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SUMMARY

All the information to make a complete, fully functional living organism is encoded within the
genome of the fertilized oocyte. How is this genetic code translated into the vast arrayof cellular
behaviors that unfold during the course of embryonic development, as the zygote slowly
morphs into a new organism? Studies over the last 30 years or so have shown that many of these
cellular processes are driven by secreted or membrane-bound signaling molecules. Elucidating
how the genetic code is translated into instructions or signals during embryogenesis, how
signals are generated at the correct time and place and at the appropriate level, and finally,
how these instructions are interpreted and put into action, are some of the central questions of
developmental biology. Our understanding of the causes of congenital malformations and
disease has improved substantially with the rapid advances in our knowledge of signaling
pathways and their regulation during development. In this article, I review some of the signaling
pathways that play essential roles during embryonic development. These examples show some
of the mechanisms used by cells to receive and interpret developmental signals. I also discuss
how signaling pathways downstream from these signals are regulated and how they induce
specific cellular responses that ultimately affect cell fate and morphogenesis.
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1 INTRODUCTION

Cells in the developing embryo are in constant communi-
cation with their neighbors, and the molecules they use to
send and receive signals are essential for normal embryo-
genesis. Several intracellular signaling pathways have been
identified, some of which are activated in response to se-
creted growth factors. In cases where the secreted factors
form a concentration gradient and cell fate is specified as a
function of growth factor concentration, these molecules
are referred to as morphogens. Examples include the sonic
hedgehog (SHH), wingless (WNT), retinoic acid (RA),
bone morphogenetic protein (BMP), and fibroblast growth
factor (FGF) pathways. In addition to determining cell fate,
these pathways also control proliferation and survival. Pla-
nar cell polarity (PCP) pathways, on the other hand, are
used by cells to interpret their orientation within the plane
of a tissue and control cell shape and polarity. The Notch
signaling pathway is used by adjacent cells to communicate
and control binary cell fate decisions and the formation of
precise tissue patterns and boundaries. In this article, I will
first provide a detailed overview of a few selected pathways.
Then, I will refer to specific examples to show how a single
signaling pathway may be used repeatedly for several pur-
poses during embryogenesis, how small differences in sig-
nal strength is interpreted by cells, how signaling pathways
are regulated and integrated with each other and finally,
how morphogenesis and cell fate may be controlled.

2 OVERVIEW OF KEY SIGNALING PATHWAYS
IN DEVELOPMENT

2.1 Receptor Tyrosine Kinase Signaling

Receptor tyrosine kinases (RTKs) are receptors that phos-
phorylate tyrosine residues. So far, 58 RTKs, divided into
20 different families have been identified (Lemmon and
Schlessinger 2010). Each RTK can be activated by several
secreted ligands depending on the context. RTK signaling
represents a versatile signaling module with many diverse
functions during development. Accordingly, numerous de-
velopmental syndromes and diseases are associated with
mutations in RTK signaling pathways (Robertson et al.
2000). A subset of RTKs is of particular interest to devel-
opmental biologists owing to the striking developmental
defects caused by their loss. These include RTKs activated
by FGF, epidermal growth factor (EGF), vascular endothe-
lial growth factor (VEGF), platelet-derived growth factor
(PDGF), and glial cell line-derived growth factor (GDNF).
There are too many RTK ligands to list them all and discuss
their function here, however, a few examples of ligands that
can activate RTKs of particular importance during em-
bryogenesis are provided in Table 1.

2.1.1 Intracellular RTK Signaling Cascades

RTKs typically consist of extracellular ligand-binding and
intracellular tyrosine kinase domains. Receptors are acti-
vated by binding to their cognate ligands on the cell surface.
The molecular mechanisms by which different ligands ac-
tivate their receptors differ but the end result is always the
stabilization of a receptor dimer or oligomer with activated
tyrosine kinase activity. The activation of some receptors is
modulated by accessory molecules. For example, heparan
sulphate proteoglycans (HSPGs) stabilize FGF:FGFR com-
plexes by simultaneously binding to and interacting with
ligand and receptor (Plotnikov et al. 1999; Schlessinger et al.
2000; Stauber et al. 2000). Activated receptor complexes are
phosphorylated on one or more tyrosine residues by trans-
phosphorylation, which increases their catalytic activity
(Favelyukis et al. 2001; Furdui et al. 2006). Phosphotyrosine
residues provide binding sites for downstream signaling
molecules through Src homolgy-2 (SH2) or phosphotyro-
sine binding (PTB) domains. Among the first to be recruit-
ed are the docking proteins: FRS2, IRS1 (insulin receptor
substrate-1), or Gab1 (Grb2-associated binder). These pro-
teins contain multiple functional domains such as SH2 and
SH3 that function as interaction modules. Therefore, once
recruited, they interact with other signaling molecules to
form multimolecular signaling complexes (Fig. 1).

Multimolecular complexes activate a number of down-
stream signaling pathways, including the ras/MAPK,
PLCg, and PI3K pathways (Fig. 1). Traditionally, the ras/
MAPK pathway has been associated with increased cell
proliferation, the PI3K pathway with cell survival, and
rho/rac activity with changes in cell shape and migration.
To what extent different growth factors differentially engage
downstream cascades and the mechanisms whereby such
specificity is achieved are poorly understood. One mecha-
nism identified in Xenopus involves negative feedback,
which preferentially targets distinct pathways. In this case,
feedback antagonists of the spred family preferentially in-
hibit MAPK signaling and mesoderm induction, whereas
sprouty proteins inhibit PLCg-dependent pathways and
morphogenesis (Sivak et al. 2005). In addition, the down-
stream pathway activated and the resulting cellular re-
sponse may depend on the subcellular localization of the
initial signaling complex, e.g., the cytoplasmic membrane
versus intracellular membranes such as endosomes (Dan-
iels et al. 2006; Fehrenbacher and Philips 2009). However, it
is becoming clear that significant crosstalk exists between
different RTK signaling pathways to form intricate signal-
ing networks. For example, activated PKC, downstream
from the PLCg pathway, can activate Raf1, thereby aug-
menting extracellular signal-regulated kinase (ERK) signal-
ing (Fig. 1) (Takahashi et al. 1999).
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Much of our knowledge about the molecular mecha-
nisms of RTK signal transduction comes from in vitro
studies. Gene knockout experiments in mice have validated
many of these findings in vivo. For example, FRS2a-defi-
cient embryos fail to develop later than E7.5 owing to de-
fects in FGF-dependent processes like gastrulation (Hadari
et al. 2001; Lin et al. 2007). In vivo studies also revealed the
significant functional divergence in mammalian RTK sig-
naling components. For example, Erk12/2 mice are fertile
with only relatively subtle abnormalities (Pagès et al. 1999),
whereas Erk22/2 embryos have defects in the formation of
extraembryonic tissues and embryos die shortly after im-
plantation (Saba-El-Leil et al. 2003).

2.1.2 WNT Signaling

WNT ligands are lipid-modified, secreted morphogens
with diverse roles in embryonic development (Kiecker and
Niehrs 2001; Dressler 2006; Marikawa 2006; Schmitt et al.
2006; Cohen et al. 2008).

