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Abstract
Cleft palate is a common birth defect in humans. Therefore, understanding the molecular genetics of palate development
is important from both scientific and medical perspectives. Lhx6 and Lhx8 encode LIM homeodomain transcription factors,
and inactivation of both genes in mice resulted in profound craniofacial defects including cleft secondary palate. The initial
outgrowth of the palate was severely impaired in the mutant embryos, due to decreased cell proliferation. Through genome-
wide transcriptional profiling, we discovered that p57Kip2 (Cdkn1c), encoding a cell cycle inhibitor, was up-regulated in the
prospective palate of Lhx6−/−;Lhx8−/−mutants. p57Kip2has been linked to Beckwith–Wiedemann syndromeand IMAGe syndrome
inhumans,which are developmental disorderswith increased incidents of palate defects among the patients. To determine the
molecular mechanism underlying the regulation of p57Kip2 by the Lhx genes, we combined chromatin immunoprecipitation,
in silico search for transcription factor-binding motifs, and in vitro reporter assays with putative cis-regulatory elements. The
results of these experiments indicated that LHX6 and LHX8 regulated p57Kip2 via both direct and indirect mechanisms, with the
latter mediated by Forkhead box (FOX) family transcription factors. Together, our findings uncovered a novel connection
between the initiation of palate development and a cell cycle inhibitor via LHX. We propose a model in which Lhx6 and Lhx8
negatively regulate p57Kip2 expression in the prospective palate area to allow adequate levels of cell proliferation and thereby
promote normal palate development. This is the first report elucidating a molecular genetic pathway downstream of Lhx in
palate development.

Introduction
Craniofacial abnormalities are a major class of birth defects in
humans. For example, cleft palate affects 1 in ∼1000 births, and
it can lead to serious physical (eating difficulty, ear infection)
and socio-psychological (speech, self-esteem) problems (1–5).

The current treatment for cleft palate often requires repeat sur-
geries and lengthy therapies by a team of multidisciplinary pro-
fessionals (6–8), imposing significant burden to the patients,
families and the society. To devise novel and improved strategies
against the cleft palate defect, it is essential to gain detailed
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knowledge on the molecular mechanisms underlying normal
and abnormal palate development (palatogenesis).

Mice provide an excellent model system for studying palato-
genesis because the process is highly conserved between mice
and humans (9–11). In both organisms, the orofacial region devel-
ops from the embryonic facial primordia known as the frontona-
sal prominence and the first pharyngeal arch, which are bulges of
largely neural crest-derived mesenchyme covered with epithe-
lium (12,13). The first pharyngeal arch gives rise to the jaw, and
it is further divided into the maxillary arch (prospective upper
jaw) and the mandibular arch (prospective lower jaw). The pri-
mary palate forms from the fusion of the frontonasal prominence
andmaxillary arches at the rostral end of the face, around embry-
onic day (E) 10.5 inmice (mouse gestation is 19 days). The second-
ary palate develops more caudally, from the medial side of the
maxillary arches. It first appears as a bilateral outgrowth of the
palatal anlagen, called palatal shelves, on either side of the ton-
gue at ∼E11.5. Subsequently, the palatal shelves elongate verti-
cally, elevate themselves into a horizontal position above the
tongue (∼E14), grow toward each other and fuse at the midline
at ∼E16.5 to complete the palatogenesis (9–11). This process is
under tight genetic regulation, and perturbation in any of the
steps can lead to cleft palate.

Studies of mouse mutants have identified a large number of
genes regulating various stages of palatogenesis (10,11). These
include components of major signaling pathways in develop-
ment, such as FGF, BMP, SHH, TGFβ, WNT and Notch pathways,
and transcription factor genes such as Dlx1/2, Msx1, Msx2, Osr2,
Shox2, Pax9, Mn1, Tbx22 and Irf6. Many of these genes have also
been linked to syndromic and/or non-syndromic cleft palate in
humans (14–17). However, the molecular genetics of palatogen-
esis are incompletely understood. In particular, little is known
about the factors that regulate the initiation of palatogenesis fol-
lowing the establishment of the facial primordia (10,11).

