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rowth Factors and Signaling
roteins in Craniofacial Development

obert Spears and Kathy K.H. Svoboda

Regulation of growth and development is controlled by the interactions of cells with each
other and the extracellular environment through signal transduction pathways that control
the differentiation process by stimulating proliferation or causing cell death. This review
will define the common signaling molecules and provide an overview of the general
principles of signal transduction events. We also review the signal transduction pathways
controlling one specific mechanism found in craniofacial development termed epithelial-
mesenchymal transformation (EMT) employed during gastrulation, cranial neural crest
migration, and secondary palate formation.
Semin Orthod 11:184–198 © 2005 Elsevier Inc. All rights reserved.
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rowth Factors and
ignal Transduction
ntracellular signaling is usually triggered by a cell surface
event such as a specific protein (ligand) binding to a cell

urface receptor to form a receptor-ligand interaction. Cells
ontacting neighboring cells or their surrounding noncellular
issue are termed cell-cell or cell-extracellular matrix (ECM)
ontacts (Fig 1A).1 Interactions of cells with other cells or the
CM can stimulate many reactions, including: increased cell
ivision, cell movement, differentiation, and even pro-
rammed cell death (apoptosis). The cell surface binding
roteins (receptors) are classified by the protein structure
nd ligand characteristics. These proteins are usually located
n the cell surface in the plasma membrane. Part of the pro-
ein may be located outside the cell to interact with the li-
and. This part of the proteins is called the extracellular li-
and binding domain. Part of the protein will traverse
hrough the membrane, termed the membrane spanning do-
ain, and a portion of the protein will be inside the cell and

ermed the cytoplasmic domain.
Most modern cell biology textbooks list at least four types

f cell surface receptors, including the G protein-coupled

epartment of Biomedical Sciences, Baylor College of Dentistry, Texas A&M
Health Science Center, Dallas, TX.

his work was supported by grant sponsors: Baylor Oral Health Foundation;
Tobacco Endowment Fund, Texas A&M University System; Grant Num-
ber: 304-202850-4013.

ddress correspondence to Robert Spears, PhD, Texas A&M University
System, Baylor College of Dentistry, Department of Biomedical Sciences,
3302 Gaston Ave, Dallas, TX 75266; Phone: 214-828-8297; Fax: 214-
t828-8951. E-mail: rspears@bcd.tamhsc.edu

84 1073-8746/05/$-see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1053/j.sodo.2005.07.003
eceptors (GPCR, Fig 1A), ion-channel receptors, tyrosine
inase-linked receptors, and receptors with intrinsic enzy-
atic activity.2 The GPCRs are characterized by multiple

ransmembrane domains (usually seven) that wind the pro-
ein in and out of the membrane in a serpentine conformation
Fig 1A, GPCR). The ion-channel receptors are closely re-
ated and actually open a membrane channel when the
igand binds. Many cytokine receptors are in the tyrosine
inase-linked class as they lack intrinsic activity; but when
he ligand binds, intracellular tyrosine kinases become
ctivated to generate cellular changes. The classic growth
actor receptors have kinase activity within the protein
intrinsic) and therefore make up the fourth class of recep-
ors—the receptor tyrosine kinases, or receptor serine/
hreonine kinases (Fig 1A and C). These receptors usually
ave one transmembrane domain, and at least two mole-
ules must become closely associated (dimerize) to acti-
ate the signal.
In addition to these classic receptor classes, cells can re-

pond to their ECM environment through integrin receptors
r proteoglycan receptors such as the syndecan family (Fig
A and B). Single transmembrane domains with large extra-
ellular and much smaller cytoplasmic domains characterize
hese receptors. The syndecan molecules have long glycos-
minoglycan chains that assist in sequestering the fibroblast
rowth factors close to the cell membrane.3-6 The integrin
eceptors are heterodimers composed of � and � subunits.
he family is very large with at least 25 integrin heterodimers,

ncluding 19 � subunits and 8 � subunits identified.7 The
ntegrins do not have kinase activity, but on binding to ECM

olecules, some associated proteins become activated by au-

ophosphorylation and then phosphorylate (activate) sur-
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Craniofacial development 185
ounding proteins to generate signals for specific cellular ac-
ivities that usually change the actin cytoskeleton. One of the
rst proteins to become phosphorylated is focal adhesion
inase (FAK) (Fig 1B).
Another concept in recent literature is that different signal-

ng molecules may be sequestered in membrane microdo-
ains termed lipid rafts8,9 that may facilitate cross talk be-

Figure 1 (A) Many different types of receptors are on cells t
protein-coupled receptor (GPCR), receptor tyrosine kinase
and cadherins are represented with some of their intracellu
three common structural features: an extracellular ligand
cytoplasmic domain. (B) The integrin molecules (lower sq
interacts with other proteins (FAK, paxillin, Src, and ILK)
ligands (ECM) and cluster to form focal adhesions. (C) T
square) and on activation signal through several pathways i
discussed in the text).
ween different receptors and signaling pathways.1,10-16 G
ntracellular Signaling Proteins

ne basic principle of signal transduction is that the pro-
eins exist in at least two states: activated and inactivated.
t this time we know of several methods to turn the signals
n and off, including phosphorylation, dephosphoryla-
ion, intracellular location, nucleotides (ADP/ATP or GDP/

tribute to the same signal pathways. In this illustration, G
hesion molecules (CAMs), selectins, integrins, syndecans,
al molecules identified. All of the receptor molecules have
domain, a transmembrane domain, and an intracellular

ere enlarged to demonstrate that the cytoplasmic domain
proteins become phosphorylated when integrins bind to
eceptors are in the tyrosine kinase receptor class (upper
g the Smad and PI3-kinase pathways to stimulate EMT (as
hat con
, cell ad
lar sign
binding
uare) w
. These
GF-� r
ncludin
TP) cycles, and calcium/ion levels (see glossary; Table 2).
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186 R. Spears and K.K.H. Svoboda
PCR cascade. One of the first signal transduction mecha-
isms described was the GPCR cascade that generates the
lassic second messengers cyclic AMP (cAMP), cyclic GMP
cGMP), diacylglycerol (DAG), phosphoinositols, and cal-
ium (Ca2�). When G protein-linked or hormone receptors
ecome activated, they trigger a series of events at the cell
urface that cause transient increases in these second messen-
er molecules.2 As with other signaling events, there is a
ransient increase in the active form of the molecule followed
y a rapid decrease to produce a “signal.” Briefly, when the

igand binds to the receptor it causes a change in the protein
tructure that allows the G-protein � subunit to bind to the
ytoplasmic domain of the receptor (Fig 1A, GPCR). This
nteraction causes the exchange of GDP for GTP on the �
ubunit and the disassociation of the �� subunits from the �
ubunit. The activated (GTP bound) � subunit interacts with
denylyl cyclase, the membrane-bound enzyme responsible
or producing cAMP. After activating adenylyl cyclase, the �
ubunit reverts to the GDP state and reassociates with the ��
ubunits. Not only is the number of GPCRs very large, but �
ubunits are also numerous, providing a wide variety of sig-
als to the cell. Once the G proteins are activated, the signal
an be amplified by interactions with other proteins.

