooth development from (I) bud
through (Il) cap and (Ill) bell stage until (IV) eruption.
Neural crest-derived structures are indicated by blue col-
our. At the bell stage, ameloblasts and odontoblasts are
shown in red and green, respectively. E, epithelium; M,
mesenchyme; EK, enamel knot; DP, dental papilla; En,
enamel; Dn, dentine; Pu, pulp.
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the soft palate. During embryonic development, the hard palate
derives from the primary and secondary palate, while the soft pal-
ate originates exclusively from the secondary palate.

In mice, the primary palate and the upper lip are formed when
the medial nasal prominences start to fuse with the maxillary pro-
minences on embryonic day 11.5 (E11.5). At the same time, out-
growths of the maxillary prominences form the secondary palatal
shelves that upon fusion with each other will finally give rise to
the secondary palate on E14.5-E15.5 (Refs 10, 11). Each palatal
shelf consists of neural crest-derived mesenchymal cells sur-
rounded by epithelial cells. As the two shelves approach to each
other and fuse, the epithelial cells previously located at the edge
of each shelf lie at the midline of the secondary palate constituting
the medial edge epithelium (MEE). By E15.5 MEE cells have dis-
appeared from the midline either through apoptosis, migration or
epithelial-to-mesenchymal transition and a continuous mesen-
chymal palate tissue is formed (Refs 12, 13). In addition to the
mechanisms mentioned above, a recent study revealed that cell
intercalation drives the convergence of the MEE cells to the mid-
line, followed by displacement and cell extrusion events that lead
to the removal of the epithelial cells from the palatal mesenchyme
(Ref. 14). Finally the fusion between primary and secondary pal-
ate takes place resulting in the creation of a complete mouth roof
by E17. Sonic hedgehog (Shh), Fgf10 and Fgf7 seem to have cru-
cial roles in the palatal shelf development and patterning, while
TGF-p3 signalling through Smads and p38 MAPK pathway
seems to be important for normal palatal fusion (Ref. 15).
However, less is known about the role of Ras/Erk pathway in
these processes. Studies on Erk activation pattern reveal the pres-
ence of phosphorylated Erk1/2 from E12.5 to E14.5 in the palatal
shelves in both epithelial and mesenchymal cells as well as in the
muscles of the tongue on E14.5 (Refs 16, 17).

The lower jaw, the mandible, is formed by the mandibular
prominences. The mandibular bone develops from neural
crest-derived mesenchymal cells in proximity to a cartilaginous
structure called Meckel’s cartilage. Figure 1 summarises key
steps of mouse craniofacial and orodental development. The lar-
gest part of the mandibular bone is created through the intra-
membranous ossification process. On EI12.5 phosphorylated
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Erk1/2 is detected in the chondrocytes of Meckel’s cartilage and
on E13.5 in the osteogenic fronts of the mandibular bone
(Ref. 16). However, by E14.5 studies report that the presence of
active Erk1/2 is restricted only to the undifferentiated mesenchy-
mal cells of the jaw, while the perichondrium of Meckel’s cartilage
displays also an amount of phosphorylated kinase that is detected
specifically on the side of the tongue (Ref. 17). These data indicate
the existence of a defined spatiotemporal pattern of ERK1/2 acti-
vation during orofacial development.

Human orofacial disorders and associated animal studies

Mutations in members of the RAS/ERK signalling pathway have
been identified as a cause of certain human orofacial disorders,
while ERK signalling appears to also mediate the effects of muta-
tions in factors that were previously not connected directly to the
ERK kinase. Orofacial clefts constitute the most common facial
disorder with an occurrence rate of about 1-700 births and
among them cleft lip and cleft palate appear to be the malforma-
tions most often observed among individuals. Genomic studies on
cleft patients indicate the presence of ERK1 (MAPK3) duplication
as the sole gene alteration observed in some cases (Ref. 18), while
individuals that carry loss-of-function mutations in SPROUTY2
(SPRY2) gene coding for an inhibitor of the RAS/ERK pathway
display also cleft palate (Ref. 19). Of note, Sprouty2™'~ (for the
MGI nomenclature of the genetically modified mouse strains
reviewed herein, see Box 1) mice exhibit the cleft phenotype
with a prevalence of 22% (Ref. 20). Human craniofrontonasal syn-
drome (CFNS) is caused by mutations in EPHRINBI gene, and
studies on EphrinB1*'~ mice with a CFNS-like phenotype includ-
ing frontonasal dysplasia, abnormalities of thoracic skeleton and
cleft palate reveal that elevated Erk signalling provokes the
increase in cellular proliferation observed in the affected palates
(Ref. 21).

Surprisingly, similar phenotypes are also derived by mutations
that result in the overall decrease of ERK signalling.
Haploinsufficiency of ERK2 has been shown to be the cause of the
facial phenotype in patients with 1Mb microdeletion of the distal
22q11.2 locus encompassing ERK2 (MAPKI) gene (Ref. 22). The
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BOX 1. MGI nomenclature of reviewed mouse strains

Sprouty2™/~

SpryztmlAyOS/SpryztmlAyos

EphrinB1"~

Efnb1™™°"/Efnb1*

Wnt1-Cre;Erk2toxP/Lo®

HZaﬁ/Tg(Wntlcre)IlRth/O, Mapkltmle[a/
MapkltmlGela ’

Osr2-Cre;Erk2-/LoxP

Osrztmz(cre)Jian/osr2+; Mapkl tml Gela/
MapkltmlGela

Col2a1-Cre;Shp2-oxF/LoxP

Tg(Col2al-cre/ERT2)1Dic/0; Ptpn11™™csy
Ptpnlltmlef

Wnt1-Cre;Srf-oxF/Lox®

HZaﬁ/Tg(Wntl—cre)llRth/O, Sn(tmlRmn/SrftmlRmn

Fgfr25252W/* Fgfr2t™d/rgfro*
FgfracS3*2Y/* Fgfr2™ i /rgfr2*
Fgfr2c™~ Fgfrat™2tni /g frotm2Lni
ErfloxP/— ErftmleaV/ErfthGrnav

