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Fibroblast growth factor (FGF) signaling mutations are a frequent contributor to craniofacial malformations in-
cludingmidfacialanomaliesandcraniosynostosis.FGFsignalinghasbeenshowntocontrolcellularmechanisms
that contribute to facial morphogenesis and growth such as proliferation, survival, migration and differentiation.
We hypothesized that FGF signaling not only controls the magnitude of growth during facial morphogenesis but
also regulates the direction of growth via cell polarity. To test this idea, we infected migrating neural crest cells of
chicken embryos with replication-competent avian sarcoma virus expressing either FgfR2C278F, a receptor muta-
tion found in Crouzon syndrome or the ligand Fgf8. Treated embryos exhibited craniofacial malformations resem-
blingfacialdysmorphologies incraniosynostosissyndrome.Consistentwithourhypothesis,ectopicactivationof
FGF signaling resulted in decreased cell proliferation, increased expression of the Sprouty class of FGF signaling
inhibitors,and repressed phosphorylationofERK/MAPK.Furthermore, quantificationofcellpolarity in facial mes-
enchymal cells showed that while orientation of the Golgi body matches the direction of facial prominence out-
growth in normal cells, in FGF-treated embryos this direction is randomized, consistent with aberrant growth
thatweobserved.Together, thesedatademonstrate thatFGFsignalingregulatescellproliferationandcellpolarity
and that these cell processes contribute to facial morphogenesis.

INTRODUCTION

Since the beginning of the last century, embryologists, morphol-
ogists and evolutionary biologists have focused on identifying
mechanisms and processes by which cell aggregates, tissues,
organs and organisms attain their form (1). During this period
of time, much progress has been made in identifying and under-
standing major processes that regulate morphogenesis. Two
major cellular processes contribute to morphogenesis during
vertebrate development. First, regions of differential cell prolif-
eration and apoptosis have been observed and proposed to under-
lie divergent morphologies (2–4). Secondly, more recently
polarized cell behaviors, such as collective migration,

convergence extension and oriented cell division, have been
shown to give rise to complex three-dimensional structure in a
variety of tissues and organs (5–8). Understanding how the
developing vertebrate face attains its shape is extremely import-
ant, because this will allow us to understand the mechanisms that
underlie disease phenotypes in humans with genetic alterations.

Craniofacial morphogenesis is a complex developmental
process. The amniote face is formed from a series of anlagen
that are comprised of neural crest mesenchyme surrounding a
mesodermal core and encased by epithelia of neural or surface
ectodermal origin. Five primordia form the upper and lower
jaw. The frontonasal process (FNP) forms the middle part of
the upper jaw, the paired maxillary processes (MxP) form the
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lateral part of the upper jaw and the paired mandibular processes
form the lower jaw. During the formation of each of these prim-
ordia, a series of iterative signaling interactions among epithelial
layers and mesenchymal cells control patterned growth (9,10).
Understanding the role that these signaling interactions play in
controlling morphogenesis is essential to understand the basic
cellular processes that control growth and patterning during
normal and diseased development.

The fibroblast growth factor (FGF) signaling pathway is es-
sential for normal development. In chick embryos, Fgf8 is
expressed in the ectoderm of the FNP prior to the formation
and onset of FNP outgrowth. However, once outgrowth com-
mences, Shh expression is induced the ectoderm of the FNP
and this expression domains form a boundary with the cells
that express Fgf8 (11–14). Concomitant with the onset of
Shh expression, Fgf8 expression is downregulated across the
midline of the FNP and becomes restricted to the nasal pits
(14). A similar pattern of expression is observed during the
development of mouse embryos (12,15), suggesting a conserved
role for Fgf8 during the development of the amniote face.

Genetic removal of Fgf8 creates significant malformations in
the face (15,16). In particular, the absence of FGF8 signaling
leads to increased apoptosis of the facial mesenchyme, and this
creates dysmorphology. Importantly, mesenchymal cells
throughout the FNP of mice and chicks express fibroblast
growth factor receptor 2 (FgfR2) (17), and this pattern is also
observed in humans (18,19). Taken together, these observations
indicate that FGF signaling from the ectoderm to the mesen-
chyme may be a central component of the epithelial–mesenchy-
mal interactions that regulate facial morphogenesis.

In humans, aberrant FGF signaling results in a variety of skel-
etal disorders that often include facial dysmorphology (20–23).
Loss-of-function mutations in FGF8, FGF10 and Fgf receptors
have been found in patients with non-syndromic cleft lip and
palate (24,25). Mutations in FgfR2 that reduces FGF signaling
have been associated with Bent Bone Dysplasia (OMIM
614592) and Lacrimoauriculodentodigital syndrome (OMIM
149730) (26–28). In contrast, mutations that create gain-of-func-
tion Fgf receptors are found in a series of craniosynostosis syn-
dromes. In a 10-year prospective cohort of craniosynostosis at
the Oxford clinic, Fgf receptors accounted for almost half of the
identified genetic cases (21). FgfR2 activating mutations (P253,
S252, C278, C342) consist of �81% cases of FgfR2 mutation
series (22,29). Patients with craniosynostosis syndromes, includ-
ingJackson–Weiss Syndrome(OMIM 123150),ApertSyndrome
(OMIM 101200), Pfeiffer Syndrome (OMIM 101600) and
Crouzon Syndrome (OMIM 123500), have premature suture
closure and midfacial malformations such as hypertelorism and
midfacial hypoplasia (21,30–32).