Classically, adenylyl cyclase produces cAMP that activates
ther kinases termed the cyclic AMP-dependent kinases
cAPKs), also called protein kinase A (PKA). These kinases
an phosphorylate (activate) a number of substrates depend-
ng on the specific stimulus to amplify the signal from the cell
urface.2 One effect of activation is the release of calcium
rom intracellular storage areas, such as the rough endoplas-

ic reticulum and mitochondria. Since free calcium levels in
ells are maintained at very low levels, the rapid increase in
alcium levels from these intracellular organelles has been a
ay to visualize signal events. Calcium can be labeled with

ither quantitative ratiometric dyes or single wavelength dyes
o monitor these rapid changes in cells following stimula-
ion.17 Rapid sequestering of the free calcium ions by mole-
ules such as calmodulin that bind several calcium ions turns
ff the calcium signal.

hosphorylation and dephosphorylation. Phosphorylation
nd dephosphorylation provide another mechanism for sig-
al on and off switches. The enzymes that phosphorylate
ther proteins are called kinases. The common amino acids
hat become phosphorylated are tyrosine, threonine, and
erine. As stated previously, the phosphorylated proteins
ay be activated by adding phosphate molecules, and deac-

ivated by removing the phosphates, a function usually per-
ormed by another enzyme class, the phosphatases. Some
roteins can autophosphorylate themselves; once activated,
hey can phosphorylate surrounding substrates. An example
f this type of protein was discussed previously in describing
he integrin molecules; focal adhesion kinase (FAK) becomes
hosphorylated when integrins bind to their ligand, ECM (ie,
ollagen, fibronectin, or laminin). Once FAK becomes phos-
horylated it will activate or phosphorylate paxillin, an actin-

ssociated protein, and another kinase, Src (Fig 1B).18 Src can g
lso start activating surrounding proteins, creating an ampli-
cation of the original signal.
To complicate things, some proteins are inactive in the

hosphorylated state and become active after dephosphory-
ation. Therefore, it is important to understand the possible
hanges in the proteins before starting an investigation. Cells
ay contain a constant amount of a given protein in a pool,

ut the protein has to be in an active state to produce a signal
hat will change the proteins around it.19 It is important to
emember that just because an mRNA for a given protein is
xpressed; it does not indicate that the protein is produced or
hat it is activated.

ucleotide binding. Protein is generally in an inactive state if
he ADP or GDP nucleotide is bound and becomes activated
hen the ATP or GTP is bound. An example of this type of

ctivation is the small G-protein families, Ras and
ho.1,12,20-23 These proteins alternate between the GTP-
ound active form (on) and the GDP-bound inactive form
off) to regulate other downstream kinases. Many other pro-
eins regulate the “on” and “off” state of the small G proteins.
he guanine-nucleotide exchange factors (GEFs) are the “on”
ignal as they add GTP to the protein. GTP-activating pro-
eins (GAPs) are the “off” signal as they remove a phosphate
o deactivate the protein. Guanine-nucleotide dissociation in-
ibitor proteins (GDIs) sequester the inactive protein in the
ytoplasmic pool. We have shown that one of these regula-
ory proteins (p190RhoGAP; 190 kDA protein that functions
s a GAP for Rho) becomes phosphorylated very quickly in
mbryonic epithelia in response to cells binding ECM.19 We
ave also shown that decreasing Rho protein levels or activity
ecreased other integrin signaling molecules.24

ntracellular location. Some proteins move to specific intra-
ellular structures, such as focal adhesions1,25 when they be-
ome activated. Paxillin, �-actinin, and talin accumulate at
he focal adhesions in both migratory and stationary cells. In
ddition, integrin molecules become clustered at the focal
dhesion of fibroblast cells (Fig 1A) and new evidence indi-
ates that these proteins may act as sensors for mechanical
orces.14

Many proteins move to the plasma membrane when they
ecome activated. The movement to the plasma membrane
ay take several steps, including release from a cytoplasmic

haperone protein and/or acquiring a lipid tail. The small G
roteins (such as Rho) require both the release from the
uanine-nucleotide dissociation inhibitor (GDI) protein and
lipid tail to move to the membrane.26,27 So, in addition to
aving a GTP bound to the protein, the protein itself moves
o the site of action. Many of the small GTPase proteins (Ras,
af, Rac) follow similar intracellular translocation patterns on
ctivation.

Other activated proteins move to the nucleus and may act
s transcription factors. Examples of this type of intracellular
ranslocation are some of the MAP kinase proteins.28-30 MAP
inases can respond to a variety of extracellular signals, in-
luding osmotic stress, heat shock, cytokines, and mito-

ens.31 Two of the MAP kinases, the extracellular signal-reg-
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Craniofacial development 187
lated kinases (erk-1 and erk-2; also referred to as erk-1/2),
ranslocate to the nucleus after activation to regulate the ex-
ression of various transcription factors (Table 1).30,31 Acti-
ation of the MAP kinase pathways has been identified as a
echanism used by integrins to regulate gene expression

eading to cell shape changes during cell spreading or migra-
ion,10,21,32,33 and as a cross-talk pathway between integrins
nd growth factors.1,10,34

Sometimes the signal protein needs to bind another pro-
ein, a chaperone, before translocating to the nucleus. Trans-
orming growth factor beta (TGF-�) proteins activate a class
f proteins called Smads. These growth factors bind to cell
urface receptors (T�RI and T�RII) and activate specific
mad proteins (Smad 2 or 3) that then bind to a chaperone
rotein, Smad 4, before translocating to the nucleus (Fig 1C)
o act as transcription factors.35-38 Similarly, bone morphoge-
etic proteins (BMPs) bind to BMP receptors, activate Smads
or 5, which bind Smad 4 to translocate to the nucleus. More
etails concerning this pathway will be discussed later in this
eview (EMT regulation).