Wnti-Cre;Shp2°™R

H2afyT9Wnti—cre)1iRth /0; Tg
(CAG-cat,-Ptpn11*Q97R)1Rbns/0

Raf1-613v/+ Raf1"™-189" /paf1*
Ptpn11°61%/* Ptpn11t™89"/ptpn11*
Ptpn11"?7</* Ptpn11"™*289"/ptpn11*
Braf®4R/+ Braft™md /graf*

MIk3™~ Map3k11t™Re/Map3k11tmRid
Hras®*2"* Hrast™e/Hras*

Rsk2™Y Rps6ka3™-1ky fy

deleted region is different from the common DiGeorge syndrome
region which includes many genes, yet ERK2 is located outside this
area. These patients display a craniofacial phenotype similar to
those observed in DiGeorge cases and exhibit among others man-
dibular hypoplasia, bifid uvula as well as cardiac anomalies.
Moreover, there is evidence supporting the hypothesis that ERK2
inadequacy accounts for the pathologic phenotype in the case of
Pierre-Robin syndrome, in which individuals display micrognathia
(short mandible), incorrect tongue position and cleft palate (Ref. 16).

Mice in which the Erk2 gene has been eliminated in neural
crest-derived cells under the control of Wntl-Cre transgene -
Whntl-Cre;Erk2"*"**P mice - display complete cleft palate,
hypoplasia of maxilla and mandible as well as tongue malforma-
tions including microglossia and incorrect tongue position
(Refs 16, 22). These phenotypic characteristics present remarkable
overlap with the human phenotypes observed in patients with the
1Mb 22q11.2 microdeletion and Pierre-Robin syndrome. Detailed
analysis of the orofacial defects in Wntl-Cre;Erk2 " mice
revealed that the cleft palate is not a primary but rather a second-
ary disease trait since isolated palatal shelves are able to fuse nor-
mally in ex vivo cultures. In support of this finding, Osr2-Cre;
Erk2"*PLoXP mice in which Erk2 is deleted specifically in E12.5
palatal shelves but not in the tongue or mandible do not exhibit
the cleft phenotype (Ref. 16). The tongue malformation seems
to be also a secondary defect in Wntl-Cre;Erk2""**" mice
since the excision of the mandible restores the normal phenotype.
Interestingly, however, the elimination of Erk2 seems to primarily
affect the formation of the lower jaw in these animals. Diminished
condyle size and decreased osteogenic differentiation of the man-
dibular bone were observed in mutant mice, indicating the signifi-
cance of Erk signalling in mandibular development. Consistent
with the previous findings, conditional deletion of Ptpnll gene
that codes for Shp2, a tyrosine phosphatase required for the

activation of the Ras/Erk cascade, results in severe malformation
of the mandibular condyle in Col2al-Cre;Shp2"**""*** mice
(Ref. 23). Taken together, both activating and suppressive altera-
tions in the ERK pathway seem to lead to similar phenotypes in
the affected individuals implying that possibly orofacial develop-
ment is sensitive to the exact location, the timing or even the acti-
vation level of this particular signalling cascade.

Molecular mechanisms

Although the amount of information on the downstream targets
of the RAS/ERK cascade involved in the pathogenesis of orofacial
malformations is limited, there are some studies that shed light on
the possible molecular mechanisms underlying specific pheno-
typic outcomes. In mandibular formation, Erks seem to act at
least in part through the serum response factor (Srf), a down-
stream target of MAPKSs, since WntI-Cre;Srf**""*** mice exhibit
the same mandibular phenotype as the one observed in the case of
Whnt1-Cre;Erk2 """ mice (Ref. 22). A study on palatal mesen-
chymal cells isolated from E13.5 embryos revealed that Srf regu-
lates the expression of genes particularly involved in cytoskeletal
organisation via MRTF (myocardin-related transcription factors)
recruitment depending on differential response to extracellular
signals, thus playing a crucial role in the migration and prolifer-
ation of orofacial neural crest cells (Ref. 24). In another model
organism, zebrafish, the migration of neural crest-derived mesen-
chymal cells is shown to be dependent on Gata6 phosphorylation
by Erks (Ref. 25), indicating the importance of Erk signalling and
its downstream target, Gata6, in craniofacial development.

In mandibular condyles, Shp2 via Erk1/2 phosphorylation is
proposed to induce the expression of the intraflagellar transport
complexes (Ref. 23). These complexes are necessary for the for-
mation of the primary cilia and the differentiation of chondro-
cytes. Consequently, Shp2 via Erk signalling positively regulates
condyle formation in the jaw.

One of the cellular mechanisms underlying the emergence of
cleft palate is the inability of MEE cells to stop proliferation and
enter apoptosis. In the EGF-induced cleft palate model, increased
levels of phosphorylated Erk1/2 were detected in the nuclei of
MEE cells in palate organ cultures treated with EGF, while non-
treated palatal cells displayed cytoplasmic kinase activity
(Ref. 26). Activated nuclear Erk1/2 was proposed to be respon-
sible for the sustained DNA replication and proliferation of
MEE cells, since the addition of U0126, inhibitor of MEK1/2,
was shown to stop proliferation and restore normal palatal fusion.
However, no downstream targets have been identified in this par-
ticular cleft palate model so far.