WNTs signal through seven-pass transmembrane re-
ceptors called Frizzled (Fz) (Bhanot et al. 1996). The hu-
man and mouse genomes contain 19 WNTand 10 Fz genes.
Depending on the context, canonical WNT ligands such
as WNT1, WNT3a, and WNT8 can induce a secondary axis

in Xenopus embryos, whereas noncanonical WNTs, like
WNT4, WNT5a, and WNT11 promote convergent exten-
sion (Clevers 2006). Three major WNT signaling pathways
have been identified: canonical WNT/b-catenin, nonca-
nonical WNT/Ca2+, and WNT/PCP pathways (van Amer-
ongen and Nusse 2009).

2.1.3 Canonical WNT Signaling

The key event in canonical signaling involves the stabiliza-
tion of the downstream effector molecule,b-catenin; hence,
it is also referred to as the WNT/b-catenin pathway. In the
absence of WNT signaling, b-catenin is degraded through
the action of a destruction complex that contains Axin,
adenomatous polyposis coli (APC), and glycogen synthase
kinase 3 (GSK-3). GSK-3 phosphorylates b-catenin at a
number of ser/thr residues to form new recognition sites
for the F-box/WD repeat protein b-TrCP. b-TrCP is a sub-
unit of a E3 ubiquitin ligase complex that targets b-catenin
for degradation (Fig. 2) (Aberle et al. 1997).

Canonical WNT signaling requires members of the
low-density lipoprotein (LRP) family, LRP5 and LRP6.
Phosphorylated LRP5/6 forms a new binding site for
Axin, such that Axin is recruited away from the destruc-
tion complex (Davidson et al. 2005; Zeng et al. 2005). In

Table 1. Examples of ligands that activate RTKs

RTK Ligands Cofactors References

Fibroblast growth
factor receptor
(FGFR1-4)

FGF1-10, FGF15-FGF20, FGF22
(canonical FGFs)

Heparan sulphate
proteoglycan

Mohammadi et al. 2005

FGF15/19 b-Klotho Kurosu et al. 2007
FGF23 a-Klotho Kurosu et al. 2006
FGF21 (hormone-like/endocrine FGFs) Unknown Itoh 2010

RET GDNF, neurturin, persephin, artemin GFRa1, GFRa2,
GFRa3, GFRa4

Airaksinen et al. 2006; Parkash et al. 2008

EGFR (ErbB1) EGF, TGFa, HB-EGF, amphiregulin,
betacellulin, epiregulin, epigen

Singh and Harris 2005
Significant heterodimerization of receptors

and cross-regulation between ligands
possible.

ErbB2
ErbB3 Heregulin
ErbB4 Neuregulin

IGF1R, InsR Insulin, IGF1, IGF2 LeRoith and Yakar 2007; Randhawa 2008
InsRR Unknown Deyev et al. 2011

PDGFR PDGF-A, B, C, D Andrae et al. 2008

VEGFR1-3 VEGF-A (several isoforms produced by
alternative exon splicing: VEGF121, 165, 189,
and 206),

VEGF-B, VEGF-C, VEGF-D, and placental
growth factor (PGF)

Kowanetz and Ferrara 2006

Abbreviations: RTK, receptor tyrosine kinase; FGFR, fibroblast growth factor receptor; RET, rearranged during transfection; GDNF, glial cell line-derived

growth factor; GFR, growth factor receptor; EGFR, epidermal growth factor receptor; TGF, transforming growth factor; HB, heparin-binding; IGF, insulin-like

growth factor; PDGFR, platelet-derived growth factor receptor; VEGFR, vascular endothelial growth factor receptor; PGF, placental growth factor.
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addition, Dishevelled (Dsh) has been reported to inhibit
the destruction complex by phosphorylation and inactiva-
tion of GSK3b by Frat/GBP; however, mice deficient for
Frat appear normal, suggesting that Frat alone is not essen-
tial for normal WNT signaling (van Amerongen et al.
2005). Inhibition of the destruction complex allows the
accumulation of stable, nonphosphorylated b-catenin
that translocates to the nucleus and interacts with T-cell

factor/lymphoid enhancer factor (TCF/LEF) complexes to
alter gene expression (Clevers 2006; Gordon and Nusse
2006).

2.1.4 Noncanonical WNT Signaling

A noncanonical Fz/Ca2+ pathway has been identified in
Drosophila and lower vertebrates (Fig. 2). Fz-mediated
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Figure 1. FGF signaling cascades, an example of RTK signaling. The formation of multimeric complexes of FGF
ligand, FGF receptors (FGFR), and heparin sulphate proteoglycan (HSPG) results in the transphosphorylation of
FGFRs through the action of tyrosine kinase (TK) domains. TK-deficient FGFRL1 molecules may inhibit receptor
activation through competition. Several cofactors that can enhance FGFR activation such as anosmin have been
identified. Phosphorylated FGFRs recruit adapter molecules such as FRS2 and Shc, which recruits Grb2 and SOS for
initiation of the ras/MAPK and Gab1 for the initiation of the PI3K pathways, respectively. The guanine exchange
factor SOS activates ras, which allows the signal to be transmitted to Raf1, MEK, and ERK, which translocates to the
nucleus where it acts on transcriptional cofactors to alter gene expression. Sprouty genes encode feedback inhibitors
of the pathway (broken lines). A key readout of signal strength is c-fos, which is regulated by ERK at both tran-
scriptional and posttranslational levels. Activation of the PI3K pathway is associated with the recruitment and
activation of AKT through PIP3 production and action of PDK1. AKT inhibits cell death pathways mediated by
forkhead transcription factors (FKHR) and BAD. ERK can also inhibit cell death through the action of p90RSK on
BAD. PLCg is activated on recruitment to activated RTKs, resulting in the release of second messengers IP3 and
DAG. IP3 induces the release of intracellular Ca2+ and DAG activated-PKC, which can alter gene expression down-
stream and also feed into the ras/MAPK pathway by activating Raf1. Activated ras can activate other small GTPases
such as rho, rac, and cdc42, which activate the p38MAPK or JNK pathways and alter the stability of the cytoskeleton.
Noncanonical WNT signaling also feeds into this pathway at the level of rac and rho activation (red arrow) to affect
the cytoskeleton and activate JNK.
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heterotrimeric G-protein activation causes the release of
Ca2+ from intracellular stores and the activation of NFAT
(nuclear factor associated with T cells) (Kühl et al. 2000;
Kohn and Moon 2005). Recent evidence indicates that this
pathway is also important during organogenesis in the
mouse (Burn et al. 2011).

Fz receptors can also be activated and function inde-
pendently of WNT ligands in a third pathway that controls
PCP, referred to as the Fz/PCP pathway in Drosophila. Al-
though the role of the Fz/PCP pathway is relatively well
understood in Drosophila, the same cannot be said for this
pathway in mammals. In vertebrates, WNT5A, WNT5B,
and WNT11 ligands can induce PCP signals on Fz liga-
tion (Qian et al. 2007; Gros et al. 2008; Bradley and Drissi
2011). Components of this pathway include Van Gogh-like
(Vangl), Prickle, and Celsr (Flamingo) and their activation
influences cell polarity throughRhoA, JNK (Dsh-dependent),

and Nemo-like kinase (Dsh-independent) activities. Dsh as-
sociates with a ubiquitin ligase, Smurf, which is required
for PCP in mammals by targeting Prickle for degradation,
possibly contributing to the asymmetric localization of
Vangl/Pk complexes in the cell. Mouse embryos that lack
both Smurf1 and Smurf2 have defects in PCP signaling
(Narimatsu et al. 2009).