ummary
ntracellular responses to cell surface receptors are compli-
ated and the subject of many active investigations. A num-
er of studies have established reciprocal linkages between
CM-integrins, growth factor signaling, cell-cell adhesion
olecules, specialized membrane domains (lipid rafts), and
protein-linked receptors.1 In addition, cross talk has been

stablished between the ECM and intracellular mitogen-
timulated pathways, the small G proteins, and the phos-
hoinositols.39,40 The cell’s microenvironment and the result-

ng tissue profoundly influence each of these linkages. Thus,
or a cell to achieve a differentiated phenotype or respond to

icroenvironment changes, the ECM molecules and their
eceptors must integrate both form and function. In contrast,
utated genes and aberrant interactions with the microenvi-

onment may degrade this integration, possibly resulting in
alignant transformation or abnormal development.41 Re-

ently, it has also become apparent that integrins regulate
ho GTPases and vice versa. Integrins and GTPases might

herefore be organized into complex signaling cascades that
egulate cell behavior.1,10,21 In the next section of this review,
pecific signaling pathways important for craniofacial devel-
pment will be discussed in detail.

rowth Factors
mportant in Epithelial/
esenchymal Interactions

ell phenotype transformations, from epithelial to mesenchy-
al (epithelial-mesenchymal transformation, EMT) and vice

ersa have been well documented in embryonic development,
ound healing, and tumor metastasis. Epithelia serve as the
oundary between the external environment and the remainder
f the organ while mesenchymal cells are found in the connec-
ive tissue compartment. The epithelial barrier function is partly

upported by firm cell-cell junctions, such as tight junctions and m
esmosomes. In addition, epithelial cells normally have apical-
asal polarity and attach to basal lamina by hemidesmosomes.
Mesenchymal cells are more mobile and surrounded by

xtracellular matrix. They have anterior-posterior polarity
nd form only transient contacts with their neighboring cells.
uring EMT cell phenotype transition, epithelial cells lose
ell-cell attachment, break through the basal lamina, become
obile, and express mesenchymal proteins (Fig 2B).
From the mid-1990s and more recently, several reviews

ere published on EMT in development and pathogene-
is.42-48 EMT and the opposite, mesenchymal-epithelial
ransformation, occur during normal developmental pro-
esses. EMT occurs during gastrulation, one of the earliest
evelopmental events that change the two layered embryonic
isc into a three layered embryo. This process involves the

nvagination of the top layer (epiblast) cells to form the me-
oderm49 and endoderm germ layers.50,51 In addition several
ther developmental processes such as sclerotome52 and car-
iac cushion mesenchyme53-55 development require EMT. In
ontrast, mesenchymal-epithelial transformations occur in
he formation of somites, kidneys, and caudal or secondary
eural tube.56 This review will concentrate on EMT during
he development of craniofacial structures, and specifically
n cranial neural crest (CNC) and secondary palate formation.

ranial Neural Crest
efore the closure of the neural folds in the mammalian head,
he neural crest cells break away from an embryonic epithe-
ial layer of the dorsal neural tube by changing their shape
nd properties from neuroepithelial cells to mesenchymal
ells. In a recent meeting celebrating the contributions of
ames A. Weston to the understanding of neural crest,

eston proposed that the CNC were derived from an early
opulation of non-neuronal ectoderm.57,58 While this con-
roversial theory is certain to engage many investigators in the
ext few years, this review will concentrate on the current
heory that CNC are derived from neural epithelium. How-
ver, as both ectoderm and neuroepithelium are epithelial
ell types, they still have to complete EMT. A recent issue of
evelopmental Dynamics is dedicated to this topic as a special

ssue subtitled “Special Focus on the Neural Crest and the
ontributions of James A. Weston.”59

A major difference between neural crest cells in the cranio-
acial region and those of the trunk is that the CNC cells are
atterned with level-specific instructions in the head,
hereas those of the trunk do not appear to be prepro-
rammed.60 In the cranial region, the CNC migrate in diffuse
treams throughout the cranial mesenchyme, with a level-
pecific instruction, to reach their final destinations. These
ells have also been referred to as ectomesenchyme in some
extbooks.61 Extensive experiments demonstrated that the
aintenance of this segmental characteristic is very impor-

ant in patterning of head development.62-64

The CNC cells are multipotent stem-like cells, which re-
pond to temporal-spatially expressed signals and become
committed.” Candidate regulators include growth factors—

embers of the TGF-� family,65 fibroblast growth factors
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188 R. Spears and K.K.H. Svoboda
able 1 Transcription Factors

bfa 1 Core-binding factor a1, controls the differentiation of mesenchymal cells into osteoblasts
ax 1 Nuclear hormone receptor family expressed in the early indifferent gonad
lx Distalless-paired patterning genes (6 members) that closely associated with Hox genes and are involved

in morphogenesis of the jaw and inner ear
12 Transcription activator for MyoD
gr-1 Early growth response-1, found in bud stage tooth mesenchyme
mx-2 Homeobox gene that is necessary for corpus collosum formation
n-1 -2 Engrailed-1 and -2, with Pax-1 and -2 are critical for organizing the development of the midbrain and

cerebellum on both sides of the isthmic organizer
ya-1-2 Eyes absent-1, -2—expressed in lens placode, require Pax-6 for expression
ATA-4 Is important in early heart development
bx2 Gastrulation brain homeobox 2—expressed in the hindbrain to form midbrain-hindbrain border,

necessary for the formation of rhombomeres 1 and 3
li-1-3 Zinc finger transcription factors regulating morphogenesis; Gli-1 is released from microtubule complex

downstream of shh, whereas Gli-3 is anterior and suppresses shh
oosecoid Homeodomain protein expressed in the organizer region of the primitive node; activates chordin, noggin

and other genes in the organizer region
NF-3 Hepatic nuclear factor 3—expressed in early foregut with GATA-4
NF-3� Hepatic nuclear factor 3�—expressed in the early organizer region with goosecoid and chordin
ox a-d Homeobox—containing a-d—patterning genes found in clusters on four chromosomes— necessary in

the craniocaudal segmentation of the body
d Inhibitor of DNA binding that can form a heterodimer with MyoD and block MyoD dimerization
rox-20 A segmentation gene that guides the formation of rhombomeres 3 and 5, kreisler and Hoxa-1 are

involved in formation of rhombomere 5
bx-1 Lim-type homeobox containing genes
ef-1 Lymphoid enhancer factor-1, involved in Wnt-�-catenin pathway during epithelial-mesenchymal

transformation
bx-3-4 Expressed in Rathke’s primordium with Rpx to form Rathke’s pouch
im-1 Homeobox containing transcription factor necessary for head development
mx-1 Found in limb bud mesoderm—responds to limb ectoderm signaling molecule, Wnt-7a to induce dorsal

characteristics; ventral ectoderm produces En-1 to suppress Wnt-7a and Lmx-1
EF-2 Myocyte enhancer factor-2—important in early heart development
FH-1 Mesenchyme forkhead-1-winged helix transcription factor—deficiency in mice leads to interruption of

the left aortic arch
sx-1 Expressed in rapidly proliferating mesenchyme at tips of facial primordial, limb buds, and dental lamina,