RAS/ERK pathway in craniofacial malformations
Craniofacial development

Although the facial skeleton is derived primarily by neural crest
mesenchymal stem cells, the bones of the cranial vault originate
from two sources: both neural crest- and mesoderm-derived mes-
enchymal cells. More specifically, the frontal bones and the squa-
mous temporal bones come from the cranial neural crest cells,
while the parietal bones and the occipital one come primarily
from mesoderm-derived mesenchymal stem cells (Refs 27, 28).
In mice, at around E10 mesenchymal cells of neural crest and
mesoderm origin complete their migration towards the first and
second branchial arches and the positions of the future skull
bones (Ref. 29). In the case of the parietal and frontal bones,
groups of mesoderm- and neural crest-derived cells accumulate
initially in a place above the embryonic eye called the supraorbital
regulatory centre at E10.5 (Fig. 1), from which they migrate to the
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sites of the future parietal and frontal bones, respectively, between
E11.5 and E13.5 (Refs 30, 31). Proliferation and condensation take
place, while from E13.5 and on, the expression of osteogenic mar-
kers is evident leading to the formation of a calcified extracellular
matrix between E15.5 and E17.5. At the same time, the formation
of cranial sutures is completed. Sutures comprise the fibrous tis-
sues existing between the bones of the skull and have crucial role in
the maintenance of the coordinated growth between calvarial bones
and the brain. Non-committed mesenchymal stem cells are found
to be located in the middle of the sutures (Ref. 32), often expressing
the markers Twist] and Glil. More differentiated cells are found to
populate the region surrounding the osteogenic fronts. Although
the suture between the frontal bones - interfrontal suture — and the
one between the parietal bones - sagittal suture — are mainly
populated by neural crest-derived mesenchymal cells, the sutures
between parietal and frontal bones - coronal sutures - contain
exclusively mesoderm-derived mesenchymal cells (Ref. 33). The
flat bones of the skull - the parietal and frontal bones - along
with the majority of the facial bones are formed through the intra-
membranous ossification process, thus the sutures have generally
been characterised as intramembranous bone growth sites
(Ref. 34). Yet there are studies in rodents revealing that the pos-
terior part of the interfrontal suture fuses through a cartilaginous
template, thereby displaying endochondral ossification ability
(Refs 35, 36).

WNT signalling through S-catenin, TCF and TWIST1, and
BMP signalling through MSX2 and FGF signalling through the
RAS/ERK cascade (reviewed in (Ref. 37)) seem to have important
roles in the regulation of craniofacial development. These roles are
constantly being uncovered and studied particularly due to the
variety of human craniofacial syndromes that arise upon muta-
tions in components of these pathways.

Human craniofacial disorders and associated animal studies

Craniosynostosis

Craniosynostosis is the condition in which one or more of the cra-
nial sutures ossify prematurely resulting in abnormal head shapes,
facial deformities and vision, hearing defects or even mental
impairment. Craniosynostosis cases have an occurrence rate of
about one in 2500 births and can be divided into non-syndromic
and syndromic cases according to the presence of additional
phenotypic traits beyond the fused sutures. In the case of Apert
craniosynostosis  syndrome, gain-of-function mutations in
FGFR2 account for the majority of incidences (Ref. 38).
Increased ERK1/2 signalling has been shown to mediate the
appearance of the abnormal phenotypes in a significant amount
of studies on Apert syndrome mouse models such as the
Fgfr2P?3%* mice displaying craniosynostosis, cranial base abnor-
malities and defects in the growth plates of long bones (Ref. 39),
and the Fgfr2°?**""* mice that exhibit craniosynostosis, hyperte-
lorism and midface hypoplasia (Ref. 40), having significant over-
lap with the human Apert features. The administration of MEK/
ERK inhibitors starting on embryonic day 13 (E13) alleviates or,
in some cases, even completely inhibits the premature fusion of
the cranial sutures in Fgfr25252 W+ animals (Ref. 41). Further stud-
ies on mice carrying the same mutations show however that
increased p38 MAPK signalling in neurocranial tissues is also
observed along with the increase in the phosphorylation level of
Erk1/2 (Ref. 42), indicating that possibly additional pathways
play roles in the development of skull phenotype in Apert syn-
drome. A different group of mutations in FGFR2 cause
Crouzon syndrome in humans (Ref. 43). Chick embryos infected
with a virus expressing the Crouzon-related FGFR2-Cys278Phe
mutant develop craniofacial malformations and exhibit decreased
levels of phosphorylated Erkl/2 in frontonasal prominences,
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possibly due to increased expression of the Sprouty inhibitors
via negative feedback mechanisms (Ref. 44). Mice carrying the
Crouzon gain-of-function mutation Cys342Tyr, Fgfr2c“**¥*
mice, display severe coronal synostosis along with elevated levels
of phosphorylated Erk1/2 in coronal sutures from E18.5 to post-
natal day 1 (P1) (Ref. 45). Interestingly, although Fgfr2c™~ mice
exhibit decreased mineralisation of the calvarial bones and
lower levels of phosphorylated Erk1/2, they also develop the cra-
niosynostosis phenotype, which features the complexity of the role
of the ERK pathway in cranial suture formation and maintenance.

Loss-of-function mutations in a variety of negative regulators
of the RAS/ERK cascade, such as SPRY1, SPRY4, RASAL2 and
ARAP3, have also been associated with a particular number of
midline non-syndromic craniosynostosis cases (Ref. 46), yet the
causative role of these mutations in the development of the dis-
ease is not well defined so far. However, the strongest link
between ERK1/2 signalling and cranial suture development was
established when loss-of-function mutations in Ets2 repressor fac-
tor (ERF), a downstream target of ERKs, were shown to be the
cause for ERF-complex craniosynostosis disorder (Refs 47, 48)
as well as for some non-syndromic cases of premature suture
fusion in humans (Ref. 49). Unpublished data of our laboratory
reveal that Erk1/2 inhibition starting on postnatal day 5 (P5) is
able to prevent the premature suture ossification observed in
Erf***”~ mice having about 30% of functional Erf protein, indicat-
ing that cranial suture closure can possibly be sensitive to subtle
changes in ERK signalling mediated by ERF.

