














proliferation and/or differentiation. In Wnt1-Cre;Erk2fl/fl mice, the
proliferation, survival and differentiation of the myogenic
precursors are unaffected, suggesting that mechanical restriction
produced by the small mandible plays a major role in the tongue
phenotype. The misorientation of the tongue muscles inWnt1-Cre;
Erk2fl/fl mice is consistent with the asymmetry of the mandible, and
the onsets of the macroscopic defects in the tongue and mandible
coincide. Furthermore, the septum and tendons for the extrinsic
muscles of the tongue are affected in Wnt1-Cre;Erk2fl/fl mice;
consequently, the insertion of these muscles into the mandible is
abnormal. This feature may be independent of the defect in
mandibular osteogenesis or linked to it, but either way it might alter
the distribution of mechanical forces and contribute to the
malposition of the tongue. Unfortunately, it is not possible to
assess its influence with the techniques currently available. To
examine the intrinsic function of the ERK pathway in the muscular
component of the tongue, we also generated Myf5-Cre;Erk2fl/fl

mice. These mice did not display any malformation affecting the
tongue (data not shown), which highlights the importance of the
ERK pathway in neural crest-derived structures for the correct
patterning and organization of tongue muscles.
Several previous studies have reported the failure of palate

elevation due to physical obstruction by the tongue in mice (Huang
et al., 2008; Song et al., 2013). However, only mutation of Prdm16
causes failed palate elevation associated with a highly positioned
tongue and smaller mandibular bone, mimicking human PRS
(Bjork et al., 2010) and similar to Wnt1-Cre;Erk2fl/fl mice. Still,
there is no direct evidence to show that the cleft palate in Prdm16
mutant mice is due to the mandibular malformation. ActRcII-

deficient mice, which lack activin type II receptor (Acvr2), also
show skeletal and facial abnormalities reminiscent of PRS but with
very low penetrance (Matzuk et al., 1995). Here we present an
animal model with 100% phenotype penetrance, ideal for the
analysis of this developmental disorder with the ultimate goal of
elucidating its pathogenesis and generating preventive approaches
and/or early and more effective therapies. This is relevant from a
clinical perspective because PRS in humans has a relatively high
incidence of 1:8500-14,000 live births and it frequently leads to life-
threatening obstructive apnea and feeding difficulties during the
neonatal period (Tan et al., 2013).

The role of ERK/MAPK in mandibular osteogenesis
A number of human syndromes result from mutations in diverse
members of the ERK/MAPK cascade (Aoki et al., 2008; Narumi
et al., 2007; Newbern et al., 2008; Roberts et al., 2006). All of these
syndromes display various skeletal manifestations, including short
stature and craniofacial and limb abnormalities (Aoki et al., 2008;
Narumi et al., 2007; Newbern et al., 2008; Roberts et al., 2006). In
this work, we have shown that ablation of the ERK pathway in
neural crest derivatives leads to a severe defect in osteogenic
differentiation in the mandible. Although our results suggest that the
ERK pathway is active in specific domains of the palate, tongue and
mandible at different developmental stages, the phenotype ofWnt1-
Cre;Erk2fl/fl mice indicates a differential requirement for this
pathway in these structures. Similarly, Srfmutant mice display fully
penetrant mandibular hypoplasia but their maxillary hypoplasia is
less severe than that ofWnt1-Cre;Erk2fl/flmice and the tongue is not
affected (Newbern et al., 2008). Srf is a downstream target of the

Fig. 7. Tongue defects in Wnt1-Cre;Erk2fl/fl mice are
secondary to micrognathia. (A) Macroscopic view of tongue
explants from control and Wnt1-Cre;Erk2fl/fl embryos after 7
days of culture. Dashed lines delineate the tongue. (B) Volume
analyses of cultured control and Wnt1-Cre;Erk2fl/fl tongues
(n=4 and n=3, respectively). (C-F) HE staining (C,D) and MHC
immunostaining (E,F; green) of coronal sections of tongue
explants cultured for 7 days. n=4. Scale bars: 200 µm.
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ERK pathway, which acts through the ternary complex factors
(Dalton et al., 1993). Therefore, we speculate that the high
sensitivity of the mandible to loss of Erk2 is due to a lack of
functional redundancy with other members of the pathway and/or to
the expression of a different set of transcriptional downstream
targets compared with the palate or tongue.
Mandibular bone formation occurs via intramembranous