Msx-1 and -2 expressed in tooth bud stage mesenchyme
yoD During muscle development myogenic regulatory factors are expressed in sequence (Myf-5, Pax-3,

MyoD, myogenin MRF-4)
kx2-5 Important in early heart development
ct-3-4 Homeodomain genes of the POU family; Oct-4 is important in early cleavage stages and is in all

blastomeres up to the morula stage
tx-1-2 Orthodenticle homologue—controls forebrain/midbrain formation, Otx-2 characterizes precursors of 1st

arch
araxis Helix-loop-helix transcription factor in somites that mediate mesenchyme to epithelium transformation
ax-1-9 Paired box-1 to -9—contain a paired domain and entire or partial homeobox domains; Pax genes are

important for sense organs and nervous system development; in addition they are involved in tissues
that use epithelial-mesenchymal transition in development processes

dx-1 Pancreatic duodenal homeobox-1 expressed in pancreatic progenitor cells with Hlxb-9
it-1 Pituitary-1, member of POU gene family expressed in the pituitary
itx-1 Expressed in hindlimb development upstream of Tbx-4; Pitx-2 is expressed in oropharyngeal membrane

early in development
px Rathke’s pouch homeobox-containing gene is expressed in Rathke’s pouch primordium with Lbx-3 and

Lbx-4, stimulated by BMP-4 and FGF-8
F-1 Steroidogenic factor-1 is expressed in the early indifferent gonad, developing adrenal cortex, pituitary,

and hypothalamus
IP-1 Zinc finger protein that recognizes E-box motifs and found on cells transforming from epithelial to
mesenchyme (EMT) and represses E-cadherin
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Craniofacial development 189
FGFs),66,67 platelet-derived growth factor (PDGF),68 and
nt gene products69,70 (Table 2). The role of the TGF-�

amily in CNC developmental processes has recently been
eviewed.71 The involvement of several signal transduction
olecules and transcription factors have also been re-
orted.44

The paired maxillary processes and mandibular promi-
ences of the first branchial arch give rise mainly to the
tructures of the upper and lower jaws. The neural crest
omponent of the upper jaw derives from the forebrain and
idbrain, while that of the lower jaw from the midbrain and
indbrain (rhombomeres 1 and 2). These CNC cells mainly
ontribute to the following structures in the first branchial
rch: palate and maxilla, dermis and fat of skin, dental pa-
illa, Schwann cells of peripheral nerves, melanocytes, and
ome connective tissue. A recent study demonstrated that the
onditional removal of the transmembrane signaling receptor
T�rII) gene in only the cranial neural crest lineage resulted
n clefting of secondary palate and calvaria defects. The
athogenesis of cleft palate in these mice appears to be related
o impairment of cell proliferation.72 The normal formation
f some derivatives of the first branchial arch, such as palate
nd lip, needs epithelial-mesenchymal transformation dur-
ng embryonic remodeling.

egulation of EMT
rowth factors and signal transduction. The regulation of
MT is critical during dynamic developmental processes and
ostnatal homeostasis. Hay (1989) postulated that master
ene(s) turned on in epithelia by changes in the environment
nitiate EMT (master gene theory) (Fig 2). Recently several

olecules have been identified as possible master genes in-
luding the transcription factors Twist, Snail or SIP1 (Table
). The changes in the environment that may initiate EMT

nclude growth factors, cell adhesion molecules, extracellular

able 1 Continued

lug Zinc finger protein expressed in epiblas
plate stage of development; the cells
phenotypes

nail Zinc finger protein that recognizes E-bo
mesenchyme (EMT) and represses E-c

ox Large family (over 20) that have a comm
nucleotides on the minor groove of th
in a large variety of tissues; Sox-9 con

ry Sex-determining region, a member of th
development by inhibiting Dax-1

bx-4-5 T-box family, -5 expressed in forelimb; -
dorsal retina

wist Basic helix-loop-helix protein that is a re
including mesoderm development dur

ax-2 Ventral anterior homeobox-2—expressed
t-1 Wilms’ tumor suppressor gene-1—expre

mesenchyme to epithelium
FY Zinc finger Y

Compiled from various sources including Carlson.138
atrix, the surface receptors and downstream signal trans- i
uction events (Table 2), and transcription factors (Table 1).
pithelial cells are characterized by cell-cell adhesions (ad-
erens junctions, desmosomes, and hemidesmosomes) and
n intact basal lamina. During EMT the cells lose expression
f cell adhesion proteins, especially E-cadherin, and increase
xpression of enzymes that break down the basal lamina
Fig 2B).

This review will focus on TGF-� and its downstream sig-
aling molecules primarily during palate development. The
GF-� superfamily includes many small proteins that are
ultifunctional (controlling growth, migration, and differen-

iation) during both embryonic development and postnatal
issue homeostasis.73-75 The cellular responses to TGF-� dur-
ng craniofacial development and CNC regulation have been
xtensively studied and recently reviewed.71

Studies designed to investigate how cells interpret TGF-�
ignals have identified three types of TGF-� transmembrane
ignaling receptors: type I, type II (T�RI and T�RII),76 and
�RIII (Fig 1C). Types I and II TGF-� receptors have a cy-

oplasmic serine/threonine kinase domain. TGF-�s initiate
ignaling by assembling receptor complexes. The initial bind-
ng of T�RII to ligand is recognized by T�RI and the forma-
ion of ligand/T�RI/T�RII/complex results in the activation
f T�RI by T�RII.77

Activated T�RI propagates the signal by phosphorylating
any downstream effectors, such as Smad proteins (Fig

C).78 The Smad proteins are homologues to the Drosophila
mothers against dpp” (mad) proteins and the Caenorhabditis
legans Sma proteins. In vertebrates at least nine genes have
een found that comprise the Smad family. Different mem-
ers of the Smad family have different signaling roles. Smads
, 2, 3, and 5 interact with the receptors and are termed
-Smads. These proteins become phosphorylated by the ac-

ivated receptors and are transported to the nucleus.71,79-81

owever, when there are no outside-in signals, R-Smads stay

during gastrulation and neural crest cells at the neural
press slug transform from epithelial to mesenchymal

fs and found on cells transforming from epithelial to
in; closely related to slug
gh-mobility group (HMG) domain that binds to 7

helix; Sox proteins work with other transcription factors
differentiation of mesenchymal cells into precartilage
gene family found on the Y-chromosome, triggers testis

essed in hind limb with Pitx-1, Tbx-5 also expressed in the

r of morphogenesis that plays an essential role in EMT
strulation by repressing E-cadherin
e ventral retina
in mesonephric ducts—regulates transformation from
t cells
that ex

x moti
adher
on hi

e DNA
trols

e Sox

4 expr

gulato
ing ga

in th
ssed
n the cytoplasm partly by binding to the protein SARA
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Smad Anchor for Receptor Activation).82 Receptor phos-
horylation of R-Smads weakens the affinity of R-Smads for
ARA and exposes their nuclear import signal. Activation of