RASopathies

Germ-line mutations in components of the RAS cascade lead to a
group of developmental disorders called RASopathies which often
present overlapping characteristics such as craniofacial malforma-
tions, skin and skeletal abnormalities, heart defects and an
increased cancer risk. Noonan syndrome is caused by gain-of-
function mutations in PTPNII - coding for SHP2 - in about
half of the syndrome cases, while mutations in SOSI, KRAS and
RAFI have also been reported to lead to a Noonan phenotype
in humans (Ref. 50). Mouse models that recapitulate many char-
acteristics of Noonan syndrome patients have been constructed
through the years. However, the features they display often
depend on the genetic background of the animals and attention
should be paid during experimentation and phenotypic evalu-
ation (Ref. 9). Increased levels of phosphorylated Erkl/2 are
detected in the frontal bones of WntI-Cre;Shp2¥*% mice display-
ing growth retardation and craniofacial abnormalities (Ref. 51) as
well as in hearts of Rafl"*"*"’* mice that exhibit short stature,
craniofacial dysmorphia and cardiac hypertrophy (Ref. 52). In
this latter case, MEK/ERK inhibition leads to the restoration of
the normal cardiac and facial phenotypes starting the treatment
either at 4 weeks of age or on postnatal day 0 (P0), respectively
(Ref. 52). Additionally, in Ptpn11°%'“’* Noonan mice, elevated
Erk1/2 activation is shown to be responsible for the decrease in
the levels of insulin-like growth factor 1 (Igf-1), thus promoting
the growth retardation evident in both mouse and human patients
(Ref. 53). In the above studies, animals of mixed 129/SV x C57BL/
6 background were utilised. Finally, in zebrafish, the expression of
the Noonan-associated KRAS-Asn116Ser mutant results in heart
developmental defects reminiscent of those observed in human
patients, while knock-down of the normal kras gene causes cra-
niofacial and heart malformations as well (Ref. 54).

Although gain-of-function mutations in PTPNII lead to
Noonan syndrome, loss-of-function mutations in the same gene
account for the diseased phenotype in the majority of incidences
with LEOPARD syndrome (Lentigines, Electrocardiographic con-
duction abnormalities, Ocular hypertelorism, Pulmonic stenosis,
Abnormal genitalia, Retardation of growth and sensorineural
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Deafness). In ptpnlla—/—;ptpnllb—/— zebrafish embryos, cranio-
facial defects are evident by day 4 postfertilisation (4dpf) accom-
panied by decreased Erkl/2 phosphorylation levels at 5dpf
(Ref. 55). In heart lysates of Ptpn11**“* LEOPARD mice,
decreased Shp2 and Erk1/2 activity is detected along with elevated
Akt and mTOR activation (Ref. 56). However, a downregulation
in the activity of Erk kinases cannot be commonly confirmed
by different studies so far. Conflicts regarding the changes in
Erk1/2 signalling exist also in the case of cardio-facio-cutaneous
(CEC) syndrome, which is caused by gain-of-function mutations
in BRAF, MEK1/2 and KRAS. Although the majority of mutations
lead to increased kinase activity, there are three particular modi-
fications in BRAF (E501G, G469V and D638E) that result in a
decline in its action (Ref. 57). Mice carrying the Braf®**'* allele,
corresponding to the CFC human mutation Q257R, display cra-
niofacial, heart and lymphatic defects and are embryonic/neonatal
lethal (Ref. 58). Increased phosphorylation of Erk1/2 is detected
in the hearts of these mice accompanied by elevated levels of
Etvl, Etv4 and Etv5 expression. Administration of the MEK
inhibitor PD0325901 from E10.5 to E18.5 although rescuing
lethality, is unable to restore the normal craniofacial morphology.
In zebrafish embryos, the continuous application of the same
inhibitor at low doses for the first 5 days of development is able
to alleviate the CFC-like phenotypes caused by the expression
of the human BRAF?*’R allele (Ref. 59). Collectively, although
the majority of RASopathies involve an upregulation of ERK1/2
signalling, suppressive mutations leading to pathway downregula-
tion result in similar phenotypes, suggesting that further studies
are required in order to discriminate between primary and sec-
ondary phenotypic traits and specify the structures, the develop-
mental stage and the dosage of ERK1/2 action for proper
craniofacial formation.

Rare craniofacial syndromes

In addition to the craniosynostosis and RASopathies cases, there
are some rare craniofacial conditions that seem to arise by
changes in the ERK1/2 pathway. Faciogenital dysplasia or
Aarskog-Scott syndrome is an X-linked disease caused by
loss-of-function mutations in FGDI encoding a GEF protein
(Ref. 60). In vitro studies on human mesenchymal stem cells as
well as on human cell lines showed that FGDI1 along with
CDC42 activate MLK3 (mixed lineage kinase 3) which in turn
leads to ERK1/2 phosphorylation and subsequent RUNX2 activa-
tion (Ref. 61). MIk3™~ mice exhibit defective skeletal mineralisa-
tion, reminiscent of the bone phenotype of patients, while they
also display reduced Erkl/2 phosphorylation levels in calvarial
osteoblasts undergoing osteogenic differentiation.

A distinct mutation in ERF, Tyr89Cys, was recently found to
be the cause of Chitayat syndrome, a rare condition in which indi-
viduals display facial malformations along with bronchomalacia
and hyperphalangism, without however any sign of premature
cranial suture fusion (Ref. 62). Current studies aim to decipher
the result of this mutation on ERF protein functionality and
investigate the role of this particular effector of ERK pathway in
the regulation of craniofacial development.

Kabuki syndrome is another disorder affecting craniofacial,
mental and heart development and it is usually caused by
loss-of-function mutations in KMT2D and KDM6A genes coding
for two chromatin regulators, lysine-specific methyltransferase 2D
and lysine-specific demethylase 6A, respectively (Refs 63, 64).
Recently, two novel alterations were reported to lead to Kabuki
syndrome, one in RAP1A and one in RAP1B, both belonging
to the RAS family of small GTPases (Ref. 65). MEK/ERK signal-
ling is shown to mediate the diseased condition since inhibition of
this particular cascade at the one- to four-cell stage embryo
restores normal phenotype in zebrafish models, despite however

the fact that RAP1 is reported to have contradictory effects on
the activation of the pathway in ex vivo and in vivo studies
(Refs 65-67). All in all, further research is needed in order to clar-
ify the role of the RAS/ERK cascade in these rare syndromes. A
list including known human craniofacial disorders that are caused
by mutations in the components of the RAS/ERK signalling cas-
cade is provided in Table 1.