Intriguingly, WNT ligands have also been shown to
bind and activate the atypical RTKs, Ryk and Ror2. These
receptors may act as Fz coreceptors (Lu et al. 2004) or
activate other downstream signaling molecules like SRC
kinase (Ryk) and JNK (Ror2) (Oishi et al. 2003; Zhong
et al. 2011). Recently, Ror2 was shown to form a complex
with Vangl2 in a WNT-dependent fashion to sense
WNT ligand concentration and control PCP in chondro-
cytes in the developing limb (Gao et al. 2011; Wang et al.
2011).
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Figure 2. Canonical (left) and noncanonical (right) WNT signaling pathways. In the absence of WNT signaling, the
effector of canonical WNT signaling, b-catenin is found complexed in the cytoplasm with a destruction complex
containing Axin and GSK3b. GSK3b phosphorylates b-catenin, which results in its targeting to and degradation by
the proteasome. The binding of canonical WNT ligands to Frizzled (Fz) and LRP5/6 receptors results in the
phosphorylation of LRP5/6 through the action of Dishevelled (Dsh). Phosphorylated LRP5/6 recruits Axin away
from the destruction complex, liberating b-catenin that accumulates in the cytoplasm and translocates to the
nucleus, where it interacts with transcriptional regulators of the TCF/LEF family to alter gene expression. AKT
and PKC downstream from RTK signaling may inhibit the activity of the b-catenin destruction complex to pro-
mote b-catenin signaling. Noncanonical WNT/Ca2+ signaling is initiated by the activation of PLC, probably
through trimeric G-proteins such as Gbg. The release of Ca2+ results in the activation of NFAT (nuclear factor
associated with T cells) transcription factors through calcineurin (Cn). Other downstream transcription factors
(TFs) are activated by PKC and CaMKII. A Wnt/planar cell polarity pathway involves Diego (Dgo), Smurf, and
Par6, which through cross-inhibitory interactions with Van Gogh-like (Vangl)-Prickle (Pk) complexes regulate
planar cell polarity.
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In summary, at least five related pathways have been
identified, namely, the WNT/b-catenin, WNT/PCP, WNT/
Ca2+, WNT/Ryk/Src, and WNT/Ror2/JNK. It is likely
that there is extensive overlap and cross-regulation between
these different pathways (Kestler and Kühl 2008).

2.1.5 SHH Signaling

Three related hedgehog ligands have been identified in
mice and humans: sonic hedgehog (SHH), Indian hedge-
hog (IHH), and desert hedgehog (DHH) (Ingham 2001).
For the purpose of this article, I will focus exclusively on
the SHH pathway. SHH is essential for the normal devel-
opment of multiple organs and structures in the embryo
and Shh2/2 embryos show characteristic defects such as
holoprosencephaly (Hayhurst and McConnell 2003) and

loss of distal limb structures and ventral cell types in the
neural tube (Chiang et al. 1996). SHH functions as a clas-
sical morphogen during development and the outcome of
SHH signaling is a function of both SHH concentration
and the duration of signaling (Fig. 3) (Ribes and Briscoe
2009).

Key steps in the SHH pathway, which involves ligand
modification, secretion, and binding to its receptor Patched
on the cell surface to relieve repression of the seven-pass
transmembrane molecule Smoothened, are summarized
in Figure 3 (Murone et al. 1999). The translocation of
Smo into the primary cilium culminates in the nuclear
accumulation of full-length Gli activator proteins (Taylor
et al. 2002; Louvi and Grove 2011). Three different Gli
proteins function downstream from SHH signaling during
mammalian development, and the exact roles and interplay

Gli1, Ptch1, Class II genes (Nkx2.2)
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Negative feedback
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Anterograde transport
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Figure 3. Sonic hedgehog (SHH) signaling pathway. A key first step in the SHH pathway is the posttranslational
processing of SHH protein to produce the mature SHH-N ligand, which is lipid (palmitate and cholesterol)
modified (Porter et al. 1996a, 1996b). Secretion of SHH is dependent on a transmembrane protein Dispatched
(Ma et al. 2002). In the absence of SHH ligand (right-hand side of figure), the 12-span transmembrane protein
Patched (Ptch1) prevents a seven-pass transmembrane protein Smoothened (Smo) from entering the primary
cilium. Gli3 is proteolytically cleaved with its amino-terminal fragment functioning as a transcriptional repressor
of putative repressors (X) to induce the expression of downstream targets (referred to as class I genes in neural
development). When SHH binds to Ptch1, the repression of Smo is relieved and Smo moves into the cilium, where it
promotes the accumulation of Gli proteins and inhibit the proteolytic cleavage of Gli3. Gli proteins translocate to the
nucleus where they activate the transcription of class II genes, Gli1 and Ptch1 (Ruiz i Altaba et al. 2003; Jacob and
Lum 2007). The latter produces a negative feedback loop to switch off SHH signaling. Several other regulators of
SHH signaling have been identified. The intracellular protein Sufu interacts with Gli3 in a SHH-dependent manner
to regulate the efficiency of Gli3 processing. Membrane proteins Gas1, Boc, and Cdo bind to SHH and may regulate
the accessibility to SHH ligand to Ptch1. Rab23 promotes the expression of class I while inhibiting the expression of
class II genes, and PKA can inhibit the activity of Gli2/3 activator complexes.
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between these different factors remain controversial. In the
best-understood system, the neural tube, the expression of
the Gli1 gene is dependent on SHH signals and is expressed
at high levels where SHH signaling is active (Ruiz i Altaba
et al. 2003). Gli1 and Gli2 primarily function as transcrip-
tional activators during development. Gli3 activity is
regulated at the posttranslational level: A relatively high
proportion of the cleaved, repressor form of Gli3 is present
in regions with little SHH signaling, whereas the processing
of full-length Gli3 protein, which tends to function as a
transcriptional activator, into a cleaved repressor form, is
inhibited by SHH signals (Ruiz i Altaba et al. 2003; Jacob
and Lum 2007). An important question to address in the
future is how different levels of Gli activity are translated to
cell fate changes.

2.1.6 BMP Signaling

The 20 or so BMPs identified thus far are members of the
transforming growth factor-b (TGFb) family of signaling
molecules. BMPs are classified into several subfamilies: the
BMP-2/4, BMP-5/6/7/8, growth and differentiation fac-
tor (GDF)-5/6/7, and BMP-9/10 groups. The disruption
of BMP signaling in the mouse results in multiple defects.
In these contexts, BMP is an important regulator of cell
proliferation and differentiation (Kishigami and Mishina
2005; Lowery and de Caestecker 2010). BMP ligands clearly
also function as morphogens during mammalian develop-
ment (Behesti et al. 2006).