Crouzon syndrome mainly results from gain-of-function
mutations in FgfR2. Two of the most frequent mutations found
in patients with Crouzon syndrome are FgfR2C278F and
FgfR2C342Y. These mutations produce receptors that are activated
independently of ligand and affect two different splice variants of
FgfR2 (33). The mutation C342Y only affects the c isoform, and
theC278Fis located inexon 7ofFgfR2and influences bothbandc
isoforms of FgfR2 proteins invivo. Thus,malformationsproduced
by C278F mutations may be more severe in general. While the
mechanisms by which these mutations cause premature suture
closure have been extensively investigated (33–42), the effect

that these mutations have on early development of the facial prim-
ordia have not been explored in great detail.

Here, our goal was to understand that how activating mutations
in the FGF pathway may contribute to the facial dysmorphology
observed in human patients by examining the effect of activation
of the FGF pathway on early stages of facial development. We
manipulated the FGF pathway in a model organism and examined
the cellular basis for the morphological outcomes that were
produced. Specifically, we infected chicken embryos with avian
retroviruses expressing Fgf8 or FgfR2C278F. Ectopic activation
of FGF signaling produced midfacial hypoplasia and hypertelor-
ism during the early stages of facial morphogenesis. These mor-
phogenetic changes were associated with decreased cell
proliferation, increased expression of FGF signaling inhibitors,
reduced phosphorylation of ERK and randomized cell polarity
within the neural crest cell population. Together, our results
support the hypothesis that FGF signaling participates in morpho-
genesis by controlling the magnitude of cell proliferation and
directed cellular behaviors, such as collective cell migration, con-
vergence extension and/or oriented cell division during the early
stages of facial development.

RESULTS

Ectopic activation of FGF signaling results in facial
malformation

To investigate the effects of activating the FGF pathway on de-
velopment of the midface, we infected cranial neural crest cells
destined for the FNP and MxP at HH10 by injecting retro-
viruses encoding Fgf8, FgfR2C278F, or alkaline phosphatase
as a control, into the mesenchyme adjacent to the prosenceph-
alon. In previous experiments, these methods lead to wide-
spread infection of the neural crest cells that comprise the
developing upper jaw (43). Here, we examined embryos at
72 h postinfection (HH22) with RCAS::Fgf8 and observed
expression in the mesenchyme (Supplementary Material,
Fig. S1) and in the ectoderm (Fig. 3A). By this time embryos
infected with RCAS::Fgf8 and RCAS::FgfR2C278F had
severe facial malformations compared with control and unin-
fected embryos (Fig. 1A–D). The faces were wider (Fig. 1C,
D and G). The FNP was not undergoing proximodistal exten-
sion (Supplementary Material, Fig. S2C, D and E), and this
made the nasal pits appear to be located more dorsally
(Fig. 1C and D; Supplementary Material, Fig. S2A and B).
Our embryos did not survive to later stages of development
for a thorough analysis of the skeleton.

Next, we quantified the change in facial shape using two-
dimensional geometric morphometrics and principal compo-
nents analysis (PCA) (44,45) and tested whether there was a dif-
ference in shape associated with infection by RCAS::Fgf8 or
RCAS::FgfR2C278F. These analyses demonstrate, using a per-
mutation test for the Procrustes distance between groups in
MorphoJ, that there was not a statistically significant difference
between treated and control embryos at HH18 (P . 0.05, Fig. 1E
and F), but by HH22 both treated groups were significantly dif-
ferent (P , 0.001, Fig. 1G and H), and could be discriminated on
the basis of Principal Component 1 (PC1) alone. Wireframes of
embryo shape along PC1 depict shape variation among control
groups and FGF-treated groups (Fig. 1G). This axis of shape
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variation describes relatively underdeveloped facial promi-
nences even when accounting for size differences, indicating
an effect of treatments on the growth of the MxP and the FNP.
Shape variation of Fgf8 and FgfR2C278F groups was also sepa-
rated along PC2, which describes widening of the face
(Fig. 1G). This was more prominent in embryos infected with
RCAS::Fgf8. Our analyses demonstrate that activating the
FGF pathway with either construct produces morphologically
similar malformations, and that the resulting variation is con-
tinuous with and overlaps the normal variation in control and un-
infected embryos (Fig. 1G). This observation is similar to a
recent conclusion on studies of human patients with craniosy-
nostosis (46).

Activation of the FGF pathway reduces cell proliferation

FGF signaling influences cell survival and cell proliferation
(16,47). To investigate whether cell death or proliferation was
altered in embryos infected with RCAS::Fgf8 or RCAS::
FgfR2C278F, we used TUNEL (Fig. 2D, F, H and J) to visualize
dying cells and BrdU incorporation (Fig. 2C, E, G and I) to
detect proliferating cells in the FNP. We did not observe an in-
crease in cell death in any of the embryos (Fig. 2D, F, H and J).
However, we observed a significant reduction in the proportion
of cells that incorporated BrdU (P , 0.001, Fig. 2K). Since PC1
described variation in mediolateral expansion of the FNP
(Fig. 1), we quantified cell proliferation in the middle and lateral