Molecular mechanisms

Although a great number of animal models for craniofacial disor-
ders have been generated and phenotypically well characterised
during the last decades, the knowledge of the precise molecular
mechanisms downstream of the affected signalling pathways is
still limited. In the case of craniosynostosis disorders, both the
complexity in the origin of the calvarial cells and the heterogen-
eity of cellular populations make the discovery of the implicated
targets even more difficult. In a study on calvarial pre-osteoblasts,
Fgf2 was shown to activate Erk1/2 via Frs2, leading to an increase
in the transcriptional activity of Msx2 and Runx2 (Ref. 91).
According to this study, Msx2 and Runx2 bind then to the pro-
moter of the Pcl (Enppl) gene coding for the generator of pyro-
phosphate (PPi) which is further hydrolysed by alkaline
phosphatase (TNAP) towards inorganic phosphate. Upon aber-
rant FGFR-ERK1/2 signalling, increased expression of PC1 is con-
sidered to drive the accumulation of PPi levels, leading to the
formation of calcium pyrophosphate dehydrate crystals instead
of hydroxyapatite crystals and the subsequent calcification of
soft tissues (Refs 92, 93). Consistent with this hypothesis,
Tnap™'~;Pc1™’~ double knock-out mice display normal mineral-
isation of the calvarial bones (Ref. 94).

In a study on MC3T3 murine calvarial cell line, stimulation of
ERK1/2 by FGF2 was shown to increase the expression of activa-
tor protein 1 (AP1), which subsequently induces the expression of
osteopontin and the onset of osteogenic differentiation (Ref. 95).
Apart from that, in C3H10T1/2 murine mesenchymal cell line
and in human primary adipose-derived mesenchymal stem cells
(hASCs), TAZ (transcriptional coactivator with PDZ-binding
motif) is found to play a central role downstream of ERK1/2 sig-
nalling cascade (Refs 96, 97). More specifically, in hASCs, sup-
pression of TWIST1 is shown to activate both BMP and FGF/
ERK pathways which lead to an increase in the osteogenic differ-
entiation of these cells mediated by TAZ upregulation (Ref. 97).
These data suggest that ERK1/2 signalling could potentially medi-
ate some of the effects of TWIST1 loss-of-function mutations in
the case of Saethre-Chotzen craniosynostosis syndrome by con-
trolling TAZ activity. Furthermore, in an independent study on
calvarial explants isolated from E15 mouse embryos, FGF2 is
shown to drive Twist upregulation in suture mesenchymal cells
(Ref. 98). In turn Twist suppresses Fgfr signalling and subsequent
osteoblast differentiation, indicating that feedback mechanisms
and complex integration of molecular pathways such as those of
FGF and TWIST can regulate calvarial suture formation and
maintenance.

In opposition to the studies showing that RAS/ERK cascade
has a positive effect on the osteogenic differentiation of calvarial
cells, there are reports indicating that increased ERK1/2 signalling
may have an overall inhibitory act upon calvarial osteoblast min-
eralisation. In primary osteoblasts isolated from calvarial bones,
addition of FGFI is shown to drive SHP2-FRS2-GRB2 complex
formation, resulting in the activation of ERK1/2 signalling fol-
lowed by an increase in the proliferation of cells and a decrease
in their mineralisation ability (Ref. 99). Furthermore in the
same study, OB1 osteoblastic cell lines modified to express the
Crouzon-related C342Y-FGFR2 mutant or the Apert-related
S252W-FGFR2 mutant display diminished calcification upon in
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Table 1. Human cranio-oro-dento-facial disorders associated with alterations of the RAS/ERK signalling cascade

Human disorders

Mutated gene(s)

Comment References

Apert syndrome FGFR2

gain-of-function (Refs 38, 41, 68)

Crouzon syndrome FGFR2

gain-of-function (Refs 43, 45)

Pfeiffer syndrome FGFR1, FGFR2

gain-of-function (Refs 69-71)

Beare Stevenson cutis gyrata FGFR2 gain-of-function (Refs 72, 73)
Bent bone dysplasia FGFR2 loss-of-function (Ref. 74)
ERF-associated craniosynostosis ERF loss-of-function (Ref. 47)
Midline non-syndromic craniosynostosis SPRY1, SPRY4, RASAL2, ARAP3¢ loss-of-function (Ref. 46)

Noonan syndrome

PTPN11, SOS1, KRAS, RAF1, RIT1, BRAF, NRAS, MEK

gain-of-function (Refs 50, 75-77)

LEOPARD syndrome PTPN11

loss-of-function (Ref. 78)

BRAF, RAF1

gain-of-function (Refs 79, 80)

Cardio-facio-cutaneous syndrome BRAF, MEK1, 2, KRAS

gain-of-function (Refs 57, 81, 82)

Costello syndrome HRAS gain-of-function (Ref. 83)
Neurofibromatosis type 1 NF1 loss-of-function (Ref. 84)
Legius syndrome SPRED1 loss-of-function (Ref. 85)
CM-AVM? RASA1 loss-of-function (Ref. 86)
HGFP S0S1 gain-of-function (Ref. 87)
Aarskog-Scott syndrome FGD1 loss-of-function (Ref. 60)
Kabuki syndrome RAP1A, RAP1B loss-of-function (Ref. 65)
Chitayat syndrome ERF uncharacterised (Ref. 62)
Coffin-Lowry syndrome RSK2 loss-of-function (Refs 88, 89)
Cleft lip/palate ERK1 (MAPK3) duplication (Ref. 18)
ERK2 (MAPK1) deletion (Ref. 22)
SPRY2 loss-of-function (Ref. 19)
Class lll malocclusion DUSP6 loss-of-function (Ref. 90)

Capillary malformation-arteriovenous malformation.
PHereditary gingival fibromatosis.
“The causative role of the mutations is still not well defined.