LIM domain homeodomain (LIM-HD) proteins are a family of
transcription factors characterized by two cysteine-rich LIM do-
mains for protein–protein interactions and a homeodomain for
binding DNA (18). Mammals have 12 LIM-HD proteins (ISL1,
ISL2, LHX1-LHX6, LHX8, LHX9, LMX1A and LMX1B), which can
be classified into 6 paralogous pairs based on sequencehomology
(18). Data mainly from the studies on LHX3 have indicated that
LHX proteins function in multimeric complexes (18,19). The LIM
domains of an LHX protein bind to the LIM-interaction domain of
LIM domain binding protein 1 (LDB1), a ubiquitously expressed
co-factor. Because LDB1 also has a self-dimerization domain, a
tetramer of two LDB1 and two LHX proteins forms. If more than
one types of LHX proteins are expressed in a cell, the LHX–LDB1
complexes can contain different combinations of LHX proteins,
which may result in transcriptional complexes with different
DNA target specificity.

While many Lhx genes are involved in tissue patterning and
cell differentiation during embryonic development, a pair of
paralogues, Lhx6 and Lhx8, plays the most prominent role in the
developing face (20–22). The two genes are expressed in the oral
mesenchyme of the first pharyngeal arch from ∼E9.5, and subse-
quently in the developing palate and teeth (20,21). Inactivating
Lhx6 in mice (Lhx6−/−) caused reduction of the palatal processes
of maxilla bone without overt cleft (23,24). Lhx8−/− mutants had
cleft secondary palate with 60% penetrance, and this phenotype
was attributed to the deficiency in the horizontal growth of the
palatal shelves after elevation (21). Importantly, simultaneous in-
activation of Lhx6 and Lhx8 (Lhx6−/−;Lhx8−/−) led to fully penetrant
cleft secondary palate (22), indicating that the two genes play

crucial yet overlapping roles in palatogenesis. However, no mo-
lecular and cellular details of this phenotype have been reported
to date. In humans, LHX8 has been linked to an increased risk of
cleft palate and a familial case of cleft lip (23,25,26).

Here, we describe a detailed pathology of the cleft palate
defect of Lhx6−/−;Lhx8−/− mutants. We discovered that the abla-
tion of Lhx6 and Lhx8 severely impaired the outgrowth of the
palatal shelves from the onset of the palatogenesis, and this
was attributed to decreased cell proliferation in the prospective
palate area of the mutant maxillary arches. Furthermore, we
characterized themolecularmechanism underlying the function
of LHX6 and LHX8 in promoting palatal growth, which is to re-
press a cell cycle inhibitor gene p57Kip2 in the maxillary arches.

Results
Lhx6−/−;Lhx8−/− mutants exhibit deficient outgrowth
of the palatal shelves from the onset of palatogenesis

While a previous study reported that mice missing three or four
copies of Lhx6 and Lhx8 (Lhx6−/−;Lhx8+/−, Lhx6+/−;Lhx8−/−, Lhx6−/−;
Lhx8−/−) had fully penetrant cleft secondary palate (22), details
of this phenotype were not described. Therefore, we examined
the morphology of the palate in Lhx6 and Lhx8 compound mu-
tants throughout palatogenesis (E11.5–E16.5) to determine
which step was regulated by the Lhx genes.

In Lhx6−/−;Lhx8−/− mutants, the palatal defect was apparent
from the initial stage of the palatogenesis (E11.5) as severe hypo-
plasia of the palatal shelves at the posterior region of the maxil-
laryarches (Fig. 1E, H and I). Themutant palatal shelves remained
small at subsequent stages and failed to elevate above the tongue
(Fig. 1N, Q, V and Y). Eventually, they were retracted to the lateral
wall of the oral cavity (Fig. 1Z and c). The palatal defect of Lhx6−/−;
Lhx8−/− mutants was less pronounced at an anterior level than at
a posterior level (Fig. 1A, D, J, M, R and U). However, the cleft ex-
tended along the entire length of the secondary palate in themu-
tants (Fig. 1U, Y and C) (22).