Figure 1. Analysis of shape change after activating the FGF pathway. (A) Normal and (B) control embryos have similar morphology at HH22 whereas embryos
infected with (C) RCAS::Fgf8 and (D) RCAS::FgfR2C278F are smaller and have dysmorphic FNP. (E) At HH18, embryos are not statistically different in shape
and completely overlap on PC1-3 (circle in each group is 95% confidence interval), (F) which account for �78% total variation. (G) By HH22 infected embryos
are statistically different in shape (P , 0.001) and can be discriminated from normal and control embryos along PC1 as a reduction in FNP and MxP outgrowth
(circle in each group is 95% confidence interval). Normal and control embryos differ along PC2 but overall shape differences were not significant (P . 0.05).
(H) All other PC axes are non-significant. Scale ¼ 2 mm.
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parts of the FNP (Fig. 2A). In this assay, BrdU positive cells were
counted in three independent sections of every embryo. In control
and normal embryos, �52% of the cells had incorporated BrdU
and this is consistent with our previous research (48). In contrast,
only 44 and 43% of cells were BrdU positive in embryos infected
with RCAS::Fgf8 or RCAS::FgfR2C278F, respectively (Fig. 2K).
Similarly, mice harboring a mutation in FgfR2C342Y that causes
craniosynostosis in humans also have decreased proliferation in
the palatal mesenchyme (41). To test the extent to which
decreased cell proliferation may explain the phenotype in these
embryos, we performed a regression analysis to correlate cell pro-
liferation with PC1. We observed a significant linear correlation
between these two outcome measures (r2 ¼ 0.577, Fig. 2L), sug-
gesting that at least part of the phenotype was related to the
decreased rate of cell proliferation.

Constitutive activation of the FGF pathway leads to negative
feedback loop activation and ERK phosphorylation decrease

FGF signaling activates expression of a group of downstream
target genes including negative regulators and transcription
factors. We first examined the expression levels of well-known
transcriptional targets of the FGF pathway in embryos infected
with RCAS::Fgf8. Specifically, we analyzed the Ets family of
transcription factors Pea3, Erm and Er81 at HH22. All three
of these target genes were upregulated in the mesenchyme of
embryos infected with RCAS::Fgf8 compared with normal
embryos (Fig. 3A and B), indicating FGF8 expression effectively
activated downstream pathways.

Expression of FGF pathway inhibitors can be upregulated in
response to FGF pathway activation (49) too. We performed
qPCR analysis on the mesenchyme and ectoderm samples of

Figure 2. Decreased cell proliferation in FGF signaling activated embryos at HH22. (A) Low magnification of an embryo immunostained to detect BrdU incorpor-
ation. The boxed area is the region that was analyzed. (B) Low magnification of an embryo after TUNEL analysis. (C) BrdU incorporation and (D) TUNEL staining in a
normal embryo. (E) BrdU incorporation and (F) TUNEL staining in a control embryo. (G) BrdU incorporation and (H) TUNEL staining in an embryo infected with
RCAS::Fgf8. There is reduced BrdU incorporation, but no signs of increased apoptosis. Similar (I) proliferation and (J) apoptosis outcomes were observed in embryos
infected with RCAS::FgfR2C278F. (K) There was an �10% decrease in cell proliferation in embryos infected with RCAS::Fgf8 and RCAS::FgfR2C278F. (L) The shape
change along PC1 is correlated with the rate of cell proliferation in the groups of embryos. The circle in each group is the 95% confidence interval. Scale bar: A and B ¼
1 mm; C–J ¼ 200 mm.
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embryos infected with RCAS::Fgf8 and compared with the
levels to normal embryos at HH22 (Fig. 3C and D). Spry1,
Spry2, Spred2 and Mkp3/Dusp6 were significantly increased
in the mesenchyme of embryos infected with RCAS::Fgf8
compared with normal embryos (Fig. 3D). However, there
was no significant change in Spred1 expression (Fig. 3D).
Taken together, our data indicate that increasing expression
of Fgf8 leads to the increased expression of downstream
targets of the FGF pathway including negative regulators of
pathway activation.

FGF signaling occurs via the Ras/MAPK, PI3K/AKT and
PLCg signaling cascades to regulate distinct cellular responses
during development (47,50–53). To determine how each of
these pathways was affected in embryos infected with
RCAS::Fgf8 at HH22, we compared dpERK1/2, pAKT(S473)

and pPLC1g1(Y783) protein levels in cells derived from the
FNP of infected and normal embryos using western blot analysis
(Fig. 3E). As a positive control, we examined the expression
levels of these molecules in the presence or absence of an Fgf re-
ceptor inhibitor (SU5402), or after blocking each arm of the FGF
pathway (U0126, U73122). Those small molecular inhibitors ef-
fectively block downstream phosphorylation cascades in FGF
signaling. In the DF1 cells, we observed upregulation of
pPLCg after adding FGF2 (Fig. 3E; Supplementary Material,
Fig. S3A and B), and this response was blocked by the presence
of SU5402 and U73122 (Supplementary Material, Fig. S3B).
However, in embryonic mesenchymal cells, we could not
detect either pPLCg protein or total PLCg even after a very
long exposure time (Fig. 3E, data not shown). Similarly, exogen-
ous FGF ligand increased the presence of pAKT in DF1 cells

(Supplementary Material, Fig. S3B), while we observed no dif-
ference in pAKT expression in embryos of each group (Fig. 3E).
Particularly, we observed a reduction in dpERK1/2 levels in
mesenchymal cells from the infected embryos compared with
normal embryos (Fig. 3E). Next, to determine if these changes
may have caused the malformations in the embryos or were a sec-
ondary consequence of altered signaling in the face, we analyzed
embryos at HH20 prior to the appearance of an overt phenotype
and observed the same results (Supplementary Material,
Fig. S4). Together, these data suggest that the major signaling
mechanism in the embryonic mesenchymal cells during the
early stages of FNP development is via the ERK/MAPK
pathway, and activation of this pathway is reduced during consti-
tutive activation of the FGF pathway. The decreased amount of
dpERK1/2 protein in infected embryos is consistent with the
increased expression of the FGF inhibitors (Fig. 3C and D),
and the decreased activity of the ERK/MAPK pathway in
embryos may contribute to the decreased cell proliferation that
we observed.