vitro osteogenic differentiation conditions. In bone marrow mes-
enchymal cells derived from the Crouzon mouse model
Fgfr293*2Y"* increased early-stage osteogenic differentiation is evi-
dent upon in vitro induction conditions, followed however by
decreased late-stage mineralisation in comparison to that of wild-
type cells (Ref. 100). Last but not least, in an independent study,
administration of a virus carrying a dominant negative form of
Ras gene into the skull of newborn mice accelerated calvarial cal-
cification, while administration of a virus carrying a constitutively
active form of Mekl1 repressed it, indicating an inhibitory effect of
Erk pathway on matrix mineralisation (Ref. 101). However, until
now there are no reports regarding downstream molecular effec-
tors that could account for these phenotypes. Unpublished data of
our laboratory indicate that cranial suture cells isolated from
Erf**~ craniosynostotic mice display diminished mineralisation
upon in vitro osteogenic conditions, featuring ERF as an effector
that could potentially account for the inhibitory act of ERK cas-
cade on matrix calcification. All in all, although a great number
of studies have been conducted in animal models and a group
of potential downstream targets have already been explored,
there is still a long way to go for a full understanding of how
RAS/ERK pathway and its effectors act on primitive as well as
on differentiating cells during the different steps of craniofacial
construction and development. Thus, similar to orofacial disor-
ders, alterations in the spatiotemporal pattern of ERK1/2 activa-
tion or even in the strength of signalling appear to affect the
overall phenotypic outcome.

RAS/ERK pathway in dental malformations
Dental development

Four types of teeth are commonly observed in mammals: incisors,
canines, premolars and molars. Rodents however, lack canines
and display an empty space between the incisor and the molar
instead, called diastema. In mice, one incisor and three molars
are observed in each side of the jaw. Interactions between neural
crest-derived mesenchymal cells and epithelial cells take place
during tooth development (Refs 102). Initially, at the site of the
future tooth, the oral epithelium becomes thicker and finally
buds towards the underlying mesenchymal tissue. This is called
‘the bud stage’. Condensation of mesenchymal cells takes place
around the bud, followed by a sequence of morphogenetic pro-
cesses during the cap and bell stages of tooth development. At
the cap stage, a small group of epithelial cells aggregate and
form the primary enamel knot which serves as a signalling centre
required for the development of tooth cusps (Fig. 1). In mouse
embryos the formation of the enamel knot is observed at around
E14.5 and a wide range of signalling molecules are found to be
expressed such as Bmp2, 4, 7, Shh, Fgf4 and Spry2 (Refs 103,
104). At the end of the cap stage, apoptosis becomes evident
among the cells of the enamel knot and finally at the late bell
stage, the knot does not exist anymore. Ameloblasts and odonto-
blasts are driven into terminal differentiation at this stage too.
Ameloblasts are the epithelial cells that produce the enamel of
teeth, while odontoblasts originate from neural crest-derived
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mesenchymal cells and form the dentine matrix of teeth. Neural
crest mesenchymal cells differentiate and form the dentin pulp
and cementum too. Tooth eruption comes in the end. During
dental development, Erk1/2 is shown to be active in the tooth
germ on E13.5 in both epithelial and mesenchymal cells
(Ref. 17). Studies on molar teeth isolated from mice reveal the
presence of phosphorylated Erk1/2 at the dental epithelium and
cervical loop on E15.5 and E16.5 (Ref. 105), while on E18.5 and
later on postnatal day 2 (P2), phosphorylated Mek1/2 and Erk1/
2 are highly expressed in ameloblasts and odontoblasts in man-
dibular molars and incisors (Refs 105, 106).

Human dental abnormalities and associated animal studies

A variety of dental malformations are often observed in indivi-
duals with orofacial and craniofacial disorders associated with
the RAS/ERK pathway. In patients displaying cleft lip and/or
cleft palate, deformities in crown and root are usually observed
along with hypodontia or supernumerary teeth. Enamel hypopla-
sia is another feature in some cases (Ref. 107). Individuals with
RASopathies usually present dental characteristics such as missing
teeth, often observed in LEOPARD and neurofibromatosis type 1
syndrome, and malocclusion with anterior open bite and poster-
ior crossbite in Noonan, Costello and CFC syndromes. All these
phenotypic traits are already reviewed in detail (Ref. 108). The
mineralisation of enamel is severely affected in Costello syndrome
patients (Refs 109, 110). In the mouse model of Costello syn-
drome, Hras®?V mice, diminished enamel mineralisation is
detected along with increased levels of phosphorylated Erk1/2
protein in the incisor (Ref. 110). Ameloblasts exhibit higher
growth rate than normal controls and their cell polarity is
destroyed. Inhibition of Mekl/2 in 12-week-old mice results in
the restoration of the normal phenotype in ameloblasts while
inhibition of PI3K is not able to completely reverse the pathologic
condition, indicating the role of Ras/Erk signalling in the amelo-
blast phenotypic outcome in Costello syndrome. On the contrary,
CFC patients do not have any defects in enamel mineralisation;
however, malocclusion and dental crowding are often observed
(Ref. 111). Among the syndromic craniosynostosis cases, indivi-
duals with Apert syndrome display also enamel defects as well as
missing or supernumerary teeth. Furthermore, increased growth
rate of isolated dental pulp and enamel organ epithelia cells from
Apert patients is observed in this case (Ref. 112). Finally, indivi-
duals carrying the missense substitution of serine residue 182 by
phenylalanine on DUSP6 exhibit Class III malocclusion (Ref. 90),
a situation in which incorrect alignment of teeth happens, mainly
due to maxilla and/or mandible growth defects.

Another link between dental development and the RAS/ERK
signalling pathway is provided by studies on mutant mice that
lack expression of some inhibitory molecules of the RAS cascade.
Sprouty2™~ mice display supernumerary teeth in the mandible,
while Sprouty4™’~ mice share also the same defect, yet this abnor-
mal phenotype is observed in both the upper and the lower jaw
(Ref. 113). Finally in the same study mice that lack Rsk2, an
ERK1/2 substrate, mutations of which are associated with Coffin-
Lowry syndrome in humans exhibit supernumerary teeth either
in the upper or in the lower jaw with a prevalence of 14%.