TGFb ligands activate ser-thr kinase receptors of which
there are two classes: type I and type II receptors (Fig. 4).
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Figure 4. The BMP signaling pathway and regulation of SMAD activity. Binding of BMP ligand to BMPRII results in
dimerization with BMPRI and phosphorylation of receptor (R-)Smads (Smad1, 5, or 8) close to the carboxyl
terminus. These activated R-Smads complex with a Co-Smad (Smad4) and the Smad complex translocates to the
nucleus where they interact with other transcriptional regulators to control gene transcription. Negative feedback
mechanisms include the expression of SMAD6,7, which competes with SMAD1,5,8 for binding to BMPRI. Both
WNT and RTK signaling pathways have been shown to inhibit BMP signaling at the level of Smad1. ERK phos-
phorylates the linker region in between the amino- and carboxy-terminal domains of Smad, which primes Smad for
a further phosphorylation by GSK3. Dually phosphorylated Smad is targeted for degradation. Secreted BMP
antagonists such as Noggin bind to and sequester BMP ligand in the extracellular space.
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Both class I and II receptors are required for the activity of
BMPs in vivo (Mishina et al. 1995; Beppu et al. 2000). Seven
type I receptors have been identified (Activin-like kinase
[ALK]1–7). ALK1, ALK2, ALK3 (BMPR-IA), and ALK6
(BMPR-IB) activate signaling downstream from BMPs,
whereas the other receptors (also referred to as TbRI recep-
tors) function downstream from other TGFb ligands. Three
type II receptors function as BMP receptors in mammals:
BMPR-II, ActR-II, and ActR-IIB, with the former being spe-
cifically dedicated to BMPs (Yu et al. 2005; Miyazono et al.
2010). Several coreceptors and modulators have been de-
scribed, which include glycosylphosphatidylinositol (GPI)
-anchored proteins of the repulsive guidance molecule
(RGM), DRAGON, SARA, and CD44 (Babitt et al. 2005;
Samad et al. 2005; Miyazono et al. 2010).

Some type I and II receptors may be present on the cell
surface as homo- or heterodimers and ligand binding
stabilizes and increases the formation of oligomers. The
intracellular ser-thr kinase domain of the type II receptor
is constitutively active and heterodimerization results in the
transphosphorylation of type I receptors, which induces a
conformational change and conversion to an activated type
I receptor. These receptors phosphorylate receptor-regulat-
ed (R-SMADs) leading to their activation. SMAD1, -5, and
-8 function as R-SMADS downstream from BMP. Activated
R-Smads, in complex with the Co-SMAD, SMAD4 trans-
locate to the nucleus and alter gene expression. Despite
the apparently central role of SMAD4 in BMP signal trans-
duction, the deletion of Smad4 from the mouse embryo has
shown that some developmental processes can proceed rel-
atively unaffected in the absence of SMAD4 (Chu et al.
2004). SMADs regulate gene transcription by binding di-
rectly to GC-rich regulatory elements often in association
with other transcriptional regulators such as Runx and
MyoD (Miyazono et al. 2005).

2.1.7 Notch Signaling

Notch signaling is activated by the binding of transmem-
brane receptors of the Delta/Serrate and Jagged families
to the transmembrane Notch receptor on adjacent cells
(or in some cases on the same cell) (Fig. 5) (Artavanis-
Tsakonas and Muskavitch 2010). Notch activation results
in its proteolytic cleavage that liberates the Notch intra-
cellular domain (NICD) that translocates to the nucleus
and alters gene expression. The enzymes required for
Notch processing are obligatory for Notch signaling and
mutations in these enzymes phenocopy Notch loss-of-
function mutants (Weber et al. 2011). NICD regulate
gene expression in association with transcriptional coacti-
vators, notably the mammalian homolog of Su(H), RBP-Jk
(Oka et al. 1995). Key targets of Notch signaling are the

Hairy/enhancer of split (Hes) genes. Transcriptional regu-
lators of the Hes family repress the expression of Notch
ligands. Thus, activation of Notch signaling in a cell results
in down-regulation of ligand expression, whereas the lack of
Notch signaling results in up-regulation of the ligand. This
feed-forward mechanism underlies the ability of Notch sig-
naling to accentuate gene expression differences between
neighboring cells in a process referred to as lateral inhibition.
Notch-mediated lateral inhibition is required for binary cell
fate decisions such as sensory versus supporting hair cell fate
in the mammalian cochlea (Lanford et al. 1999). A crucial
role for Notch signaling in maintaining stem cell fate by
preventing the expression of neurogenic bHLH factors like
Hes1 has been observed (de la Pompa et al. 1997; Basak and
Taylor 2007; Kageyama et al. 2007). A fundamental mecha-
nism that appears to regulate asymmetric cell divisions
during stem cell self-renewal involves the asymmetric segre-
gation of proteins like Numb, a Notch antagonist, during cell
division (Gulino et al. 2010). A recent study shows that the
cell polarity pathways regulated by Par proteins and the cel-
lular machinery that controls the orientation of the cell spin-
dle also engage the Notch signaling pathway as a downstream
effector to control the balance between proliferation and
differentiation (Williams et al. 2011).

In addition to its role in lateral inhibition, the Notch
pathway is also required for conferring developmental
competency, a role that appears to involve a process of
lateral induction where Notch signaling promotes the ex-
pression of the Jag1 ligand (Daudet and Lewis 2005; Hart-
man et al. 2010).

3 THE ESTABLISHMENT OF SIGNALING
CENTERS IN THE EMBRYO

A key feature of secreted morphogens that function during
development is that their expression tends to be localized to
discrete, specialized groups of cells referred to as signaling
or organizing centers. Clearly, the mechanisms that estab-
lish these specialized regions in the embryo are of funda-
mental importance. One of the best-understood signaling
centers is the mid–hindbrain or Isthmus organizer (IsO),
which is established by the concerted action of several tran-
scription factors. Once expression has been initiated, some
of these factors, like Otx2 and Gbx2, have mutually repres-
sive activities and are required for the formation of a sharp
boundary (Joyner et al. 2000). Cross-regulatory gene ex-
pression networks at the IsO rapidly become autoregula-
tory to maintain stable patterns of gene expression
(Wittmann et al. 2009). Understanding the mechanisms
that establish and maintain these critical regions in the
developing embryo may find important application in re-
generative medicine.
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4 THE ORCHESTRATION OF CELL
DIFFERENTIATION AND MORPHOGENESIS

4.1 Fundamental Cellular Processes

A few key signaling pathways are used repeatedly during
development to regulate many of the cellular processes
that shape the developing embryo. A major challenge is to
reveal how fundamental cellular processes such as prolifer-
ation, fate determination, differentiation, apoptosis, mi-
gration, adhesion, and cell shape changes are coordinated
during morphogenesis. As it will be impossible to describe
the role of each pathway in all developmental processes, I
have summarized a few examples in Table 2 and will discuss
specific examples that relate to fibroblast growth factor
signaling.