The phenotypes of Lhx6−/−;Lhx8+/− and Lhx6+/−;Lhx8−/− mu-
tants provided additional insights into the function of Lhx6 and
Lhx8 in palate development. In thesemutants, the size of the pal-
atal shelves at E11.5 and E13.5 appeared to be in between those of
wild types and Lhx6−/−;Lhx8−/− mutants (Fig. 1E–H, N–Q), suggest-
ing that the dosage of the LHX proteins is important for palatal
growth. The next step, elevation of the palatal shelves, was im-
paired in both Lhx6−/−;Lhx8+/− and Lhx6+/−;Lhx8−/− embryos
(Fig. 1S, T, W, X and b). Although the mutant palatal shelves
were eventually positioned above the tongue by E16.5 (Lhx6−/−;
Lhx8+/−) or E18.5 (Lhx6+/−;Lhx8−/−) (Fig. 1A; data not shown), they
remained widely separated at birth (data not shown).

Ablation of Lhx6 and Lhx8 leads to decreased cell
proliferation in the maxillary arch

To determine the mechanism underlying the regulation of pal-
atal outgrowth by Lhx6 and Lhx8, we performed a series of cellular
and molecular analyses on Lhx6−/−;Lhx8−/− mutants. Because the
hypoplasia of themutant palatal shelves was evident from E11.5,
we focused the investigation on E10.5 maxillary arches to un-
cover causative changes.

We examined apoptosis and cell proliferation in the normal
expression domain of Lhx6 and Lhx8 within the maxillary arch
(demarcated in Fig. 2A and B), using cleaved caspase-3 and phos-
pho-histone H3 as respective markers. The apoptosis appeared
comparable between Lhx6−/−;Lhx8−/− mutant and wild-type
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maxillary arches, with very few apoptotic cells detected in
both groups (Supplementary Material, Fig. S1). On the other
hand, cell proliferation was severely reduced in the Lhx-
mutant maxillary arches, and this was consistent along the
entire antero-posterior axis (Fig. 2A–C). While we noted earlier
that the growth deficiency in the Lhx6−/−;Lhx8−/−-mutant pal-
atal shelves was relatively mild at the anterior level (Fig. 1),
the maxillary arch as a whole was severely hypoplastic at
this position (Supplementary Material, Fig. S2). Therefore,
our cell proliferation results were consistent with the morpho-
logical phenotype. Combining the above data, we concluded
that the palatal growth defect of Lhx6−/−;Lhx8−/− mutants was
attributable to the decrease in cell proliferation in the maxil-
lary arches.

Genome-wide transcriptional profiling identifies the
genes that are differentially expressed between Lhx6−/−;
Lhx8−/− mutant and wild-type maxillary arches

Because Lhx6 and Lhx8 encode transcription factors, the regula-
tion of cell proliferation by these genes can only be indirect,
through changes in the expression of other genes. Therefore,
we performed genome-wide transcriptional profiling to identify
the genes whose expression was altered in Lhx6−/−;Lhx8−/− mu-
tant maxillary arches. We used laser-capture microdissection
to precisely excise the Lhx6 and Lhx8 expression domain from
E10.5 maxillary arches (Fig. 3A–C). RNA samples from three
Lhx6−/−;Lhx8−/− mutant and three littermate wild-type embryos
of matching stage and sex were amplified and hybridized onto

Figure 1.Morphological analysis of the palate defect caused by inactivation of Lhx6 and Lhx8. Coronal sections of the head ofmouse embryos were stained by cresyl violet

to visualize tissue morphology. Only the right half of the face is shown in A–H and J–Q. The dotted lines in E and H indicate the boundary of the palatal shelf used for the

area measurements shown in I. The error bars in I are standard deviations of the data from three embryos per genotype. **P < 0.01 from Student’s t-test. Bidirectional

arrows in N–P indicate the vertical length and width of each palatal shelf. PS, palatal shelf; To, tongue. Scale bar = 0.25 mm.
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Affymetrix Mouse Genome 430 2.0 arrays (Fig. 3D). From this ex-
periment, we obtained a list of 212 genes that were up-regulated
(93 genes) or down-regulated (119 genes) more than 1.5-fold in
Lhx6−/−;Lhx8−/− mutants compared with wild types (= Lhx-regu-
lated genes; Supplementary Material, Table S1). A gene ontology

analysis using theDatabase for Annotation, Visualization and In-
tegratedDiscovery (DAVID) (27,28) revealed that two categories of
molecular functionweremost noticeably over-represented in the
Lhx-regulated genes, i.e. transcriptional regulation (red in Fig. 3E)
and extracellular matrix binding (blue in Fig. 3E).