Figure 2 (A) The palatal shelves grow from the maxillar
stages. The outgrowth of the palatal shelves is stimulated
epithelium and increases shh that signals back to the me
the medial edge epithelial cells (MEE) disappear.42 The s
(apoptosis), and some basal cells migrate to the oral or na
mesenchymal through a regulated program. (B) The m
regulation of epithelial genes, particularly E-cadherin, a
fibronectin and N-cadherin. The cells also degrade the
increasing matrix metalloproteinases (MMP). (C) The ch
cells with a fluorescent marker (CCFSE) and then cult
visualized in single confocal optical sections in the mesen
arrows).46
-Smads also increases their affinity to Smad4 (Co- r
mad).83,84 As a result, the Smad complex translocates into
he nucleus, where Smads interact with transcription factors.

The Smad signaling pathway is under the control of many

inence as illustrated in the horizontal and early fusion
10 in the mesenchyme that stimulates the Fgfr2b in the
yme.64,72 When the palatal shelves meet in the midline,
periderm cells progress through programmed cell death
thelium, but other cells change phenotypes and become
ene theory proposes that a regulator causes the down
upregulation of mesenchymal genes such as vimentin,

amina which includes type IV collagen and laminin by
n phenotype can be visualized by labeling the epithelial
he palatal shelves for 3 days. The labeled marker was
l region where the palatal shelves had recently fused (C,
y prom
by Fgf
sench

urface
sal epi
aster g
nd the
basal l
ange i
uring t
chyma
egulatory agents including: the transmembrane protein,
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Craniofacial development 191
AMBI, that has an intracellular domain that mimics the
tructure of a type I receptor and prevents the formation of
eceptor complexes85; the ubiquitin ligase, Smurf186; the an-
agonistic Smad6 and Smad7,87,88 and the oncoproteins Ski/
no.89 In addition, in the nucleus the cellular responses to
ther signal inputs determine which genes will be recognized
y the Smad complex.90 Recently the interferon regulatory
actor 6 (IRF6) gene was identified as the candidate for the
ause of an autosomal dominate form of cleft lip and palate,
an der Woude’s syndrome.91 However, it is not clear how

he point mutation in this gene contributes to cleft lip or
alate.
Although the Smad pathway has received much attention

n the past 5years, it is now appreciated that the TGF-�-
ctivated receptor complex can also signal through other
athways,92 such as those involving the mitogen-activated
rotein kinases (MAPKs),93,94 phosphoinositol-3 kinase (PI-3
inase) (Fig 1C),95,96 and PP2A/p70s6K, though the molecu-

ar details of this coupling are still obscure. The relative im-
ortance and interplay of these various pathways in the
hanging responses of cells to TGF-� are just beginning to be
robed.
TGF-� family members are essential for EMT during de-

elopment. The embryonic cardiac cushion has been exten-
ively studied in an organ culture model that demonstrated
GF-�2-mediated initial endothelial cell-cell separation
hile TGF-�3 was required for the cell morphological

hange that enabled the migration of cells into the underlying
xtracellular matrix.97 These conclusions were based on ex-
eriments that used antisense oligodeoxynucleotides or neu-
ralizing antibodies to TGF-�3 to inhibit EMT in vitro.97

alate development. As shown in Fig 2, the secondary palate
orms as an outgrowth of the maxillary prominence. Interest-
ngly, it was recently shown that sonic hedge hog (shh)
nd the Fgfr2b were also expressed in the early palatal
pithelium98 and appear to be induced by Fgf10. When this
athway was disrupted in transgenic animals, the palatal pro-
esses failed to grow.98 The normal palatal shelves elevate and
row toward the midline where they fuse and some of the
edial edge epithelial (MEE) cells move into the mesen-

hyme through the EMT process (Fig 2). The migrating MEE
ells can be visualized if the epithelial cells are bathed in a
arker that only penetrates the surface epithelium such as

arboxy 2,7= dichlorofluorescein diacetate succinimidyl ester
CCFSE). After the palatal shelves have been organ cultured
or 3 days, the label was found in the mesenchymal cells (Fig
C) demonstrating the labeled cells had progressed through
MT.99

During mammalian palate development TGF-� isoforms
, 2, 3, T�RII, and T�RIII were detected in the medial edge
pithelium (MEE) by in situ hybridization100 and immuno-
istochemistry.101,102 Of particular interest was the highly

ocalized expression of TGF-�3 RNA, and to a lesser extent
hat of TGF-�1 and TGF-�2 in the MEE and the nasal septum
pithelium, which were destined to undergo EMT.100 Exper-
ments using antisense oligodeoxynucleotides or neutralizing

ntibodies to TGF-�3, but not TGF-�1 or TGF-�2, resulted i
n the failure of palate fusion in vitro.103 Further experiments
emonstrated that Tgf-�3 transgenic and knockout mice
ave cleft palate as their only craniofacial birth defect.104,105

hen palatal shelves from Tgf-�3 knockout mice were cul-
ured, the midline epithelia failed to go through EMT.106,107

owever, overexpressing Smad2 on the Tgf-�3 null animal
artially rescued palatal fusion.108 In addition, although the
hicken has naturally open palate, the cultured chicken pal-
tal shelves fused when TGF-�3 was added into the me-
ium.109

It is clear from these experiments that TGF-�3 is an essen-
ial growth factor inducing EMT during palatal fusion. Inves-
igators have proposed that possible mechanisms of TGF-�3-
nduced palatal fusion include the regulation of fusion by
nducing cell membrane filopodia on MEE before shelf con-
act.107 Second, the regulation of extracellular matrix degra-
ation by modulating the production of tissue inhibitor of
etalloproteinase-2 (TIMP-2), MMP13, and MMP2 has been
roposed.110 More recently, it was found that TGF-�3 is nec-
ssary for inhibiting MEE proliferation during EMT.111

Several research groups have started to investigate the
GF-�3-stimulated intracellular signaling molecules that are
esponsible for EMT during palate fusion. Smad2 expression
as detected during palatal fusion,112 and it has been sug-
ested that phosphorylation of Smad2 may be necessary for
gf-�3 downregulation of MEE proliferation.111 Interest-

ngly, overexpression of Smad2 in the TGF-�3–/– mouse did
ot completely rescue secondary palate clefts. There is also
vidence from the studies of mammary epithelial cell culture
hat downregulation of Smad signaling decreased Smad-de-
endent growth and transcriptional responses; however, the
ownregulation did not affect TGF-�-mediated stress fiber
ormation and EMT.113