Molecular mechanisms

Studies on ex vivo cultures of ameloblasts, odontoblasts and stem
cells from either dental pulp or periodontal ligament have
improved the understanding of mechanisms by which the RAS/
ERK signalling cascade might act on the differentiation and
growth of these particular dental cell types. In ameloblasts isolated
from rat mandible incisors, Erk1/2 activation results in significant

increase in Amelogenin mRNA expression (Ref. 114). Amelogenin
is an extracellular matrix protein involved in enamel mineralisa-
tion. Consequently, according to that particular study, Erk signal-
ling is considered to have a positive effect on ameloblast
differentiation. On the contrary, however, ameloblasts isolated
from Costello syndrome mouse models (CS mice) display signifi-
cantly increased levels of phosphorylated Erkl/2 along with
diminished enamel mineralisation (Ref. 110), indicating that fur-
ther studies are needed in order to decipher the role of RAS/ERK
pathway in the differentiation of this specific cell type and the for-
mation of enamel.

In primary cultures of murine pulp cells, exposure to Ffg2 is
shown to have a dual effect on the differentiation towards odon-
toblasts, with early and short exposure to enhance while long-
term exposure to inhibit odontoblastic differentiation (Ref. 115).
In any case, the effect of Fgf2 is shown to be mediated by Erk1/
2 signalling since the addition of U0126, inhibitor of Mek1/2, is
able to restore the normal phenotype (Ref. 116). Further study
on the stimulatory mechanism in the case of the short-term
exposure reveals that Erk1/2 signalling along with Bmp signalling
induces the expression of dentin matrix acidic phosphoprotein 1
(Dmpl) and dentin sialophosphoprotein (Dspp) - both required
for proper dentin mineralisation - thus enhancing odontoblastic
differentiation (Ref. 117). Dentin phosphoprotein (Dpp) is the
proteolytic product of Dspp. In dental pulp mesenchymal stem
cells, Dpp is shown to interact with integrins and drive focal adhe-
sion kinase phosphorylation which subsequently activates Erk1/2
kinases (Ref. 118). This event leads to the activation of Elkl, an
Ets-domain transcription factor, and the induction of genes facili-
tating odontogenic differentiation such as Dmp1. The stimulatory
effect of Erkl/2 signalling on the differentiation of dental pulp
stem cells towards odontoblasts is confirmed by further studies
on human cultures upon binding of extracellular calcium and
strodium to the calcium-sensing receptor in stem cells (Ref. 119).

Another study on human adult dental pulp mesenchymal stem
cells reveals that upon EphrinB binding to the EphB receptor,
Erk1/2 signalling is activated leading to a block in the migration
of dental pulp stem cells in ex vivo cultures (Ref. 120). The reduc-
tion in migratory ability is rescued after treatment with specific
Mek1/2 inhibitors indicating the importance of Erk in adult
pulp stem cell mobilisation.

Finally, in ex vivo cultures of periodontal ligament stem cells
isolated from humans and dogs, elevated extracellular calcium
levels are observed to drive phosphorylation of Erk1/2 kinases and
the subsequent increase in the expression of cementum-associated
proteins, such as cementum protein 1 (CEMP1) and protein tyro-
sine phosphatase-like, member A/cementum attachment protein
(PTPLA/CAP) (Ref. 121). As a result, the periodontal ligament
stem cells are induced to acquire a cementoblastic phenotype.
All in all, during the last decades the isolation and the successful
cultivation of dental stem cells from a variety of sources, such as
the dental pulp, mandibular bone and the periodontal ligament in
studies as those described above, have provided a deeper under-
standing of the mechanisms underlying dental development and
disease. Figure 2 collectively depicts the downstream molecular
players of the ERK cascade that regulate dental, craniofacial and
orofacial formation analysed in this review.

Is it a matter of neural crest cells?

It is known that the majority of facial structures and a consider-
able number of cranial bones and sutures are derived from mes-
enchymal stem cells of neural crest origin. Descendants of neural
crest cells contribute to both craniofacial and orofacial develop-
ment as well as tooth formation. But would it be wise to conclude
a neural crest cell-autonomous effect of ERK1/2 signalling in the
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Fig. 2. Molecular targets of the RAS/ERK cascade in craniofacial and orodental development. A collective illustration of the effectors of the ERK kinase found to play
crucial roles during craniofacial, orofacial and dental development is given by colour-coded boxes (blue for craniofacial, red for orofacial and green for dental
development). RUNX2 and RSK2 are implicated in all three aspects of head development. In addition to their role in craniofacial development, TAZ and AP1
are found to have an effect in tooth formation (Refs 122, 123). FGF1, FGF2 and EphrinB are among the ligands that activate the RTKs, as described in the text.
Dashed arrows indicate targets that are activated by ERK, yet no direct phosphorylation is reported so far. In the case of SRF, ERK phosphorylates ternary complex
factors (TCFs) which in turn activate SRF (Refs 24, 124, 125). Common arrows are used in cases in which the corresponding effectors are known substrates of ERK1/2.

development of head structures? On the one hand, there is strong
evidence that the Erk1/2 pathway regulates neural crest cell migra-
tion and differentiation, with the majority of the respective pub-
lications already described in this review including studies
performed on crest-specific Wntl-Cre mice that recapitulate a
number of the human phenotypes (Refs 16, 22). A set of studies
report the role of this cascade in neural crest induction and pro-
liferation too, being however less clear about a direct or indirect
mode of Erk function on this particular cell type, as recently
reviewed (Ref. 126). On the other hand, however, during develop-
ment, neural crest cells interact extensively with neighbouring
paraxial mesoderm cells and these interactions have been shown
to guide the movements of neural crest cells (Refs 127-129),
resulting finally in the creation of well-defined head structures
originating from the one of the two sources either the neural
crest- or the mesoderm-derived progenitors. Furthermore, the
branchial arch ectoderm, the endoderm and the paraxial meso-
derm as well have been shown to play crucial roles in the deter-
mination of neural crest cell fate, providing signalling molecules
that control the patterning of craniofacial structures. During man-
dibular formation, the oral ectoderm is the source of FGF and
BMP signals that in turn regulate the expression of a variety of
transcription factors in neural crest mesenchymal cells thus deter-
mining the polarity along the proximal-distal axis (Refs 130-132).
Regarding tooth formation, the proximal domain of the mandibu-
lar ectoderm that produces FGF8 specifies the neural crest mesen-
chyme to form molars, while the distal domain which produces
BMP4 instructs the neural crest mesenchyme to form incisors
(Refs 133-135). Consequently, signals arising from paraxial meso-
dermal populations, the endoderm and ectoderm could guide and
potentially affect the location, the final size and the fate of the
neural crest populations. Therefore, we should not exclude the
possibility that in some craniofacial disorders and even in some
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cases of neurocristopathies, particular malformations could spring
from a primary defect in mesoderm-derived mesenchymal popu-
lations or even in the endodermal and ectodermal layers. The
study of particular pathways in certain cell types in combination
with cell tracing techniques would possibly provide answers to
these questions.