Figure 2. Reduced cell proliferation in themaxillary arches of Lhx6−/−;Lhx8−/−mutants. (A and B) Coronal sections of the head of E10.5 embryos stained for nuclei (blue) and

phospho-Histone H3 (red). Only the right maxillary arch is shown. The white lines demarcate an approximate area of Lhx6 and Lhx8 expression during normal

development, from which the mitotic indices in C were measured. (C) The comparison of mitotic indices between wild-type and Lhx6−/−;Lhx8−/− mutant embryos at

three positions along the antero-posterior axis of the maxillary arch. The error bars are standard deviations of the data from three embryos per genotype. **P < 0.01,

*P < 0.05 from Student’s t-test.

Figure 3. Genome-wide transcriptional profiling of Lhx6−/−;Lhx8−/− mutant and wild-typemaxillary arches. (A–C) Coronal sections of the head of E10.5 wild-type embryos

showing the right maxillary arch. (A and B) The sections were processed by RNA in situ hybridization. (C) The section was subject to laser-capture microdissection as

demarcated by the red line to harvest the tissue for transcriptional profiling. (D) Summary of the transcriptional profiling experiment. (E) Result of the gene ontology

(GO) analysis of Lhx-regulated genes using DAVID (27,28).
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A cell cycle inhibitor p57Kip2 is overexpressed
in the maxillary arches of Lhx6−/−;Lhx8−/− mutants

The parsimonious explanation for the decreased cell prolifer-
ation in Lhx6−/−;Lhx8−/− mutants would be that the LHX proteins
directly activate or repress the expression of the gene(s) encoding
cell cycle regulators. To investigate this hypothesis, we searched
the list of the Lhx-regulated genes for any of the 126 genes
compiled under ‘Cell Cycle’ in Kyoto Encyclopedia of Genes and
Genomes Pathway Database (29). This search identified two
genes, Gadd45g (Growth arrest and DNA-damage-inducible 45
gamma) and p57Kip2 (=Cdkn1c, Cyclin-dependent kinase inhibitor
1C; Mouse Genome Informatics) (Supplementary Material,
Fig. S3). GADD45G is one of the three GADD45 family proteins;
they inhibit cyclin/cyclin-dependent kinase (CDK) complex at
the G2-M checkpoint of the cell cycle, in addition to playing vari-
ous roles in apoptosis and DNA repair (30–32). p57Kip2 was origin-
ally identified as an inhibitor of the cyclin/CDK complex at G1–S
transition and has been studied extensively in relation to cancer
(33–36). Furthermore, mutations of p57Kip2 have been linked to
syndromes of developmental defects in humans (see Discussion
for details).

Our microarray data showed up-regulation of Gadd45g and
p57Kip2 in Lhx6−/−;Lhx8−/− mutant maxillary arches compared
with wild types, 3.3-fold and 1.7-fold, respectively. The up-regu-
lations were confirmed by section RNA in situ hybridization
(Fig. 4A–D) and reverse transcription followed by quantitative
real-time PCR (qPCR) (data not shown). Interestingly, the overex-
pression of p57Kip2 was most pronounced in the oral-medial
domain of themaxillary arch (Fig. 4A and B, boxed areas), where-
as the overexpression of Gadd45g was in the oral-lateral domain
(Fig. 4C and D, arrows). Because the palatal shelves develop from
the oral-medial side of themaxillary arches,we reasoned that the
up-regulation of p57Kip2 would be more relevant to the palatal
growth defect of Lhx6−/−;Lhx8−/− mutants than the up-regulation
of Gadd45g. Therefore, we investigated the Lhx − p57Kip2 genetic
pathway in detail in the context of palate development.