Effect of constitutive activation of the FGF pathway
on expression of other molecular mediators of facial
development

Facial development is a complex process that requires co-
ordination among a variety of facial anlage. SHH signaling is es-
sential for midfacial patterning and variation (11,12,45). At
HH22, in embryos infected with RCAS::Fgf8, Shh expression
in the facial ectoderm decreased by �60% (Fig. 4A). Likewise,
the downstream transcriptional target of SHH signaling Patched

Figure 3. Analysis of gene expression in FGF signaling in normal and RCAS::Fgf8 infected embryos at HH22. (A and C) qPCR shows gene expression levels in the
ectoderm of normal embryos (white bars) and embryos infected with RCAS::Fgf8 (black bars). Gene expression is relative to GAPDH. (A) The ectoderm of embryos
infected with RCAS::Fgf8 showed signs of slight infection including GAG expression and increased Fgf8 expression. Downstream targets and (C) expression of the
FGF signaling antagonists were not affected in the ectoderm of infected embryos. (B and D) Comparison of gene expression levels in the mesenchyme of normal
embryos (white bars) and embryos infected with RCAS::Fgf8 (black bars). (B) Viral infection of the mesenchyme is apparent as increased GAG and Fgf8 expression.
The downstream targets Pea3, Er81 and Erm were significantly upregulated in the mesenchyme of infected embryos. (D) The FGF signaling antagonists Spred1,
Spred2, Spry1, Spry2 and Dusp6/Mkp3 were significantly upregulated in the infected embryos. (E) Western blot analysis shows that embryos infected with
RCAS::Fgf8 had decreased levels of pERK, but no change in pPLCg and pAKT. DF-1 cells were used as a positive control for the western blot. Addition of FGF2
protein to DF-1 cultures illustrates increases in pPLCg, pERK and pAKT, and these increases could be blocked by the addition of SU5402, an FgfR inhibitor, to
the media. These results demonstrate that our detection method is sufficient to detect changes in levels of these proteins.
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(Ptc) was also significantly decreased in the facial ectoderm
(Fig. 4A). The decreased expression levels of Shh and the subse-
quent reduction in SHH signaling may contribute to the
decreased proliferation that we observed in embryos infected
with RCAS::Fgf8 and RCAS::FgfR2C278F. Further, these data
suggest that there is an antagonism between Fgf8 expression
or signaling and the onset of Shh expression in the ectoderm.
In fact, when Shh expression begins in the ectoderm, the adjacent
Fgf8 expression domain is downregulated and becomes
restricted to the nasal pit (14). Whether the downregulation of
Fgf8 in part controls the onset of Shh expression in the ectoderm
is not known.

We previously showed that the spatial organization of the Shh
expression domain in the ectoderm is highly related to the devel-
oping facial morphology (12,45). Therefore, in addition to deter-
mining changes in the magnitude of Shh expression and pathway
activation, we also wanted to determine the effect that
RCAS::Fgf8 infection had on the spatial organization of the
Shh expression domain. Compared with normal embryos, the
Shh expression domain was expanded in infected embryos
(Fig. 4C and D), and this was correlated with the widening of
the face that we observed, suggesting that either the change in
pattern of Shh expression contributed to the morphologic
change or was a secondary consequence of facial widening.
However, determining this relationship is beyond the scope of
the current work.

In addition to the SHH pathway, the WNT pathway is also
involved in regulating facial development (54,55). Several
WNT ligands are expressed in the ectoderm and mesenchyme

of the midface by HH22 (56). We examined Wnt9b and Wnt5a
expressionvia qPCR anddetermined that the expression levels of
these genes were not significantly different between embryos
infected with RCAS::Fgf8 and normal embryos (Fig. 4A and B).

Golgi orientation distribution is consistent with facial
prominence outgrowth direction and has changed in
FGF-treated embryos

Polarized cell behaviors have been associated with morphogen-
esis. Here, we determined whether cell polarity was altered by
FGF signaling. In the limb bud, the Golgi orientation bias in
the mesenchymal cells is related to the proximodistal axis of
the limb bud (5,57). Since we observed decreased phosphoryl-
ation of ERK (Fig. 3E) and the ERK/MAPK pathway regulates
the localization of the Golgi body (58), we examined cell polarity
of the neural crest mesenchyme based on Golgi orientation.

To determine the Golgi orientation bias in the neural crest
cells, we measured the angle between the Golgi body and the
nucleus in each cell. We then used a fixed axis as a reference
line. In the middle of the FNP, we used the rostral–caudal axis
of the FNP, and in the lateral region we used a line that was pre-
sumed to be in the direction of fusion of the median nasal and
lateral nasal processes. These lines correspond to the 08 line
shown in Figure 5A. As expected, we observed that the Golgi
body was located on one side of the nucleus indicating that
Golgi orientation bias could be used as a measure of individual
cell polarity (Fig. 5B). In normal embryos at HH22 and HH24,
we observed that in the majority of cells the Golgi body was