4.2 The Regulation of Proliferation by
FGF Signaling

The ras/MAPK pathway is well known for its ability to
induce cell proliferation in embryonic cell types by control-
ling the expression of cell-cycle regulators (Srinivasan et al.
2009). Thus, an important function of FGF signaling is to
promote the expansion of tissue progenitors. This role is
shown particularly well during heart development. Cells
that contribute to the developing heart are derived from
different embryonic progenitor populations. The primary
heart field provides cells to the left ventricle of the heart,
whereas progenitors of the outflow tract and right ventricle
are specified in the anterior or secondary heart field,
SHF (Black 2007). FGF8 cell-autonomously controls the
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Figure 5. The Notch pathway. Binding of the extracellular domain of the Notch receptor to Delta and Serrate/
Jagged/LAG-2 (DSL) ligand on an adjacent cell induces a conformational change in Notch that exposes an extra-
cellular ADAM10/TACE cleavage site. A subsequent intramembranous proteolytic cleavage by g-secretase, releases
the Notch intracellular domain (NICD), which translocates to the nucleus. NICD complexes with coactivators
(CoA) and Mastermind (Mam) to replace corepressors (CoR) that occupy CBF1/Su(H)/LAG-1 (CSL)-bound
Notch target gene promotors. An important group of target genes is the Hairy/enhancer of split (Hes) genes.
Hes inhibits the expression of achaete-scute genes such as Ascl1 (Mash1) in cells receiving Notch signals. In cells not
receiving Notch signals, Mash1 is expressed, which up-regulates the expression of Notch ligands (DSL).
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expansion of the SHF population in the early embryo, and
Fgf8 hypomorphic embryos show truncations of the out-
flow tract and right ventricle (Ilagan 2006; Park et al. 2006).
These types of cardiovascular defects are characteristic of
DiGeorge and Alagille syndromes and Fgf8 expression is
reduced in mouse models of these syndromes, confirming
the importance of maintaining appropriate levels of FGF
signaling to prevent developmental anomalies (High et al.
2009; Vitelli et al. 2010).

In addition to merely increasing the size of an organ or a
specific population of precursor cells, more sophisticated
control of the orientations of cell divisions in a developing
tissue may underlie anisotropic growth and the formation
of organs and tissues with a defined three-dimensional
structure. Indeed, studies have shown that oriented cell
divisions occur, for example, during the elongation of ep-
ithelial tubes and the outgrowth of appendages (Boehm
et al. 2010; Wyngaarden et al. 2010). Mutations that affect
PCP pathways have now been shown to alter the orientation

of cell divisions in developing tissues (Saburi et al. 2008;
Karner et al. 2009; Matsuyama et al. 2009; Li et al. 2011).
Recent evidence shows that hyperactivation of the FGF
pathway by removal of Sprouty antagonists in the embry-
onic lung epithelium, also results in the disruption of ori-
ented cell division (Tang et al. 2011). The mechanisms
whereby deregulated ras/MAPK signaling control or alter
mitotic spindle orientation still need to be elucidated.

4.3 Cell Fate Determination by FGF Signaling

The establishment and maintenance of distinct cell identi-
ties are ultimately controlled by epigenetic mechanisms:
the stable expression of defined transcriptional networks.
How cell fates are initially determined during embryogenesis
by establishing different transcription factor profiles in dif-
ferent groups of progenitors remains an important question.
Perhaps the best-studied system in this context is the speci-
fication of different neuronal identities in the neural tube as a

Table 2. Examples of fundamental cellular processes controlled by key developmental signaling pathways

Signaling pathway Process Specific example References

Receptor tyrosine
kinase (RTK)

Proliferation Chondrocytes Liu et al. 2007
Anterior heart field Ilagan 2006

Survival Anterior heart field Ilagan 2006
Neural tube Chi et al. 2003

Cell fate determination Mesoderm Ciruna and Rossant 2001
Cajal-Retzius cells Zimmer et al. 2009

Migration Directed migration of enteric
neuron precursors

Natarajan et al. 2002

Proliferation Cerebellar granule cell precursors Dahmane and Ruiz i Altaba
1999; Wallace 1999;
Wechsler-Reya and Scott
1999

Hedgehog Survival Lung development White 2006
Cell fate determination Neural tube Pringle 1996; Xu et al. 2010
Migration Neural crest-derived cells Fu 2004; Tobin et al. 2008
Proliferation Skin stem cells Horsley et al. 2008

BMP Survival Lung epithelium Eblaghie et al. 2006
Cell fate determination Respiratory epithelium Maier et al. 2010
Migration Cardiac neural crest Kaartinen 2004
Proliferation Smooth muscle cells El-Bizri et al. 2008

WNT Survival Telencephalon (indirectly
through FGF)

Paek et al. 2011

Cell fate determination Lung progenitors Goss et al. 2009
Notch Proliferation Cerebellar granule cell precursors Solecki et al. 2001

Survival Bergmann glia Weller et al. 2006
Cell fate determination Intestine Stanger 2005

Nephron Cheng et al. 2007
Migration Second heart field (indirect) High et al. 2009

Retinoic acid Proliferation Forebrain Ribes et al. 2006
Survival Limb bud Yashiro et al. 2004
Cell fate determination Germ cells Bowles et al. 2010

Abbreviations: BMP, bone morphogenetic protein; WNT, wingless; FGF, fibroblast growth factor.
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function of SHH signal strength and duration (Ruiz i Altaba
et al. 2003; Dessaud et al. 2007; Ulloa and Briscoe 2007).

RTK signaling has been shown to determine cell fate in
several contexts. One of the best-known functions of FGF
signaling in the early embryo is the specification of meso-
derm during gastrulation. In addition to being required for
the migration of cells away from the primitive streak, FGF8
signaling through FGFR1 controls mesoderm formation
through regulating the expression of T (Brachyury) and
Tbx6 genes (Sun et al. 1999; Ciruna and Rossant 2001;
Guo and Li 2007).

Another well-studied example of FGF signals being in-
volved in cell fate determination is that of commitment of
cells in the cranial ectoderm to the otic fate. In the mouse,
several FGF ligands function redundantly in this process
(Mahmood et al. 1996; McKay 1996; Alvarez et al. 2003;
Wright and Mansour 2003; Ladher et al. 2005). Important-
ly, cross-regulation between FGF and WNT signals during
this process restricts otic fate induction to a defined posi-
tion in the embryo (Urness et al. 2010).

Recently, the Grove laboratory has shown that the fate of
neuroepithelial cells in the embryonic cortex is determined
by their distance from the source of FGF8 in the commis-
sural plate, an important signaling center (Toyoda et al.
2010). This study shows that FGF8 can indeed function as
a secreted morphogen to determine cell fate along the an-
terior–posterior axis of the telencephalon. These findings
clearly have important implications for neurodevelop-
mental disorders associated with altered levels of signaling.

4.4 Cell Survival

Many (if not most) cells in the developing embryo are
actively being kept alive by specific signals. Thus, the func-
tion of a particular signaling pathway in cell survival is only
revealed by increased apoptosis on the loss or inhibition of
this pathway. Studies over the last few years have identified
several contexts in which FGF signals protect cells from
apoptosis. The conditional deletion of Fgf8 in the IsO re-
sults in massive cell death shortly after the withdrawal of the
FGF8 signal (Chi et al. 2003). When FGF signaling is not
completely lost but only reduced, cell death first becomes
apparent in cells furthest away from the IsO, the source
of survival signal. These observations suggest that cell death
only occurs when FGF signaling drops below a certain
threshold (Basson et al. 2008). A similar observation has
been made during limb development where a reduction
in FGF production from the distal tip results in cell death
in the proximal limb bud (Sun et al. 2002). A recent set
of elegant experiments by the Hébert laboratory shows
that FGF signals produced by a forebrain signaling center
also protects cells in the telencephalon from apoptosis. In

this case, FGF expression is regulated by WNT/b-catenin
signaling and the antiapoptotic effects of FGF signaling
mediated through the inhibition of proapoptotic signals
downstream from BMP/SMAD4 signaling (Paek et al.
2009, 2011).