Immunofluorescence for p57Kip2 protein at E10.5 confirmed
the result of in situ hybridization (Fig. 4E and F); p57Kip2 was clear-
ly detected in the prospective palate area of Lhx6−/−;Lhx8−/− mu-
tants, whereas it was minimally present in the same area of
thewild-type embryos. Also, we found that p57Kip2was onlymod-
erately up-regulated in Lhx6−/− and Lhx8−/− single mutants, indi-
cating that the two Lhx genes co-regulate p57Kip2 (Supplementary
Material, Fig. S4). At E11.5, thewild-type expression of p57Kip2 had
intensified in some parts of the first pharyngeal arch (Fig. 4I
and J). However, it was largely excluded from the areas with
strong Lhx6 and Lhx8 expression, namely, the palatal shelves
and the dentalmesenchyme of themolars (Fig. 4G–J). These strik-
ing complementary patterns of expression between p57Kip2 and
the Lhx genes further suggested that the repression of p57Kip2 by
LHX6 and LHX8 in the oral mesenchyme likely has functional
significance for normal development of the face.

LHX binds to a genomic region at the 5′ end of p57Kip2

and acts as a transcriptional repressor

Next, we wanted to determine whether p57Kip2 is directly regu-
lated by LHX6 and LHX8, through the binding of LHX proteins to
a cis-regulatory element(s) of p57Kip2. To obtain comprehensive
data on the binding of LHX to the genome during craniofacial de-
velopment, we performed chromatin immunoprecipitation
(ChIP) followed by high-throughput sequencing (seq) from E11.5
maxillary arches using anti-LHX6 antibody (Fig. 5A). This experi-
ment identified 6560 genomic regions showing enrichment of
LHX6 binding (=LHX6 peaks) (see Supplementary Material,
Table S2 for the genomic coordinates of the LHX6 peaks).

The LHX6 peaks were highly concentrated near transcription
start sites (TSSs), with 43% of them within 5 kb from a TSS
(Fig. 5B). We identified genes that were ‘associated’ with LHX6
peaks using the criteria that the gene’s TSS is the nearest to
the peak and is <1000 kb away. We found that 4377 genes out of
20 221 genes (=22%) in the whole-genome gene set were

Figure 4. Repression of p57Kip2 by Lhx6 and Lhx8 in the palate area of the maxillary arches. (A–D, G–I) Coronal sections of the head of E10.5 (A–D) or E11.5 (G–I) embryos

processed by RNA in situ hybridization. The right half of the face is shown. The boxes in A and B highlight the strong up-regulation of p57Kip2 in the prospective palate

area. The arrows in C and D point to the up-regulation of Gadd45g in the oral-lateral domain of Lhx6−/−;Lhx8−/− mutant maxillary arches. (E, F and J) Coronal sections of

the head of E10.5 (E and F) or E11.5 (J) embryos stained for nuclei (blue) and p57Kip2 protein (red). E and F are equivalent to the boxed areas in A and B. DM, dental

mesenchyme.
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Figure 5. Identification of an LHX target cis-regulatory element in p57Kip2 locus through LHX6 ChIP-seq. (A) Summary of the ChIP-seq experiment. The dotted line

demarcates the maxillary arch. (B) Distribution of the LHX6 peaks relative to the nearest TSS was analyzed using GREAT (37). (C) Comparison of the percentage of the

genes associated with LHX6 peaks among the whole-genome gene set, which comprises 20 221 well-annotated genes selected by GREAT, and among the 212 Lhx-

regulated genes from our transcriptional profiling. (D and E) Results of the gene ontology analysis of the LHX6 peaks by GREAT. Top ten most enriched terms in the

categories of ‘Expression’ and ‘Phenotype’ are listed. The entries that are relevant to craniofacial development are in red. (F) Comparison of the number of LHX6 peaks

within 10 kb of the TSS of Lhx-regulated genes and random genes, shown as the average number per gene. The error bar is a 95% confidence interval. *Z score >1.98, or

P < 0.05. (G) LHX6 ChIP-seq result at the p57Kip2 locus is visualized by IGB (38). The y-axis corresponds to the fragment density derived from the Illumina sequencing result

(see Materials and Methods for details). The orange bar indicates the LHX6 peak determined by MACS peak-finding algorithm (39). The red box (sil) corresponds to

p57Kip2_sil used in H–K. Shown at the bottom are the Genomic Evolutionary Rate Profiling (GERP) scores of the region taken from UCSC Genome Browser (40,41). (H and I)
ChIP-qPCR from E11.5 maxillary arch cells for p57Kip2_sil and an NC region (NC) located 10 kb away. The error bars are standard deviations from triplicates, and P-values

were calculated between the fold enrichments of NC and p57Kip2_sil. *P < 0.05, **P < 0.01. (J and K) Luciferase reporter assay in primary culture of maxillary arch cells from