Figure 4. Analysis of SHH and WNT signaling in normal and RCAS::Fgf8 embryos. (A) Expression levels of Shh and Ptc were decreased in the ectoderm of infected
embryos, but Wnt5a and Wnt9b were unaltered. (B) Shh and Wnt9b are not expressed in the mesenchyme, and no change in Ptc or Wnt5a was detected in the mes-
enchyme of infected embryos. (C) Whole mount in situ hybridization shows that Shh expression in a normal embryo is restricted to the roof of the mouth and
(D) in embryos infected with RCAS::Fgf8, Shh was expanded due to widening of the face. Scale bar C, D ¼ 2 mm.
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located on the distal side of the cell, and that the entire popula-
tion of cells was highly polarized and the mean vector of the
Golgi angle distribution was aligned with reference lines in
both medial and lateral portions of the FNP (Fig. 6A–D,
Table 1). In the medial FNP of embryos infected with
RCAS::Fgf8 and RCAS::FgfR2C278F, we still observed a bias
in the position of the Golgi apparatus in individual cells, and
the mean vector of the Golgi angle distribution was still
aligned with the rostral–caudal axis of head (Fig. 6E–J,
Table 1). However, the Golgi angles had a more randomized
distribution and this is indicated by the decreased consistency
ratio (Fig. 6E–J, Table 1). In the lateral portion of the FNP of
embryos infected with RCAS::Fgf8 and in severely malformed
embryos due to RCAS::FgfR2C278F infection, the Golgi orienta-
tion was randomized (Fig. 6F and H, Table 1). However, in
embryos infected with RCAS::FgfR2C278F but with a mild pheno-
type, we did not observe a randomization of Golgi orientation
(Fig. 6J, Table 1).

DISCUSSION

Activated FGF signaling has direct effects on the
developing facial primordia

Here, we examined the effect of increased FGF signaling on
early stages of craniofacial development, using either an Fgf
ligand or an Fgf receptor that is constitutively activated,
because in addition to premature suture fusion, patients have
midfacial malformations, such as midfacial hypoplasia and
hypertelorism. These malformations could begin during the
earliest stages of facial development when the facial primordia
are forming and undergoing the initial stages of growth. The
effect that activated FGF receptors have on early development
of the midfacial primordia has not been investigated. Direct
effects of these mutations during formation and growth of the
facial primordia are not surprising, because Fgf ligands and
receptors are expressed throughout the facial primordia begin-
ning at the earliest stages of facial development (17). What the
overall contributions of these early changes are to the final
phenotype are unknown, because the final morphology is built
from a series of developmental processes that all contribute to
the shape of the skull (59).

Hypoplasia of the FNP may result from decreased cell
proliferation in response to activated FGF signaling

One of the most striking features that we observed in embryos
infected with either RCAS::Fgf8 or RCAS::FgfR2C278F was the
lack of proximodistal extension of the FNP. This midfacial hypo-
plasia was accompanied by a decrease in cell proliferation of the
facial mesenchyme. Together, these outcomes indicate that if the
FGF pathway is hyperactivated in the facial mesenchyme, growth
of the facial primordia is reduced. Decreased cell proliferation of
the palatal mesenchyme has also been observed in mice harboring
another gain-of-function mutation FgfR2C342Y/C234Y (41). Add-
itionally, a naturally occurring mutation in chickens leads to
persistent expression of Fgf8 across the midline of the FNP
during stages of facial outgrowth, and this leads to cleft lip and
palate (60).

To examine how increased FGF signaling leads to decreased
proliferation, we analyzed the expression of families of proteins
that modulate FGF signaling. Signaling through the FGF
pathway is complex. Pathway activity in a given cell is the
sum of a series of positive and negative feedback loops that are
controlled by regulators that interact with different parts of the
FGF signaling cascade. Negative regulators of the FGF
pathway include Sprtys, Spreds and Dusps, each acts in distinct
parts of the FGF signaling cascade (47,51). We observed a large
increase in Sprty1 and Sprty2 expression, as well as, Mkp3/
Dusp6 expression in the facial mesenchyme of embryos with
activated FGF signaling. In addition, we observed decreased
levels of dpERK1/2 in these embryos. Taken together, our ex-
perimental evidence suggests that ectopic activation of FGF sig-
naling activates expression of Sprtys and Dusps and this leads to
inhibition of the ERK/MAPK pathway. Ultimately, the reduc-
tion in ERK/MAPK signaling may lead to decreased cell prolif-
eration that contributes to the midfacial hypoplasia in the treated
embryos. While we have shown that these changes affect the
early stages of facial development, other later-occurring devel-
opmental processes such as chondrogenesis, osteogenesis and
growth could be similarly affected. The final skull dysmorphol-
ogy would be the net result of all of these affected processes
(35,40,61).

FGF signaling regulates the polarity of neural crest cells

In addition to midfacial hypoplasia, we also observed hyperte-
lorism in embryos after activation of the FGF pathway, and the