Concluding remarks

RAS/ERK signalling has a major role in craniofacial and orodental
development as evidenced by the plethora of human disorders
triggered by mutations in the components of this particular path-
way. Animal models and ex vivo studies have already revealed
structures, cell types and stages of Erk1/2 action during develop-
ment (summarised in Table 2); however, the precise molecular
and cellular mechanisms are still under investigation. A number
of features increase the difficulty in understanding the mechan-
isms underlying the pathophysiology of these disorders. First,
there are cases in which a single mutation in one component of
the pathway results in different phenotypic outcomes and conse-
quently, in different syndromes in the affected individuals. For
example, the E433K substitution in SOS1 that was initially discov-
ered to lead to Noonan syndrome is also reported in patients with
CFC syndrome and reversely, the K499E substitution in BRAF,
although previously being reported only in CFC cases, is currently
also found in patients with Noonan (Ref. 136).

Furthermore, different mutations in a single component often
cause syndromes with features that are distinct, yet overlap in
some cases. Noonan syndrome is caused by gain-of-function
mutations in PTPN11 (Ref. 75), while loss-of-function mutations
in the same gene lead to LEOPARD syndrome (Ref. 78) which
shares common craniofacial features with  Noonan.
Heterozygous inactivating mutations in ERF cause complex


https://doi.org/10.1017/erm.2019.2
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Expert Reviews in Molecular Medicine

Table 2. Overview of head developmental processes regulated by RAS/ERK
pathway activity

Developmental

system Process Ref(s)
Orofacial Mandibular bone (Refs 16, 22)
development formation

Mandibular condyle (Ref. 23)

formation

Palatal fusion (Refs 24, 26)
Craniofacial Neural crest cell (Refs 24, 25)
development migration

Myogenic (Refs 137, 138)

differentiation

Calvarial bone (Refs 91, 95, 99, 101)

mineralisation

Enamel (Refs 109, 110, 114)

mineralisation

Dental
development

Odontoblast
differentiation

(Refs 115-119)

Cementoblast (Ref. 121)
differentiation
Dental pulp stem (Ref. 120)

cell migration

craniosynostosis in humans along with facial malformations
(Ref. 47), while novel still uncharacterised mutations in the
same gene cause craniofacial abnormalities without any evidence
for craniosynostosis in the case of the newly discovered Chitayat
syndrome (Ref. 62).

The administration of MEK/ERK inhibitors is efficiently used
for the restoration of the normal phenotype in some animal mod-
els of RASopathies and craniosynostosis disorders, indicating the
importance of rebalancing RAS/ERK signalling for normal devel-
opment. A variety of compounds that inhibit different compo-
nents of the RAS/ERK cascade have reached clinical trials for
the treatment of specific types of cancer, such as PD184352
(MEK1/2 inhibitor) and Ulixertinib (ERK1/2 inhibitor), while
others have already gained approval, as is the case of
Trametinib, inhibitor of MEK1/2, for BRAF-mutant melanoma
(Ref. 139). The experience in drug discovery obtained through
years of research on this molecular pathway holds promise for a
potential therapeutic application in craniofacial disorders
(Ref. 140). However, since similar phenotypes are sometimes
derived from either activating or overall suppressive mutations
for this cascade, as observed for instance in some cases of orofa-
cial clefts and RASopathies, further research is needed in order to
gain an insight into the precise structures, developmental stages
and molecular targets that are specifically involved each time.
Variations in signal initiation and intensity can also lead to
altered transcriptional outputs (Ref. 141). Additionally, cross-talks
between ERK and other signalling pathways such as TGF-S/BMP
(Refs 142, 143) and WNT pathway (Ref. 144) taking place during
head formation increase the complexity surrounding the develop-
mental outcome of particular modifications. Consequently, cur-
rent studies aim to shed light on the accurate networks of
players that regulate these processes downstream of the RAS/
ERK cascade.

The greatest difficulty in understanding these mechanisms
springs from the fact that calvarial and brain development, facial
development as well as oral, jaw and dental formation are tightly
connected and affected by each other. This could be the under-
lying reason for the opposing results observed for many of the

involved factors and Erk activity per se. It is important to establish
the exact cell that is affected by the specific genetic changes and
the cell-autonomous or intercellular mechanisms causing the
defects. Dental, oral and craniofacial manifestations often
co-occur and attention should be also paid to the precise pheno-
typic characterisation of disease animal models. Although they
recapitulate many disease features, in some cases they either dis-
play additional traits or miss some others, while particular pheno-
types depend on the genetic background (Ref. 9). The need to
separate primary from secondary effects of each mutation and
study the specific phenotypes in isolated cell- or organ-culture
systems is inevitable. In this direction, the isolation of specific
populations of mesenchymal stem cells that give rise to craniofa-
cial and dental structures is currently being explored with prom-
ising results (Refs 145-148). Organoid cultures have already been
established for modelling microcephaly, Crown’s and Alagille syn-
drome in addition to cancer and infectious diseases (Ref. 149) and
could potentially serve as a useful tool for studying tooth develop-
ment as well (Ref. 150). On the whole, stem cell-based technolo-
gies have a lot to offer in unravelling the precise molecular
background of craniofacial and dental defects. Without this
information, the extensive pipeline of RTK/RAS/ERK pathway-
targeting drugs for cancer and other pathologies will be very
difficult to be extrapolated to these genetic, early-onset develop-
mental disorders.
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