The regulated withdrawal of a survival factor can be
used to shape developing structures. An excellent example
is that of interdigital cell death during limb development, a
process required for the complete physical separation of the
developing digits from each other. A recent study showed
that high FGF8 signaling in the distal limb bud protects
cells from apoptosis, despite the RA-induced expression of
cell death molecules such as Bax2. However, as digits begin
to appear, Fgf8 expression is gradually down-regulated in
the interdigital regions, and this withdrawal of FGF signal-
ing allows the progression of apoptosis (Hernandez-Mar-
tinez et al. 2009). Consistent with these findings, an up-
regulation of FGF4 and FGF8 expression on the deletion of
BMPR1a from the AER was found to result in interdigital
webbing (Pajni-Underwood et al. 2007).

FGF signaling activates the PI3K pathway in cells, which
has been implicated in cell survival, especially in the con-
text of cancer (Turner and Grose 2010). The activation of
PI3K signaling is required for the survival of epiblast
cells in embryoid bodies and the blastocyst (Halet et al.
2008; He et al. 2010). However, in vitro studies suggest
that both the ras/MAPK and PI3K pathways control cell
survival in a context-dependent manner (Chavarrı́a et al.
2007). Whether PI3K is obligatory for the transduction of
survival signals downstream from FGF and to what extent
deregulated PI3K signaling is directly involved in apoptosis
on FGF withdrawal in the embryo is not known.

4.5 Cell Adhesion and Migration

In addition to a role in specifying mesodermal fate during
gastrulation, FGF8 signaling is also required for the epithe-
lial-to-mesenchymal transition and migration of mesoder-
mal cells. This transition is associated with the loss of E-
cadherin expression and the loss of cell adhesion (Ciruna
and Rossant 2001). FGF signaling has been implicated in
cell migration in several other contexts in the developing
mouse (Colvin et al. 2001; Lin et al. 2009).

4.6 Cell Differentiation

The final stages of cellular differentiation are intimately
linked with withdrawal from the cell cycle (Das et al. 2009;
Yu et al. 2011), and are often associated with distinct alter-
ations in the shape of cells. For example, the striking elon-
gation of lens fibers during their terminal differentiation in
the eye is controlled by FGF signaling, in coordination with
other pathways such as WNT and TGFb (Lovicu and
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McAvoy 2005; Zhao et al. 2008). Recently, specific FGF li-
gands have been shown to regulate the formation of different
types of synapses during neuronal differentiation (Terauchi
et al. 2010). The mechanisms that underlie this subtle, yet
extremely important role of FGF signaling in cell differenti-
ation remains poorly understood (Jones and Basson 2010).

5 SIGNAL STRENGTH AND DURATION:
INTERPRETATION AND REGULATION

The cellular response to a particular signal is dependent on
cellular context, the strength and duration of the signal. The
difference between a RTK signal that results in cell prolif-
eration versus a signal appropriate for differentiation may
be relatively subtle (Marshall 1995; Pellegrino and Stork
2006). However, small differences in the initial signal can
become amplified as signals are transmitted down the sig-
naling cascade over time. Understanding how cells inter-
pret signals with slightly different intensities or duration—
signals that are quantitatively different—to produce quali-
tatively different responses such as fate or lineage choice, is
key to grasping the mechanisms behind cell fate determi-
nation during development. An elegant mechanism that
applies to RTK signaling and one that enables cells to dis-
tinguish between short-lived versus sustained RTK signals
involves the regulation of the transcription factor, c-fos.
The essence of this mechanism lies in the multilevel regu-
lation of c-fos by ERK signaling (Fig. 1). Firstly, the c-fos
gene is a direct, immediate-early transcriptional target of
ERK signaling (Gille et al. 1992; Hipskind et al. 1994).
However, the c-fos protein is relatively unstable and is rap-
idly degraded. ERK-mediated phosphorylation of c-fos on
serine residues stabilizes c-fos and primes it for additional
ERK phosphorylation that further enhances its transcrip-
tional activity (Okazaki and Sagata 1995; Ferrara et al.
2003; Monje et al. 2003). Thus, a transient RTK signal
will only result in short-lived c-fos activity that does not
lead to significant induction of downstream gene expres-
sion. Sustained ERK activation, in contrast, results in the
accumulation of active c-fos. Thus, c-fos acts as an impor-
tant sensor for the duration of ERK signaling in cells (Pel-
legrino and Stork 2006).

5.1 Feedback Regulation of RTK Signaling Pathways

Many of the secreted signaling molecules produced in
the developing embryo function as morphogens, where
different concentrations of these factors have distinct ef-
fects on cell fate. Positive and negative feedback me-
chanisms are essential to maintain appropriate levels of
signaling. In addition, they are used by the embryo to in-
terpret small differences in signal intensity or duration and
effectively turn these into developmental switches.

5.1.1 Positive Feedback

An increased expression of ligand or receptor, which can
enhance signaling in an autocrine fashion is a positive feed-
back mechanism often observed in cancer (Schulze 2004;
Hynes and Schlange 2006). Examples of paracrine positive
feedback mechanisms abound in the developing embryo.
For example, reciprocal signaling between epithelial and
mesenchymal cells is central to organogenesis and stem/pro-
genitor cell maintenance; often mediated by combinations of
epithelially and mesenchymally expressed FGF ligands and
receptors. These tend to form positive feedback loops such
that increased FGF signaling in one tissue results in the up-
regulation of FGF ligands, which then signals back at in-
creased intensity to the other tissue. Negative feedback
mechanisms are often used to disrupt these feed-forward
mechanisms, and the removal of negative regulators can
have drastic consequences on development (Klein et al. 2008).

Positive feedback provides a feasible mechanism to ex-
plain the different effects of NGF or EGF on PC12 cells,
which has served as an in vitro model for how different
signal intensities are translated into distinct cell fates. San-
tos et al. showed that NGF, but not EGF stimulation, in-
duces a positive-feedback loop from MAPK to Raf (Santos
et al. 2007). A striking example of how positive feedback
can dramatically modulate RTK signaling kinetics has been
reported in Xenopus oocytes, where ERK activation induces
a strong positive-feedback loop mediated by Mos. As a
result, ERK activation and downstream effects in these cells
are bimodal: either OFF or ON (Ferrell and Machleder
1998). In agreement with the findings in Xenopus, Mos2/2

mouse oocytes do not activate MAPK during meiosis and
are associated with metaphase II arrest (Choi et al. 1996).
Thus, positive-feedback mechanisms allow cells to distin-
guish between different growth factors and are used by cells
to turn differences in signal strength or duration into dis-
tinct developmental switches that ensure robust responses
to secreted morphogens during embryonic development
(Freeman 2000).