E11.5 embryos. The relative luciferase activity from the minimal promoter (minP) was not significantly different (n.s., P > 0.05) whether co-transfected with an LHX

expression vector or empty pCIG as a control. In contrast, the relative luciferase activity from p57Kip2_sil reporter was reduced upon co-transfection of LHX6-pCIG (J) or

LHX8-pCIG (K) compared with empty pCIG. The error bars are standard deviations from triplicates. *P < 0.05.
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associated with at least 1 LHX6 peak, whereas 94 out of 212 Lhx-
regulated genes (=44%) were associated with LHX6 peak(s)
(Fig. 5C). A gene ontology analysis showed that the LHX6 peaks
were significantly associated with the genes expressed in the
face and regulating craniofacial development (Fig. 5D and E).
We also compared the number of LHX6 peaks within 10 kb of
the TSS, and the average number was significantly higher for
Lhx-regulated genes than for random genes (Fig. 5F). So far, we
have performed ChIP-qPCR for eight of the LHX6 peaks (three
described below, and data not shown), and for seven of them,
the result from the ChIP-seq was confirmed.

One of the LHX6 peaks was associated with p57Kip2. This peak
(p57Kip2_sil) encompassed the promoter, the first exon, the first
intron and a part of the second exon (Fig. 5G). p57Kip2_sil, and in
fact the entire p57Kip2 locus, wasmoderately conserved across dif-
ferent species, with Genomic Evolutionary Rate (GERP) score
(40,41) of <2.3 (the score of >2 is considered evolutionarily con-
strained, with the maximum possible score of 4.14) (Fig. 5G).
While we did not find the consensus LHX-binding motif (TAAT-
TA) (42) in p57Kip2_sil, it had two generic homeodomain-binding
motifs, TAAT (43). ChIP-qPCR confirmed that p57Kip2_sil was en-
riched in LHX6 ChIP DNA over IgG mock ChIP DNA (Fig. 5H).
A negative control (NC) region 10 kb away from p57Kip2_sil also
showed some enrichment in LHX6 ChIP, possibly reflecting low-
affinity nonspecific background binding of anti-LHX6 antibody.
However, the fold enrichment of anti-LHX6/IgG was significantly
higher for p57Kip2_sil than the NC region (Fig. 5H), indicating spe-
cific interaction between LHX6 and p57Kip2_sil. We also confirmed
the binding of LHX8 to p57Kip2_sil (Fig. 5I). Because ChIP-grade
anti-LHX8 antibody was not available, we expressed triple
FLAG-tagged LHX8 in primary culture of dissociated maxillary
arch cells (PMACs) by transient transfection and used anti-FLAG
antibody for ChIP. We previously verified that this primary
culture system was a reliable surrogate for the in vivo maxillary
arches for investigating transcription regulation (44). FLAG::
LHX8 was expressed from pCIG (45), which is a β-actin pro-
moter-driven expression vector with an internal ribosome
entry site followed by the coding sequence of green fluorescence
protein (GFP). From this ChIP experiment, the fold enrichment of
the NC region (anti-FLAG/IgG)was consistently <1, which is likely
because the nonspecific background bindings of the normal IgG
were eliminated in the affinity-purified FLAG antibody. Import-
antly, the fold enrichment of p57Kip2_sil (anti-FLAG/IgG) was
significantly higher than that of the NC region (Fig. 5I).

To determine whether the binding of LHX to p57Kip2_sil has
a functional consequence, we cloned p57Kip2_sil into a plasmid
containing aminimal promoter followed by the luciferase coding
sequence for in vitro reporter assays. PMACs from E11.5 wild-type
embryos were co-transfected with the luciferase reporter plas-
mid and pCIG containing the coding sequence for the LHX pro-
teins (Lhx6-pCIG, Lhx8-pCIG). pCIG without an insert in the first
cistron (empty pCIG) was used as a control. We found that the
overexpression of LHX6 or LHX8 significantly repressed the re-
porter expression from p57Kip2_sil, whereas it had no effect on
the expression from theminimal promoter (Fig. 5J andK). This re-
sult suggested that LHX6 and LHX8 directly regulated p57Kip2

via p57Kip2_sil, which acts as an LHX-responsive transcriptional
silencer in the maxillary arch cells.