Understanding the signal transduction pathways can be com-
licated. For example, we have recently investigated the role of
GF-� signaling during secondary palate formation in a mouse
odel (Fig 3). We found that an alternative downstream effecter

o MEE signaling, PI-3 kinase, has been identified as an effector
n actin reorganization and TGF-�-mediated EMT.114-116 Acti-
ated PI-3 kinase phosphorylates phosphatidylinositol 4,5-
isphophate (PIP2) to generate phosphatidylinositol 3, 4,
-trisphosphate (PIP3), which recruits its downstream effectors
o the plasma membrane (Fig 1C). Along with the small GTPases
ac and Rho, PIP3 activates several serine/threonine kinases
uch as 3-phosphoinostide-dependent protein kinases
PDKs).117,118 PDK1 activates PKC, p70S6K1,119 and targets
hr308 on protein kinase B (PKB, also known as Akt),120 while

ntegrin-linked kinase (ILK), a newly found PDK activates Akt
n its Ser473 site.121 On stimulation, Akt migrates and anchors
o the membrane.122 Subsequently, activated Akt detaches from
he plasma membrane and translocates into the cytoplasm and
ucleus, regulating cell survival, protein synthesis, and cell cy-
le.123 It also appears that PI-3 kinase possesses both lipid and
rotein kinase activity124 and may directly control the activities
f individual components of the RAS/RAF/ERK-mitogenic path-
ay by forming a complex with signal proteins.
The consequences of PI-3 kinase activation are numerous,
ncluding effects on cell cycle progression, suspension-medi-
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able 2 Signal Transduction Proteins, Abbreviations, and Definitions

ctivin Signaling protein, member of the TGF-� family, active in mesoderm induction
ngiopoietin-1 Sprouting factor—interacts with Tie-2 (receptor) during angiogenesis
AMBI Transmembrane protein, whose intracellular domain resembles the homodimerization interface of a

T�RI receptor and prevents the formation of TGF-� receptor complexes
ax bcl-associated x protein that accelerates cell death (apoptosis)
-catenin Binds to E-cadherin in cell-cell junctions, but can be modulated by many signaling agents (Wnt, Ras,

and PI-3 kinase) to relocate to the nucleus and interacts with transcription factors (TCF/LEF-1);
stabilized nuclear �-catenin has been shown to induce EMT in vitro133

cl-2 B cell lymphoma protein that blocks cell death (apoptosis)
MP-1-9 Bone morphogenetic protein, members of the TGF-� family—induction of the neural plate, skeletal

differentiation, and other inductions
AM Cell adhesion molecules (neuronal CAM [N-CAM], L-CAM � E-cadherin)
AMP Cyclic AMP, second messenger in GPCR signal transduction pathways
APKs Cyclic AMP-dependent kinases also called protein kinase A (PKA)
ereberus Signaling factor, Lim-1 and Cereberus-related 1 null mice are headless
GMP Cyclic GMP
hordin Signaling molecule active in very early development including primitive streak formation, expressed

with nodal, cripto, and Vgl; also part of the primitive node (organizer)
ripto See chordin description
yclops Signaling molecule expressed in optic primordia to separate optic fields
OL Collagen—extracellular matrix protein; over 25 members of the family have been identified; cell surface

receptors for collagen are integrins
AG Diacylglycerol, second messenger for GPCRs
ia p140 Diaphanous, substrate for RhoGTP, promotes actin polymerization
pp Decapentaplegic-TGF-� family, signaling in limb development
-cadherin Cell adhesion molecule found in adherens junctions
CM Extracellular matrix includes collagen, fibronectin, proteoglycans, laminin, etc
GF Epidermal growth factor
rk Extracellular signal regulated protein found in the MAP kinase signaling cascade
T-1 Endothelin-1, signaling molecule secreted by coronary arteries to stimulate conduction system

development
AK Focal adhesion kinase, associated with integrin receptors and signaling
GF 1-10, Fibroblast growth factor 1-10, signaling molecules expressed throughout development; associated with

syndecan and FGF receptors I–III
ollistatin Signaling molecule that works with noggin and chordin (from notochord) to block BMP-4 to induce the

formation of the nervous system
AP GTPase activating protein in the Rho, Ras Cdc42 protein pathways
df-5 Growth/differentiation factor-5, member of BMP family, active in joint formation downstream of Wnt-14
DI Guanine-nucleotide dissociation inhibitor, sequesters RhoGDP and keeps it in an inactive form
DNF Glial cell-derived neurotrophic factor, stimulates ureteric bud outgrowth in metanephrogenic blastema
EF Guanine exchange factors, convert Rho family proteins from GDP to GTP state
PCR G protein-coupled receptors, general description of receptors that require G proteins for propagation

of the signal—see glossary.
rb2 Growth factor receptor-bound protein 2, adapter protein for growth factor receptors
GF Hepatic growth factor (also scatter factor)

CE Interleukin-1 Converting Enzyme
GF Insulin growth factor
hh Indian hedge hog, signaling molecule in the sonic hedgehog family
nhibin Inhibition of gonadotropin secretion by hypophysis
ntegrins ECM receptors-� and � heterodimers—see glossary
LK Integrin-linked kinase
NK/SAPK Jun N-terminal kinase also known as SAPK, stress-activated protein kinase
inase Enzymes that phosphorylate other proteins
efty TGF-� family, determination of body asymmetry
IF Leukemia inhibitory factor
AP kinase Mitogen-activated protein kinase—see glossary
APKK Mitogen-activated protein kinase kinase also known as MEK
APKKK Mitogen-activated kinase-kinase-kinase or MEKK
IS Mullerian inhibitory substance, TGF-� family, regression of paramesonephric duct

MP Matrix metalloproteinase, large family of enzymes that digest ECM proteins
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ted apoptosis, cell migration, and alterations in cell-cell ad-
esion.125 PI-3 kinase has key regulatory functions and is

nvolved in the development of cancer. The control of PI-3
inase activity is, therefore, essential for homeostasis.
Many of these cellular changes require the reorganization of

ctin cytoskeleton. As a downstream effecter of TGF-� signal-
ng, PI-3 kinase is involved in actin reorganization, metallopro-
einases (MMP) production, and cell mobility.114,115 It was dem-
nstrated that LY294002, a specific inhibitor of PI-3 kinase,
ompletely blocked TGF-�-mediated C-terminal phosphoryla-
ion of Smad2, cell migration, and partially blocked EMT in
ammary epithelial cell culture.116 Since MMPs are necessary

or breaking down basement membrane, it was speculated that
locking PI-3 kinase activity inhibited cell migration and MMP
roduction, which are essential processes during EMT. In addi-
ion, the overexpression of a PI-3 kinase downstream effecter
LK induced anchorage-independent epithelial cell growth, loss
f E-cadherin expression, and EMT.126,127 ILK was also impli-
ated in TGF-�-induced fibroblastic conversion of highly met-
static cells.128