5.1.2 Negative Feedback

Several negative-feedback mechanisms that limit the
strength, duration, and/or range of growth factor signaling
during development have been described. Signaling mole-
cules like PKC can directly modify EGF receptors rendering
them unable to bind ligand with high affinity (Lin et al.
1986), a mechanism that may allow for transmodulation
between different receptors (Ullrich and Schlessinger 1990).
The recruitment and activation of molecules such as Cbl
with ubiquitin ligase activity catalyzes receptor ubiqui-
tination, internalization, and subsequent degradation, re-
sulting in the rapid removal of activated RTKs from the cell
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surface (Sorkin and Goh 2009; Zwang and Yarden 2009).
Slightly slower mechanisms involve the induction of new
feedback regulators such as those that can bind to and
sequester ligand or prevent a productive ligand–receptor
interaction. Other intracellular molecules that can interfere
with intracellular signal transduction include members
of the Sef, Spred, and Sprouty families of proteins (Mason
et al. 2006; Bundschu et al. 2007; Ron et al. 2008), MAPK
phosphatases (Dickinson and Keyse 2006), transcriptional
repressors, and RNA-binding proteins (Amit et al. 2007).

Elegant studies in Xenopus have shown that the super-
imposition of specific feedback mechanisms that target
certain downstream signaling cascades more effectively
than others can switch and fine-tune the cellular response
in certain contexts (Sivak et al. 2005). In the mouse, these
same negative-feedback mechanisms restrict signaling to
small, discrete regions in developing organs (Basson et al.
2005), which allows exquisite control of cell-fate decisions,
even at the cellular level (Shim et al. 2005).

Taken together, a combination of mechanisms that alter
the dynamics and stability of signaling complexes, induc-
tion of positive- and negative-feedback loops and stabiliza-
tion of transcription factors are all involved in translating
slightly different signaling properties to clear-cut differenc-
es in cellular responses (Kao 2001; Labalette et al. 2010).

5.2 Regulators of Other Signaling Pathways

Positive and negative regulators have been described for all
the pathways discussed so far. During WNT signaling (Fig.
2), secreted Fz-related proteins (sFRPs) bind directly to
WNT ligands to compete with Fz for binding or enhance
the WNTsignaling range (Rattner et al. 1997; Mii and Taira
2009). In keeping with the central function of LRP5/6 in
WNT/b-catenin signaling, several WNT coreceptors and
inhibitors, R-spondin, Dickkopf (Dkk), Wise, and SOST
have been reported to interact directly with LRP5/6 (Glin-
ka et al. 1998; Mao et al. 2002; Itasaki et al. 2003; Li 2005;
Semenov 2005; Kim et al. 2008).

A number of modulators of the SHH pathway has been
described, including Cdo, Boc, LRP2 (Megalin), and Gas1
(McCarthy et al. 2002; Tenzen et al. 2006; Allen et al. 2007;
Murdoch and Copp 2010; Zhang et al. 2010). These mol-
ecules appear to bind to SHH and enhance SHH signaling,
particularly at low doses of SHH (Allen et al. 2007). Feed-
back regulation of SHH signaling, especially through up-
regulation of Ptch1, is important during interpretation of
the SHH gradient (Fig. 3) (Dessaud et al. 2007).

BMP signaling is regulated by extracellur antagonists
(e.g., Noggin, Gremlin, Follistatin, and Chordin) that bind
to BMPs and prevent them from activating receptors (Bru-
net et al. 1998; Khokha et al. 2003; Walsh et al. 2010). BMP

activation also induces negative-feedback mechanisms
like the expression of inhibitory (I-SMADs), SMAD6 and
SMAD7, which bind to activated type I receptors and block
their ability to activate R-SMADs (Goto et al. 2007). In
addition, I-SMADs can form complexes with R-SMADS
and prevent their activity (Fig. 4) (Zhang et al. 2007).
I-SMADS also interact with Smad ubiquitin regulatory
factors (Smurfs) and recruit these ubiquitin ligases to the
receptors leading to receptor ubiquitination and degrada-
tion. Smurfs can also directly regulate the degradation of
BMP-regulated SMAD1/5 (Murakami et al. 2003).

6 INTEGRATING MULTIPLE SIGNALING
PATHWAYS DURING DEVELOPMENT

So far we have dealt with individual signaling pathways and
discussed their roles in controlling cell behavior during
embryonic development. This reductionist approach of fo-
cusing on the function of a single pathway, process, or gene
in the formation of a specific structure, is clearly essential
for uncovering fundamental molecular mechanisms. At the
same time, all biologists have to admit that the reality is
more complex. We know that cells are exposed to, and
respond to several signaling pathways simultaneously or
consecutively and somehow integrate all this information.
A major challenge is to understand how cells integrate in-
formation in a developmental context and how the com-
bined action of several signaling factors on a tissue drive the
morphogenetic processes that eventually result in the cre-
ation of a fully functioning organism.

Many different examples of cross-regulation between
different pathways have been described and a few examples
are indicated in Figures 1–5. For example, the activation of
AKT downstream from RTK signaling may enhance WNT/
b-catenin signaling by inhibiting GSK3b, thus resulting in
enhanced stability and activity of b-catenin (Baryawno
et al. 2010). In the embryonic neural tube, WNT ligands
in the roof plate control Gli3 expression that inhibits
SHH target gene expression in the dorsal neural tube (Al-
varez-Medina et al. 2008). Several examples of cross-talk
existng between Notch and RTK signaling have been de-
scribed in Drosophila (Hurlbut et al. 2009). Furthermore,
important downstream targets of the Notch pathway such
as Hes-related genes are also regulated by other pathways
such as WNT (Kubo and Nakagawa 2009).

The emerging field of “systems biology” aims to answer
the question of how different molecules and pathways are
interlinked and affect each other within the same system.
Diagrams that provide a single view of these interactions are
useful for the interpretation of experimental results or pre-
dicting the possible outcomes of perturbations. However,
the importance of some interactions may be of significance
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to some developmental processes or time points and not to
others. Furthermore, many interactions important in de-
velopmental biology are non-cell-autonomous, i.e., involve
intercellular communication. This means that each of these
interactions will have to be validated, and the relevance or
impact assessed on a chosen cellular process. To understand
how signaling information is integrated during development,
a representative signaling network might eventually need to
incorporate both intra- and intercellular signals in each cell
population at every developmental time point.

6.1 Intracellular Signaling Molecules that
Integrate Different Signaling Pathways

It has been observed that some molecules appear as
“nodes” in protein interaction networks (Pieroni et al.
2008). Such molecules are expected to function as impor-
tant integrators of multiple signaling pathways. Under-
standing the molecular mechanisms whereby the activity
of these important molecules is regulated is therefore a
crucial step toward understanding signal integration at
the molecular level.