Overexpression of p57Kip2 in primary maxillary
arch cells inhibits cell proliferation

Although the function of p57Kip2 as a cell cycle inhibitor has been
well established in the context of cancer, it had not been directly

examined during craniofacial development. Therefore, we tested
whether p57Kip2 can affect cell cycle in the developing face using
PMACs. The cells were taken from E10.5 wild-type embryos and
plated in chamber slides (Fig. 6A). Each chamber was transfected
with pCIG, or pCIG containing p57Kip2-coding sequence (p57Kip2-
pCIG), and the proliferating cells were labeled with 5-bromo-2-
deoxyuridine (BrdU) overnight (Fig. 6A). Immunofluorescence
against p57Kip2 confirmed its overexpression in p57Kip2-pCIG-
transfected cells (data not shown). Importantly, when compared
with the cells transfected with empty pCIG (GFP+ cells in Fig. 6B–
D), p57Kip2-pCIG-transfected cells (GFP+ cells in Fig. 6E–G) showed
significantly reduced percentage of BrdU labeling (Fig. 6H, ‘Trans-
fected cells’). This result demonstrated that the overexpression of
p57Kip2 inhibited the proliferation of maxillary arch cells. There
was no difference in BrdU incorporation rates between the un-
transfected cells in the empty pCIG and p57Kip2-pCIG chambers
(GFP− cells in Fig. 6B–G), confirming that the effect of p57Kip2

was cell-autonomous (Fig. 6H, ‘Untransfected’).

Multiple FOX transcription factor genes are
up-regulated in Lhx6−/−;Lhx8−/− maxillary arches

From the list of Lhx-regulated genes, it was highly noticeable that
five members of Forkhead box (FOX) transcription factor family
genes, Foxc1, Foxd1, Foxd2, Foxp1 and Foxp2, were up-regulated
in Lhx6−/−;Lhx8−/− mutants (Fig. 7A). FOX transcription factors
have a wide range of functions during development (46). Import-
antly, Foxp1 and Foxp2 have been shown to regulate p57Kip2 in the
context of hair follicle, lung and heart (47–49). We performed lit-
erature search for over 100 of the Lhx-regulated genes in PubMed
(http://www.ncbi.nlm.nih.gov/pubmed), and the Fox genes were
the only ones for which we found evidence to be regulators of
p57Kip2. Therefore, we considered a possibility that LHX6 and
LHX8 might regulate p57Kip2 indirectly via FOX transcription fac-
tors in addition to directly by binding to p57Kip2_sil.

RNA in situ hybridization confirmed the up-regulation of the
five Fox genes in Lhx6−/−;Lhx8−/− mutant maxillary arches, with
each Fox gene showing a unique pattern of overexpression
(Fig. 7B–K). We then pooled the hybridization probes to compare
the combined expression of the five Fox genes between the
wild-type and Lhx6−/−;Lhx8−/− embryos. We found that the stron-
gest up-regulation of the Fox genes in the Lhx6−/−;Lhx8−/− mutant
maxillary arches was in the oral-medial domain (Fig. 7L and M,
arrows), which is the prospective palate area, resembling the
up-regulation pattern of p57Kip2 (Fig. 4A and B). On the other
hand, the expression of the Fox genes in Lhx6−/− or Lhx8−/− single
mutants showed minimal change compared with wild types,
indicative of functional redundancy between LHX6 and LHX8 in
repressing the Fox genes (Supplementary Material, Fig. S4).
Taken together, these observations supported the idea that
the up-regulation of the Fox genes in Lhx6−/−;Lhx8−/− maxillary
arches might have contributed to the strong increase in p57Kip2

expression.