Figure5. Assay to examineGolgibody orientation. (A) Schematic presentation of Golgi angle measurement. The anglebetween the Golgi bodyand the nucleus in each
cell was determined relative to the direction of growth (large arrows). The direction of growthwas used as the reference line (i.e. 08). We analyzed the medial and lateral
regions of the FNP and we labeled them mFNP and lFNP. (B) Immunofluorescent detection of Golgi using GM130 illustrates that the Golgi body is located on one side
of the nucleus in all of the cells of the FNP. Scale bar ¼ 33 mm.
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decreased cell proliferation was unlikely to explain this
outcome. Therefore, we examined changes in cell polarity of
the mesenchymal cells comprising the faces of these embryos,
because directional cell properties are thought to regulate direc-
tional growth of the limb bud. There is a plethora of data indicat-
ing that FGF signaling regulates various aspects of cell polarity
during animal development. First and foremost, FGF signaling
may modify WNT signaling to control cell polarity. For
example, interactions between the FGF and WNT pathways
control collective polarized cell migration during development
of mechanosensory neurons in zebrafish (62). Disruption of
FGF signaling in sea urchin embryos causes defects in
convergence-extension movements during gastrulation (63).
Exactly how FGF signals are translated into changes in cell po-
larization are not known. However, there is good evidence for
direct interaction between components of the FGF cascade and
the cytoskeleton. For example, ectopic activation of the ERK
pathway, due to decreased Spry activity, changes the orientation
of the mitotic spindle during branching morphogenesis of the
lung (64). Furthermore, ERK signaling regulates positioning
of the Golgi in migrating cells (58). The Golgi apparatus is polar-
ized in moving cells and is located between the nucleus and the
leading edge of the cell (65,66). The ERK/MAPK pathway is
required for Golgi repositioning to the leading edge of migrating
cells (58), because it directly phosphorylates proteins in the
Golgi that are required for unpacking of the cisternae (67). Add-
itionally, studies in drosophila have suggested the Hedgehog
pathway influences cell polarity by regulating expression of
key components of the planar cell polarity pathway (68). Here,
we observed decreased expression of Shh in the surface ectoderm
which could contribute to altered cell polarity via an indirect
mechanism such as described in drosophila, but the role of the
planar cell polarity pathway during the early stages of facial mor-
phogenesis that we are studying are not known. Nonetheless,
while the relative contributions of increased FGF signaling
and decreased Shh expression are not known, it is likely that inte-
grated signaling between these two pathways has contributed to
the phenotypes we observed. This idea is supported by a recent
paper that shows how changes in activation of the SHH
pathway at early developmental time points lead to facial dys-
morphology by increasing Fgf8 expression (69).

Most studies of cell polarity utilize epithelial cells, which have
well-defined apical, basal, and even lateral polarity. However,
we wanted to assess mesenchymal cells, so we used the location
of the Golgi apparatus as a marker of polarity. In addition to
being a good assay for polarization of mesenchymal cells,
Golgi localization may also be a direct consequence of FGF sig-
naling via the ERK pathway (58). Therefore, we investigated
Golgi orientation in the mesenchymal cells of the FNP. In
control embryos, we observed polarization of the Golgi body
in individual neural crest cells, and when we examined the

Figure 6. Golgi orientation analysis in embryos. Wind rose diagrams illustrate
the Golgi body orientation relative to the reference line (direction of growth).
The number of cells aligned in any 10 degree increment is illustrated by the
height of the bar occupying that 10 degree segment. The mean orientation of
the Golgi relative to the reference line is illustrated by the dotted line, and the

magnitude and consistency ratio is shown in Table 1. mFNP ¼ medial part of
the FNP, lFNP ¼ lateral part of the FNP. (A and B) Cell orientation at HH22.
(C and D) Cell orientation is similar at HH24. (E and F) Cell orientation
appears more randomized in embryos infected with RCAS::Fgf8. (G and H)
Embryo with a severe phenotype after infection with RCAS::FgfR2C278F

shows a randomized distribution of cell orientation. (I and J) In an embryo
with a less severe phenotype, the distribution of cell orientation appears less
random than in severely affected embryos.
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entire population of cells we discovered that the cells in the popu-
lation had a similar Golgi body angle relative to the direction of
growth. This suggests that the population of neural crest cells
were undergoing a co-ordinated movement in the same direc-
tion. However, after activating the FGF pathway the polarization
appeared random and growth of the FNP was amorphous.

We next wanted to determine the extent to which alteration in
Golgi body positioning could have resulted from alterations to
non-canonical WNT signaling that may have been induced by
aberrant FGF signaling. We examined expression of Wnt5a
and Wnt9b and determined that FGF signaling did not cause a
significant alteration in the candidate Wnts that would likely
control cell polarity. These observations, combined with
decreased expression of dpERK that we observed, and the previ-
ously published data described above suggest that FGF signaling
is directly responsible for controlling positioning of the Golgi
body in neural crest cells, and that this polarity is directly
related to facial morphogenesis.

Relationship among cell proliferation, cell polarity
and facial morphogenesis

Two major processes have been used to explain morphogenesis:
(1) regional differences in cell proliferation and apoptosis and
(2) oriented cell behaviors. The limb bud has been extensively
used to study these mechanisms of morphogenesis, and much
of our understanding of this process has emerged from research
on this system. Anisotropic cell proliferation has been the long-
standing model used to explain how limb buds undergo patterned
outgrowth (70,71). However, recent research has revealed that
polarized cell movement, oriented cell division and biased
Golgi position contribute to directional outgrowth in the limb
bud (5,6,8). Similarly, orientated cell division has been observed
and is thought to govern patterned outgrowth of the imaginal
discs in drosophila (72), suggesting that directional cellular
behaviors may have fundamental and significant roles in many
aspects of morphogenesis in multicellular organisms. Important-
ly, these two models are not mutually exclusive, both processes
could be required for morphogenesis.

During facial morphogenesis, there are a series of reciprocal
epithelial–mesenchymal signaling interactions that control
integrated growth of the various facial primordia. FGF, SHH
and WNT signaling play critical roles during facial morphogen-
esis (10). Studies from our lab, as well as other labs, have demon-
strated that SHH and FGF signaling from the ectoderm
determines the rate of cell proliferation in the mesenchyme com-
prising the facial prominences (12,73,74), and regional differ-
ences in the location of the zones of mesenchymal cell
proliferation are associated with divergent morphologies of the

upper jaw anlagen of chick and duck embryos (2). We have
also shown that SHH signaling produces morphological vari-
ation and differential cell proliferation in the FNP mesenchyme
due to changes in Shh expression patterns in the FNP ectoderm
(11,45). In these previous studies, we observed morphological
changes including changes in size, but we did not analyze direc-
tional cell properties that could have influenced the shape of the
developing facial primordia.