ossification, in which mesenchymal cells differentiate directly
into osteoblasts (Orliaguet et al., 1993). Previous in vitro and in vivo
studies have shown that the ERK pathway is involved in the
regulation of both endochondral and intramembranous ossification
processes (Chen et al., 2014; Kyono et al., 2012). For example,
Prx1-Cre;Erk1−/−;Erk2fl/flmice exhibit defective bone formation in
their limbs and calvaria, which is mainly caused by a disruption of
the osteoblast differentiation program after Runx2, Sp7 and Atf4
expression and before osteocalcin (Bglap) expression. In addition,
ectopic cartilage was formed in these mice (Matsushita et al., 2009).
Prx1-Cre;Erk1−/−;Erk2fl/fl mice exhibit no mandibular defects,
probably because only a subset of neural crest cells was affected. In
Wnt1-Cre;Erk2fl/fl mice, the expression of master transcription
factors such as Sp7 and Runx2 was severely downregulated in the
mandibular primordium (data not shown), suggesting that the ERK
pathway is involved in the regulation of early steps in the osteogenic
differentiation program. Specifically, ERK activation might define
the pool of osteogenic progenitors in the mandible that will
differentiate into osteoblasts but is unlikely to be involved at later

stages of osteoblast differentiation. This model is based on the
activation pattern of the ERK pathway, in which P-ERK is
detectable in mesenchymal cells that are committed to the
osteogenic lineage but disappears at later stages in differentiated
Col1a1-positive osteoblasts. In contrast to our data, late effects of
the ERK pathway on osteoblast differentiation have been reported
in limbs and calvarial bone (Ge et al., 2007; Kyono et al., 2012).
Further analyses of downstream molecular events in Wnt1-Cre;
Erk2fl/fl mice are needed to understand the functional mechanism of
the ERK pathway during mandible bone development.

MATERIALS AND METHODS
Generation of transgenic mice
Mating Wnt1-Cre;Erk2fl/+ mice with Erk2fl/fl or Erk2fl/fl;R26Rfl/fl mice
generated Wnt1-Cre;Erk2fl/fl and Wnt1-Cre;Erk2fl/fl;R26Rfl/+ mice,
respectively. Osr2-Cre;Erk2fl/+ mice were crossed with Erk2fl/fl mice to
generate Osr2-Cre;Erk2fl/fl mice. Animal usage was approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of
Southern California.

MicroCT scanning and 3D reconstruction
Control and Wnt1-Cre;Erk2fl/fl newborn mice were sacrificed and heads
were fixed in 4% paraformaldehyde (PFA). The skulls were imaged using a
microCT system (Scanco Medical_V1.2a) as previously described (Parada
et al., 2013). Visualization and 3D microCT reconstruction of the skull were
performed using Isosurface parameters in Avizo 7 (Visualization Sciences
Group).

Fig. 8. The onset of mandibular defects precedes palatal shelf elevation. (A-D) Sagittal views of 3D reconstructions from microCT scans (A,B) and Alizarin
Red/Alcian Blue staining (C,D) of newborn control andWnt1-Cre;Erk2fl/fl skulls. Arrow in D points to the malformed mandible in Erk2mutant mice. (E-H) Intraoral
views of 3D reconstructions from microCT scans (E,F) and Alizarin Red/Alcian Blue staining (G,H) of newborn control and Wnt1-Cre;Erk2fl/fl mandibles.
(I) Quantification of the volume of control andWnt1-Cre;Erk2fl/flmandibles from 3D reconstructions. *P<0.05. (J-M) Macroscopic sagittal views of E13.5 and E14.5
control and Wnt1-Cre;Erk2fl/fl embryos. Arrowheads indicate malformed mandibles. (N-Q) Skeletal staining of skulls and mandibles from E14.5 control and
Wnt1-Cre;Erk2fl/fl embryos. n=3 for each stage. Scale bars: 1 mm.
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Skeletal staining
Skeletal staining of the skull of Wnt1-Cre;Erk2fl/fl and control mice was
performed using a modified Alcian Blue-Alizarin Red S staining
protocol. Briefly, newborns were fixed in 4% PFA, followed by a 1 h
wash in double-distilled (dd) H2O and post-fixation in 70% ethanol.
The skin and internal organs were removed. The skeletons were stained
with 0.02% Alcian Blue 8GX for 2 days. The samples were washed
with ethanol/glacial acetic acid (7:3) for 1 h. Then, they were soaked in
100% ethanol overnight and then in ddH2O for 1 day. Once the
cartilage was detectable, Alizarin Red staining was performed
overnight. Finally, the samples were treated with a KOH/glycerol
series and stored in glycerol.

Histological analysis
For general morphology, deparaffinized sections were stained with
Hematoxylin and Eosin (HE) using standard procedures. X-gal staining
and detection of β-galactosidase (β-gal) activity in whole-mount
embryos and tissue sections were performed as previously described
(Chai et al., 2000).

Organ culture of palates
Timed-pregnant mice were sacrificed at E13.5. The palatal shelves of the
embryos were microdissected and cultured in serum-free chemically defined
medium as previously described (Ito et al., 2003). To test epithelial
degeneration and fusion, palatal shelves were placed in contact at the
midline and cultured for 3 days. Then, they were fixed in 4% PFA and
prepared for histology and immunostaining.

Organ culture of tongues and volumetric analysis
Timed-pregnant mice were sacrificed at E12.5. The tongues of the
embryos were microdissected and cultured in serum-free chemically
defined medium as previously described for the culture of palatal

explants (Ito et al., 2003). Tongues were cultured for 7 days. Then, they
were fixed in 4% PFA and prepared for histology and immunostaining.
3D reconstruction and volumetric analyses were performed using
BioVis3D software.