A recent investigation in our laboratory supported the theory
hat PI-3 kinase was necessary for EMT during secondary palatal
evelopment in vitro (E13.5-E16.5).129 We demonstrated that

able 2 Continued

CAM Neural cell adhesion molecule
GF Nerve growth factor
odal TGF-� family, formation of mesoderm
oggin Signaling molecule
otch Cell surface receptor activated by De

into the dominate phenotype; one m
T-3 Neurotrophin 3, member of the nerve

especially in the cardiac outflow tra
DGF Platelet-derived growth factor
DK 3-Phosphoinostide-dependent protein
KB Protein kinase B also known as Akt
KC Protein kinase C
tc Patched receptor for Shh that inhibits
hosphatase Enzyme that dephosphorylates protei
I3kinase Phosphatidylinositol 3 kinase
IP2 Phosphatidylinositol (4, 5)-bisphosph
A Retinoic acid

-Fng Radical fringe-expressed in the apica
ARA Smad anchor for receptor activation,
OCK Rho associated coiled-coil containing
hh Sonic hedgehog, singling molecule th

inhibitory effect of Ptc on Smo; act
zone of polarizing activity, hair and
ectoderm of 2nd arch, tips of epithe

mo Smoothened, integral membrane prot
mad sma and mad homology signal protein
rc A kinase that was first described in th
GF-� 1-3 Transforming growth factor, large fam
�RI, II, III Transforming growth factor receptors
IMP Tissue inhibitors or metalloproteinase
EG-f Vascular endothelial growth factor
nt-1 Homologous to Wingless in Drosoph

Various references including Lodish and colleagues2 and Carlson.
he PI-3 kinase inhibitor, LY294002, decreased the mean palatal t
usion score and blocked basal lamina degradation. Control pal-
tes fused (Fig 3A, A’) and the MEE progressed through EMT
hile the basal lamina degraded (Fig 3 C, C’) in culture. Palatal

helves treated with LY294002 had MEE cells in the midline
Fig 3B, B’) and the basal lamina still contained laminin (Fig 3 D,
’) and therefore was not degraded. However, it was possible

hat inhibiting PI-3 kinase delayed but did not completely block
MT as some of the palates were partially fused129 (Fig 3, graph
f mean fusion score). Although there is evidence that PI-3 ki-
ase may be downstream of TGF-�, it is also downstream of
ther growth factors and integrin receptors as mentioned previ-
usly.

In addition to PI-3 kinase, other signaling pathways can also
e activated by TGF-�. An investigation of TGF-�1-mediated
isassembly of epithelial cell-cell junctions demonstrated a link
etween the TGF-�/Smad pathway and alterations of �-catenin/
-cadherin phosphorylation.130 A later study by the same group

ransiently transfected epithelia with Smad2/4 or Smad3/4 ex-
ression vectors but did not alter cell phenotype.131 These re-
ults suggested that the Wnt pathway may be a further potential
ignaling pathway mediating downstream events following
GF-� receptor binding. As part of the epithelial cytoskeleton,
-catenin binds to E-cadherin. The activity of �-catenin is con-

rimitive streak, left-right axial fixation

Jagged that inhibits neighboring cell from differentiating
nism used to produce glial cells instead of neurons
th factor family, necessary for neural crest migration

es

unless bound to Shh—See Shh

ermal ridge during early limb development
signaling

in kinase also known as p160 Rho kinase
ds to the receptor Ptc (patched) that releases the
primitive node, notochord, floor plate, intestinal portals,
r buds, ectodermal tips of facial processes, apical
ng buds, retina, genital tubercle
at activates Gli, a transcription factor
amed 1996, act in the TGF-� pathway
s sarcoma virus; however, it is also found in normal cells
growth factors

ound in neural ectoderm anterior to isthmic organizer
and p

lta or
echa
grow
ct

kinas
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194 R. Spears and K.K.H. Svoboda
tability and localization, which can be modulated by many
ignaling agents such as Wnt, Ras, and PI-3 kinase.42,132,133 On
elease from the complex, �-catenin relocates into the nucleus

nd interacts with transcription factors such as TCF/LEF-1. Sta- e
ilized nuclear �-catenin has been shown to induce EMT in
itro.134

In addition to changes in growth factors, the modulation of

Figure 3 Individual sections of hematoxylin
and eosin (H&E; A, A’, B, B’) and laminin
stained (C, C’, D, D’) from palatal tissues after
72 hours in control (A, C) or 1 �M LY294002-
treated (B, D) medium. The palate completely
fused in control medium (A, A’). No epithelia
were observed in the midline. In the presence
of 1 �M LY294002, medial edge epithelia per-
sisted (arrows in B, B’). Laminin was observed
beneath the oral surface epithelia in all groups
(arrowheads in C, D) and in the mesenchymal
areas that may be developing blood vessels.
However, laminin was negative in the midline
of the control-cultured palate (arrows in C, C’),
indicating that the basal lamina had completely
degraded in the fused palate. In contrast, lami-
nin was detected in the midline of LY294002-
treated groups (arrows in D, D’) lateral to two
layers of MEE. Scale bar � 80 �m in D (applies
to A–D), 40 �m in D’ (applies to A’–D’). Mean
fusion scores of palates after 72 hour of culture
in different treatment groups were calculated
as described in the study by Janji and col-
leagues.127 There was no significant difference
between controls and 100 �M LY294002-
treated palates. However, the 1 and 10 �M
LY294002-treated tissues were significantly
different than controls (*P � 0.01).129
xtracellular environment also includes the maintenance and
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Craniofacial development 195
egradation of ECM, which is mediated in part by metallopro-
einases (MMPs) and tissue inhibitors or metalloproteinases
TIMPs). Temporospatial expression of MMPs 2, 3, 7, 9, and 13,
nd TIMPs 1 and 2 were observed during murine palatal fu-
ion.135,136 In the palatal fusion zone of TGF-�3-deficient mice,
IMP-2 was completely absent; MMP-2 and MMP-13 had re-
uced levels.110 On exposure to MMP inhibitor (BB 3103), the
urine palatal shelves failed to fuse in culture.137

onclusions and Future Directions
raniofacial growth and development is a complex and closely

egulated process. In recent years, it has become apparent that
he interaction between the numerous growth regulatory factors
nd the affected cells and tissues of the developing human are
nder tight temporal and spatial regulation.138 While a great
eal of information has been gained since the first discoveries of
rowth factors, further studies are required to determine how
hese factors can be manipulated within a clinical environment
o augment treatment. Naturally occurring endogenous signals
or craniofacial development are potential therapeutic agents for
reatment of various craniofacial anomalies. However, effective
nd acceptable therapeutic agents with this property are lacking
nd still remain in the initial stages of exploration.