Here, we observed that altering FGF signaling either by ectopic
expression of FGF8 ligand or expression of an FGF receptor
mutant that is constitutively active alters polarity of neural crest
mesenchyme. We show that the spatial organization of gene ex-
pression patterns may contribute to morphogenesis by providing
molecular cues that affect cellular properties of populations of
cells during morphogenesis. In this case, cell polarity of the
facial mesenchyme appears to result in part from a restriction of
FGF8 signals to specific regions of the facial ectoderm. In the
FNP, when FGF8 is not restricted, or when the FGF pathway is
ectopically activated, cell polarity is disrupted and the resulting
growth is not directed. Rather, the FNP appears to expand radially
leading to a dysmorphic face, and the phenotype of the treated
embryos was more variable than controls. From these outcomes,
we posit that in addition to regionalized cell proliferation, polar-
ized cell movement also contributes to correct morphogenesis.
This may possibly reflect a type of net convergence-extension
movement whereby neural crest cells slide between each other
and this leads to extension of the primordia in a direction that is
perpendicular to the direction of movement. This model is
based on recent evidence of a similar mechanism occurring
during proximodistal extension of the limb bud (5,6,8).

In summary, craniofacial morphogenesis is a complex process
that requires integration of events occurring at the molecular,
cellular and tissue level and over multiple developmental time
periods. Molecular signals regulate specific cell processes such
as proliferation and polarized movement that direct tissue mor-
phogenesis such as initial formation and outgrowth of the
facial prominences. This coordinated outgrowth results in
fusion of the various primordia that comprise the developing
amniote face. Additionally, changes in the localization of the
molecular signals lead to alterations in morphogenesis which
may be associated with disease or variation that can be selected
upon by natural selection.

MATERIALS AND METHODS

Preparation of RCAS viruses

The replication-competent avian sarcoma (RCAS) retrovirus
vector was modified to use the GATEWAY cloning system

Table 1. Statistical analysis of Golgi orientation

HH22 HH24 Fgf8 C278F severe C278F mild
mFNP lFNP mFNP lFNP mFNP lFNP mFNP lFNP mFNP lFNP

Vector mean 348.67 348.58 359.35 0.93 46.61 325.69 11.56 289.31 353.67 359.10
Angular deviation +66.66 +64.67 +63.30 +68.41 +78.73 +78.46 +71.58 +80.75 +72.59 +62.99
Magnitude 249.18 164.8 221.39 85.01 29.64 38.89 30.31 0.89 85.1 124.65
Consistency ratio 0.3232 0.363 0.3898 0.2872 0.0559 0.0624 0.2197 0.007 0.1974 0.3957

The direction of growth is used as the reference line (i.e. 08; Fig. 4A).
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(Invitrogen) and to contain a Cytomegalovirus promoter. The
human FgfR2 gene containing a mutation that results in a conver-
sion of amino acid residue 278 from Cys to Phe (33) was then
inserted into the modified RCAS vector.

To produce viral particles, DF-1 cells were grown in MEM
containing 10% FBS. When cells reached 70–80% confluence,
RCAS::Fgf8, RCAS::FgfR2C278F and RCAS::AP plasmids were
transfected into DF-1 cells using Lipofectamine 2000 (Invitro-
gen). Two days later, cells were transferred to T75 flasks
(Nunc). After the cells became confluent, the growth media
was replaced with MEM containing 1% FBS. Supernatant was
collected for 3 days and then viral particles were concentrated
by ultracentrifugation (43).

Infection with RCAS virus

Embryos (SPAFAS) were incubated to HH10, then a hole was
made in the shell and a solution of neutral red was applied to
the vitelline membrane to visualize the embryo. Solutions of
polybrene and viral particles (RCAS::FgfRC278F, RCAS::Fgf8,
RCAS::AP) were prepared by mixing 10 ml of viral supernatant
with 1 ml polybrene (8 mg/ml) and 1 ml of 0.02% Fast Green.
This mixture was loaded into a pulled borosilicate glass capillary
pipette (OD ¼ 1.0 mm; ID ¼ 0.5 mm; Sutter Instrument,
Novato, CA, USA) that was then connected to a KITE-R micro-
manipulator (World Precision Instruments Sarasota, FL, USA).
Injections were carried out using a PV830 Pneumatic Picopump
(World Precision Instruments Sarasota). Approximately 100–
150 nl of virus-dye solution was injected into the mesenchyme
on each side of the forebrain of HH10 embryos (43).

Embryo processing

Viable embryos were removed from the shell and fixed overnight
in 4% PFA at 24, 48, 72 and 96 h postinfection. Embryos were
washed in PBS, placed in PBS containing 0.01% ethidium
bromide and photographed using a Leica MFLZIII dissecting
microscope equipped with epifluorescent illumination. After
imaging, embryos were dehydrated through graded ethanols
and cryoembedded in OCT or cleared and embedded in paraffin.
Sections were cut from the blocks (10 mm).