Rotational explant culture
Timed-pregnant mice were sacrificed at E13.5 and decapitated in PBS. The
mandibles and tongues were removed from the embryos and each explant
including the upper two-thirds of the head was placed in a 50-ml Falcon tube
containing 5 ml BGJb (Gibco, 12591) supplemented with 50% fetal bovine
serum and antibiotics. Tubes were placed in a rotary apparatus rotating at
50 rpm in an incubator at 37°C and 5% CO2. After 3 days in culture, the
explants were fixed in 4% PFA and processed.

BrdU incorporation and immunohistochemistry
Cell proliferation within the palate was monitored by intraperitoneal
5-bromo-2′-deoxyuridine (BrdU, Sigma) injection (100 µg/g body weight)
at E12.5, E13.5 and E14.5. Two hours after injection, mice were
sacrificed and embryos were fixed in 4% PFA and processed for
immunohistochemistry. Detection of BrdU-labeled cells in E13.5 and
E14.5 embryos was carried out using an antibody to BrdU followed by
incubation with a fluorescent antibody. The BrdU Labeling and Detection
Kit (Boehringer Mannheim) was used to process E12.5 samples. Other
antibodies used for immunohistochemistry included myosin heavy chain
(MHC; DSHB; 1:10), active caspase 3 (Abcam, ab2302; 1:100), K14 (Santa
Cruz Biotechnology, sc-17104; 1:25), Ki67 (Abcam, ab15580; 1:100), Link
protein (DSHB; 1:25), Myod1 (Abcam, ab203383; 1:50), phosphohistone
H3 (PH3; Millipore, 06-570; 1:100), SP7/osterix (Abcam, ab22552; 1:100)
and P-ERK1/2 (Cell Signaling Technology, 4370; 1:25). Alexa Fluor 488
and 594 fluorescent secondary antibodies (Invitrogen Life Technologies;
1:400) were used. Sections were counterstained with DAPI and imaged by
fluorescence microscopy.

Fig. 9. Osteogenic differentiation is compromised in Wnt1-Cre;Erk2fl/fl mandibles. (A-D) Active caspase 3 (A,B; green) and Ki67 (C,D; green)
immunostaining of control andWnt1-Cre;Erk2fl/fl mandibles. Arrowheads indicate apoptotic cells. (E,F) Sox9 in situ hybridization of control andWnt1-Cre;Erk2fl/fl

embryos. (G) Quantification from C,D of proliferating cells in three different areas of the mandible: Meckel’s cartilage, adjacent mesenchyme, and the osteogenic
front (OF). (H-K) Sp7 immunostaining and type 1 collagen (Col1a1) in situ hybridization of control and Wnt1-Cre;Erk2fl/fl mandibles. Arrowhead indicates weak
expression of Col1a1. Dashed lines delineate the Meckel’s cartilage. n=3 for each analysis. Scale bars: 200 µm.
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In situ hybridization
The expression patterns of Shh, Sox9 and Col1a1 were examined by in situ
hybridization using digoxigenin-labeled antisense probes following
standard procedures (Wilkinson, 1992; Xu et al., 2005). Paraffinized
sections or dissected palatal shelves were used.

Microarray analysis
Total RNA samples (1 µg per sample) were converted into biotin-labeled
cRNA using the GeneChip IVT Labeling Kit and standard protocols
recommended by Affymetrix. Fragmented cDNAwas applied to GeneChip
Mouse Genome 430 2.0 Arrays (Affymetrix) that contain probe sets
designed to detect over 45,000 transcripts. Microarrays were hybridized,
processed and scanned as previously described using the manufacturer’s
recommended conditions. The R/Bioconductor software suite was used to
generate scaled log2 transformed gene expression values using the GCRMA
algorithm. Differential expression of transcripts was evaluated using a
moderated t-test and P-values calculated by the limma Bioconductor
package (Smyth et al., 2005). The false discovery rate (FDR) was estimated
using the SPLOSH (spacings LOESS histogram) method. Transcripts
showing >1.5-fold differential expression with a <5% FDR were identified
as differentially expressed. All scaled gene expression scores and .cel files
are available at the National Center for Biotechnology Information (NCBI)
Gene Expression Omnibus (GEO) repository under series accession number
GSE67087.

Quantitative (q) PCR analysis
Total RNA was isolated from dissected tissues using the RNeasy Mini Kit
(Qiagen). The QuantiTect Reverse Transcription Kit (Qiagen) was used for
cDNA synthesis. qPCR was carried out on an iCycler (Bio-Rad) with gene-
specific primers and SYBR Green (Bio-Rad). Values were normalized to
Gapdh.

Statistical analysis
Two-tailed Student’s t-tests were applied for statistical analysis. For all
graphs, data are represented as mean±s.d. P<0.05 was considered
statistically significant.
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