Perhaps the best-studied example of signal integration
at the level of a single molecule is that of SMAD1, a medi-
ator of BMP signals during development (Fig. 4). BMP
signaling induces the phosphorylation of SMAD1 on car-
boxy-terminal residues that promotes the nuclear translo-
cation of SMAD1. SMAD1 contains a “linker” region in the
middle of the protein in between the amino- and carboxy-
terminal halves. This linker region has a number of residues
that are reversibly modified by other signaling cascades.
Phosphorylation by ERK and GSK3 enhances the protea-
somal degradation of SMAD1 by SMURF1 (Aubin et al.
2004; Sapkota et al. 2007). Thus, the FGF/ras/MAP kinase
pathway can antagonize BMP signals, whereas canonical
WNT signaling enhances BMP signaling by preventing
the GSK3-mediated SMAD1 phosphorylation (Fuentealba
et al. 2007; Eivers et al. 2008). Recently, RAwas also shown
to interfere with BMP signaling at the level of SMAD1 by
augmenting MAPK activation (Sheng et al. 2010). Thus, a
picture is emerging whereby SMAD1 is not only devoted to
transducing BMP signals to the nucleus, but an essential
node onto which a variety of signaling cascades converge.

6.2 Integrating Signals to Coordinate the Behavior
of Cell Populations

In addition to considering how two pathways directly in-
tersect in the same cell, one can also consider a situation
where the independent effects of separate signaling path-
ways on a population of cells result in the emergence of a
complex morphogenetic process. An excellent example of
this has been described in the developing limb bud.

The first morphogenetic process in the formation of a
limb is the outgrowth of the limb bud along its proximal–
distal axis. Both FGF and WNT signals have been implicat-
ed in this process and mutations that affect FGF8 and
WNT5a expression are associated with malformed, shorter
limbs (Yamaguchi et al. 1999; Lewandoski et al. 2000;
Moon et al. 2000). Exactly how these factors control limb
outgrowth and how these individual roles relate to each
other has remained a mystery. Cell proliferation is an ob-
vious requirement for growth, but studies suggest that an-
isotropic growth is not achieved by different levels of
proliferation across the bud. Instead, mesenchymal cells
within the limb bud are polarized and cell division and
migration within the developing limb bud are nonrandom
(Boehm et al. 2010; Gros et al. 2010). Gros et al. combined a
powerful genetic method for marking a small number of
cells randomly with green fluorescent protein (GFP) with
time-lapse imaging, and found that cells in the ventral and
dorsal regions of Wnt5a-deficient limb buds lost their
directed movement toward the ectoderm. The reintroduc-
tion of WNT5a into mutant buds regained their coherent
movement. Experiments with pharmacological inhibitors
showed that activation of the JNK signaling pathway was
required for the oriented cell divisions. In contrast, an
inhibition of the FGF/ras/MAPK pathway did not affect
oriented cell division, but reduced the velocity of cell move-
ment. Conversely, activating this pathway by expressing
constitutively active MEK1 or applying FGF8, increased
cell movement. These experimental effects fit well with
the correlation between ERK activity and cell movement
in the normal limb bud, where both are highest closest to
the source of FGF signals in the ectoderm. Interestingly,
modulation of WNT/JNK signaling did not affect the ve-
locity of cell movement and alterations in FGF/MAPK sig-
naling did not alter the orientation of cell division. Based
on these findings the investigators proposed that the com-
bined activity of these two pathways drives the anisotropic
growth of the limb bud (Gros et al. 2010).

7 MECHANICAL BIOLOGY AND MORPHOGENESIS

A crucial question that remains is the following: How do
these morphogens and signaling pathways physically control
morphogenesis, i.e., how are these signals transformed to
specific forces that shape tissues during their formation?
Mammoto and Ingber recently referred to the classical trea-
tise by D’Arcy Thompson “On Growth and Form” in which
it was suggested that patterns are “diagrams of underlying
forces” (Thompson 1917; Mammoto and Ingber 2010). The
emerging field of “mechanical biology” tries to address this
question head-on and lies at the interface of modern devel-
opmental biology, engineering, and physics.
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A variety of mechanical forces play important roles
during development and some operate between the cyto-
skeleton and extracellular matrix to mediate the mechani-
cal stabilization of cell shape. The signaling pathways most
directly linked to mechanical changes in tissue are the PCP
and rho/rac pathways. Activation of these pathways directly
affects the mechanical forces across a tissue by modulating
the cytoskeleton. The fundamental roles of PCP pathway
components in processes such as neural tube closure clearly
support this view (Wang and Nathans 2007). Several path-
ways that regulate PCP have been implicated in the elonga-
tion of epithelial tubules during kidney development.
These pathways appear to function through effects on
both convergent extension and oriented cell divisions (Sab-
uri et al. 2008; Karner et al. 2009; Mao et al. 2011). Studies
in Xenopus embryos have shown that the mechanical forces

that drive convergent extension are mediated by Rho/
ROCK signals and myosin II effectors (Unterseher et al.
2004; Tanegashima et al. 2008). Mouse knockout studies
have implicated signals through RhoA in directed cell mi-
gration, cell fate, and branching morphogenesis (Parker
et al. 2002; Moore et al. 2005; Assoian and Klein 2008;
Mammoto and Ingber 2009; Herzog et al. 2011). The cor-
relation between the asymmetric localization of RTKs and
polarized organization of rho/myosin II components in
other developing tissues suggest that growth factor signal-
ing, changes in the cytoskeleton, and mechanical forces
may be intimately linked during morphogenesis (Sai and
Ladher 2008).

Recently, evidence has started to emerge that shows that
mechanical forces may themselves have direct effects on cell
fate by activating downstream signaling cascades (Fig. 6)
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Figure 6. Schematic representation of cytoskeletal signals that control cell proliferation and fate. (Reproduced, with
permission, from Mammoto and Ingber 2009.) Cell tethering to the ECM through integrins generate tension in the
intracellular actin cytoskeleton. These changes can result in the activation of ERK and PI3K pathways, or the small
GTPase Rho, through effects on FAK and p190RhoGAP, respectively. p190RhoGAP also modulates transcription by
controlling the nuclear translocation of TFII-I and GATA2. Rho activation controls various cell-cycle regulators such
as p27 and Cyclin D1. These combined effects on the cytoskeleton can alter the differentiation of multipotent stem/
progenitor cells.
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(Arnsdorf et al. 2009; Mammoto and Ingber 2009; Mammoto
et al. 2009). In the context of embryonic development, me-
chanical shear forces generated by blood flow are important
during cardiovascular development. The identification of sig-
naling pathways activated by shear forces, their regulation,
and downstream transcriptional regulators represents an ex-
citing advance (Lee et al. 2006; Schmelter et al. 2006).

8 CONCLUDING REMARKS

In summary, understanding how cells respond to their en-
vironment and communicate with each other during em-
bryonic development will require an integrated knowledge
of secreted morphogens and other signaling molecules,
their mechanism of action, the regulation and function
of intracellular pathways, and a deep understanding of
how these signals control fundamental biological processes
such as oriented cell division, directed cell migration, and
fate determination. Recent advances on the role of mechan-
ical forces in morphogenesis and fate decisions are making
important contributions to our quest to uncover the mech-
anisms that control embryonic development. Although
much has been learned over the last few decades, many
fascinating questions have also been raised by these discov-
eries. The successful combination of emerging systems and
mechanical biological technologies with genetic manipu-
lation in mouse embryos should lead to significant further
advances in elucidating how genetic and epigenetic mech-
anisms control morphogenesis and cell fate.
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