2D morphometrics and PCA

Geometric morphometric analyses of shape were performed as
described in (44). Briefly, embryos collected 72 h posttreatment
were placed in cold PBS and imaged in frontal view at a consist-
ent magnification (2.0×). Forty-five bilaterally symmetric land-
marks were applied to each photo in ImageJ (NIH), and the
location and coordinates (x, y) recorded. Raw landmark coordi-
nates were averaged across the axis of symmetry (i.e. left and
right sides) and subjected to a Procrustes superimposition to
remove the effect of alignment, rotation and scale. These new
Procrustes landmark data were regressed against a shape-size
trajectory estimated from a normal embryonic series spanning
the period in question. The subsequent size-free residuals were
used as input for a PCA. All analyses were performed in
MorphoJ.

BrdU labeling

72 h postinfection and 20 min prior to collection, 200 nl of BrdU
labeling reagent (Invitrogen) was injected into a blood vessel
near the heart. Embryos were fixed, embedded and sectioned
as described. BrdU-labeled cells were visualized on paraffin sec-
tions; detection of BrdU incorporation was assessed by immuno-
histochemistry following the manufacturer’s instructions
(Invitrogen). BrdU incorporated cells were counted (Olympus)
and the percentage of proliferating cells in the medial portion
of the FNP were determined. Analysis of variance (ANOVA)
was performed to determine statistical significance (P , 0.05).

Whole mount in situ hybridization

Whole mount in situ hybridization was performed as previously
described (11). Subclones of Fgf8, Shh, Wnt5a and Wnt9b
(11,75) were linearized for in vitro transcription (Roche) of
Digoxigenin-labelled antisense riboprobes. Embryos were
dehydrated and rehydrated with a graded series of methanol. Pro-
teinase K (10 ng/ml) digestion is 20–30 min, then embryos were
fixed with 4% PFA. Hybridization was performed at 65 degrees
overnight. On the second day, non-binding unbound probes were
washed away at the same temperature. Embryos were subjected
to antibody hybridization with AP-conjugated anti-DIG
(1:2000; Jackson Lab). Third day, color development was
done in BM-purple (Roche).

RNA extraction, cDNA synthesis and quantitative PCR

The FNP of HH22 embryos was dissected and subjected to 2 mg/
ml Dispase digestion on ice for 30 min. Neural-ectoderm and
surface ectoderm were separated from the mesenchyme using
Tungsten needles. Mesenchyme from individual embryos was
used to make mRNA, but for ectoderm, tissues from three
embryos were pooled. RNA samples were isolated using
RNeasy kit (Qiagen). cDNA synthesis used Invitrogen Superscript
III following the manufacturers instructions. qPCR was done using
a Bio-Rad CFX96 real-time PCR machine. qPCR primers for spe-
cific genes are listed in supplemental information. Relative gene
expression was calculated based on the 2(−DCt).DCt was calculated
between each target gene and GAPDH. At least three biological
replicates were prepared for all analyses. Figures are shown in
mean+SEM. Two-way ANOVA and Student’s t-test were used
for statistical analysis.

Western blot

To isolate protein for western blot analysis, the FNP of HH22
embryos was dissected, and the ectoderm and mesenchyme
was separated using Tungsten needles. Mesenchymal cells
from eight embryos in each group were pooled and homogenized
in 100 ml of RIPA lysis buffer supplemented with Protease and
Phosphotase inhibitors (Pierce). The protein concentration was
determined using the Bradford assay. Twenty microliters of
6× SDS loading buffer were added to each homogenate and
boiled for 5 min. This experiment was repeated three times.

Approximately 5 mg of total protein was loaded onto a 4–
15% gradient polyacrylamide gel (Bio-Rad), and proteins were
resolved and transferred to a PVDF membrane. After blocking
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(5% dry milk), the membranes were incubated with antibodies to
dpERK1/2; total ERK1/2 (1:1000, Cell Signaling); pPLCg1
(Invitrogen 1:1000), total PLCg1 (1:1000, Santa Cruz); pAKT,
total AKT (Cell Signaling, 1:1000) and bACTIN (1:1000,
Santa Cruz). Detection was done using horseradish peroxidase-
conjugated secondary antibodies and enhanced chemilumines-
cence (Pierce Pico or Dura Kit). The same membrane was used
to probe phospho- and total forms of each protein. After detect-
ing the phospho-form, the membrane was stripped using strip-
ping buffer and agitation for 5 min. Then the membrane was
washed with TBST and blocked in 5% dry milk for 1 h. The
membrane was then re-probed as described above.

Immunohistochemistry and immunofluorescence

Embryos were fixed in 4% paraformaldehyde overnight and em-
bedded in OCT compound (Takara). Blocks were sectioned
using a cryostat (Thermo Scientific). Twenty-micron sections
were collected, mounted on slides and stored at 2208C until
analysis. Before staining, slides were soaked in PBS for
30 min to remove OCT. Then, samples were treated for
�8 min with TBST/0.2–0.5% Triton X-100 solution. Primary
antibodies were GM130 (BDbiosciences, 1:350). Primary anti-
bodies were incubated with sections at 48C overnight. Secondary
antibodies were Rhodamine Red-X anti-mouse (Jackson Im-
munology, 1:500). Slides were mounted using VectaShield
after counterstaining with DAPI (Vectorlab). A Nikon Spectral
Confocal Microscope C1 at the UCSF Nikon Imageing Center
was used to collect Z-stacks from sections.

Golgi body orientation analysis

The angle that the Golgi body makes to the nucleus and the
direction of growth was measured using ImageJ (see diagram
in Fig. 4). More than 300 cells in each of at least three
individual embryos from each group were analyzed. Rose
2.1.0 (http://mypage.iu.edu./~tthomps/programs/) was used to
generate a wind rose diagram to graphically display the distribu-
tion of Golgi angles among embryos and was used to determine
the mean vector direction and the consistency ratio.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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