The actions of growth factors are very complex, with each
rowth factor having both multiple and different effects on var-
ous tissues, as well as the interactions each factor may have on
ach other. Yet to be determined are the complexities of these
ffects and how they may be affected by concentration, duration
f exposure to the factor, and the developmental stage of the
ells or tissue treated. Before growth factor therapy can be effec-
ive in clinical settings, a variety of questions will need to be
nswered, including safety issues, dosage and treatment regi-
ens, temporal concerns, and proper vehicles with which de-

ivery of growth factors to their intended site of action can be
chieved. Many growth factors require a prolonged exposure to
enerate a response, making the choice of delivery vehicle of
ritical importance.

Despite the limits of current technology, the application of
rowth factors in craniofacial growth and development shows
onsiderable promise. It is likely that combinations of growth
actors may prove useful in some clinical circumstances. The
ast potential for growth factors to enhance the treatment of
arious craniofacial anomalies should not be ignored but, in-
tead, needs further investigation. We are clearly on the thresh-
ld of a new era in developing treatment regimens, in which we
ill be able to regulate the processes governing both normal and

bnormal growth and development and perhaps ultimately un-
erstand the complexities involved in craniofacial development.

lossary for
ignal Transduction
eceptor Types
protein-coupled receptors (GPCR): The largest family of

eceptor molecules. These receptors are characterized by multi-
le transmembrane domains (usually seven) that wind the pro-

ein in and out of the membrane in a serpentine conformation. (
xamples include: muscarinic acetylcholine receptors, nicotin-
nc acetylcholine receptors, rhodopsin, �-adrenergic receptor.

on-channel receptors: The ion-channel receptors are
losely related to GPCRs and actually open a membrane
hannel when the ligand binds.

yrosine kinase receptors: These receptors usually have one
ransmembrane domain and at least two molecules must
imerize to activate the signal. Examples include: EGFR, epi-
ermal growth factor receptor; PDGFR, platelet-derived
rowth factor receptor; IGFR, insulin growth factor receptor;
�RI and T�RII, TGF-� receptors I and II; FGF, fibroblast
rowth factor.

yrosine kinase-linked class of receptors: These receptors
ack intrinsic activity, but when the ligand binds, intracellular
yrosine kinases become activated to generate cellular changes.

xtracellular matrix-associated receptors: Integrin recep-
ors and the syndecan family have single transmembrane do-
ain with a large extracellular and a much smaller cytoplas-
ic domain. The syndecan molecules have long

lycosaminoglycan chains that assist in sequestering the FGF
lose to the cell membrane.3-6 The integrin receptors are het-
rodimers composed of � and � subunits. The family is large
ith at least 25 integrin heterodimers, including 19 � sub-
nits and 8 � subunits identified.7 The integrins do not have
inase activity, but on binding to ECM molecules, associated
roteins become activated by autophosphorylation and then
hosphorylate surrounding proteins to generate signals to
he MAP kinase, Rho, or PI-3 kinase pathways.

ntracellular Signaling
olecules—2nd Messengers

eneral Definitions
dapter proteins: Proteins with specific protein-protein do-
ains that hold large multiprotein complexes together.
dapter proteins do not have catalytic activity and do not
ctivate other proteins. They contain different domains that
ct as docking sites for other proteins such as domains for
hosphotyrosine residues (SH2 and PTB domains), proline-
ich (SH3 and WW domains), phosphoinositides (PH do-
ains), and the unique sequence with the C-terminal hydro-
hobic residue (PDZ domains).

inase: The enzyme class that phosphorylates amino acids
serine, threonine, and tyrosine) by transferring a phosphoryl
roup from ATP or GTP to the protein with a specific con-
ensus sequence.

hosphatase: The enzyme that removes the phosphoryl
roup from a protein.

PCR-associated second messenger proteins: G��� disas-
ociate and activate the adenylate cyclase enzyme to produce
yclic AMP (cAMP), cyclic GMP (cGMP), diacylglycerol

DAG), phosphoinositols, and calcium (Ca2�).



R
t
h
l
t
m
a
v
m
s
t
r
R
l
T
J

P
k
(
t
p
c
l
E

S
t
f
s
c
t
n
G
s
D
t

R

196 R. Spears and K.K.H. Svoboda
as-Raf-MAP kinase: The MAP kinase family can respond
o a variety of extracellular signals including, osmotic stress,
eat shock, cytokines, and mitogens. Upstream signaling

eads to an activation of tyrosine kinases that activate G pro-
eins (Ras, Rac, cdc42) via adapter proteins such as grb2 or
SOS1. The G proteins activate Raf, also known as mitogen-

ctivated kinase-kinase-kinase (MAPKKK) or MEKK. Acti-
ated Raf stimulates (via serine/threonine phosphorylation)
itogen-activated kinase-kinase (MAPKK) or MEK. MEK

timulates (via tyrosine and threonine phosphorylation) mi-
ogen-activated protein kinase (MAPK) or extracellular signal
egulated protein (erk). In the MEKK family, there are several
af isoforms including raf-1, B-Raf, and A-Raf. There are at

east 5 MEKs with MEK 1/2 acting specifically on erk1/2.
here are now several MAPK branches including erk1/2,
NK/SAPK, p38, erk-3, and several p38-related homologues.

hosphoinositol signaling pathway via PI-3 kinase: PI-3
inase phosphorylates PIP (PI(4)phosphate) or PIP2

PI(4,5)bisphosphate) at the D3 position to generate, respec-
ively, PI(3,4)P2 or PI(3,4,5)P3.138 These phospholipid by-
roducts have been implicated in downstream signaling of
ytoskeletal reorganization through interactions with profi-
in, gelsolin, and Rac. PI-3 kinase signaling is necessary for
MT during palate development.

mall G proteins Rho, Rac, and Cdc42: Alternate between
he GTP-bound active form (on) and the GDP-bound inactive
orm (off). Many other proteins regulate the “on” and “off ”
tate of the small G proteins. The guanine-nucleotide ex-
hange factors (GEFs) are the “on” signal as they add GTP to
he protein. GTP-activating proteins (GAPs) are the “off ” sig-
al as they remove a phosphate to deactivate the protein.
uanine-nucleotide dissociation inhibitor proteins (GDIs)

equester the inactive protein in the cytoplasmic pool.1,12,20-23

ecreasing Rho protein levels or activity decreased other in-
egrin signaling molecules.24
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