LHX proteins bind to a genomic region within Foxp1
and act as a transcriptional repressor

To test whether a genetic pathway existed connecting Lhx, Fox
and p57Kip2, we investigated whether the Fox genes were direct
targets of LHX6 and LHX8. Our ChIP-seq showed 1–5 LHX6
peaks associated with each of the five Fox genes from Figure 7
(data not shown). We focused on Foxp1 because there was more
evidence for the regulation of p57Kip2 by Foxp1 than by any other
Fox genes (47–49). According to NCBI Reference Sequence
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Database, mouse Foxp1 has three isoforms using different pro-
moters, with the longest isoform extending over 500 kb of the
genome. Among the five LHX6 peaks associated with Foxp1, one
peak was located upstream of the shortest isoform and an intron
of the other isoforms (Foxp1_sil, Fig. 8A). Other LHX6 peaks were
outside of all the Foxp1 isoforms; the closest one was located
∼4 kb upstream of the longest isoform (4 U in Fig. 8A) whereas
the rest were > 50 kb away from either end of Foxp1 (data not
shown). We performed ChIP-qPCR validation for LHX6 binding to
Foxp1_sil and 4 U, the two peaks closest to the TSS’s of Foxp1.
This confirmed that Foxp1_sil, but not 4 U, was significantly
enriched in LHX6 ChIP DNA (Fig. 8B, data not shown). Foxp1_sil
was bound by LHX8 as well according to ChIP-qPCR assay (Fig. 8C).

The sequence of Foxp1_sil showed strong evolutionary conser-
vation (maximumGERP score of the region is 3.63) (Fig. 8A and D),
a feature often found in cis-regulatory elements (51). Foxp1_sil
contained no consensus LHX-binding motif TAATTA, but it had
six TAAT homeodomain-binding motifs. To determine the func-
tional significance of LHX binding to Foxp1_sil, we cloned it into a
luciferase reporter plasmid and performed a co-transfection
experiment in PMACs, as described earlier for p57Kip2_sil (Fig. 5).
Overexpression of LHX6 or LHX8 significantly repressed reporter
expression from Foxp1_sil (Fig. 8E and F), which indicated that the
negative regulation of Foxp1 by LHX6 and LHX8 in the maxillary
arches could be direct.

FOX transcription factors induce the expression
of p57Kip2 in maxillary arch cells

Next, we tested the regulatory relationship between the FOX pro-
teins and p57Kip2 in the maxillary arch cells. We transfected
PMACs fromE10.5wild-type embryoswith FOXP1 expression vec-
tor (Foxp1-pCIG) or empty pCIG and detected p57Kip2 by

immunofluorescence (Fig. 9A–F). Over 90% of the Foxp1-pCIG-
transfected cells (GFP+ cells in Fig. 9D–F) expressed p57Kip2,
whereas <10% of the empty pCIG-transfected cells (GFP+ cells in
Fig. 9A–C) did (Fig. 9G, ‘Transfected Cells’). This striking differ-
ence indicated that FOXP1 efficiently induced p57Kip2 expression
in the maxillary arch cells. The untransfected cells from empty
pCIG and Foxp1-pCIG chambers (GFP− cells in Fig. 9A–F) showed
similar percentages of p57Kip2 labeling (Fig. 9G, ‘Untransfected
cells’), consistent with the cell-autonomous action of FOXP1. In
the same assay, FOXD1 was also able to activate p57Kip2 in the
maxillary arch cells although it was not as potent as FOXP1
(Fig. 9H).

Taken together, our data point to the FOX proteins as in-
termediaries between LHX and p57Kip2, which activate p57Kip2

expression in the maxillary arches if their own expression is
not repressed by LHX6 and LHX8.

FOXP1 activates transcription from the genomic
regions in and around p57Kip2

To elucidate the mechanism underlying the regulation of p57Kip2

by FOX proteins, we examined the sequence near p57Kip2 for po-
tential binding sites for FOX. Using rVISTA2.0 (52), we searched
10 kb upstream to 10 kb downstream of p57Kip2 for FOX-binding
motifs (RYMAAYA) (46) that were conserved between mice and
humans. We found four FOX motifs, two of which were in an
exon (not shown), one in the second intron and one located
2 kb upstream of p57Kip2 TSS (Fig. 10A and B). Notably, the FOX
motif in the intron 2 was also conserved in lower vertebrates
such as platypus and lizard (Fig. 10B).

To determine the potential role of the two non-coding regions
that contain the FOXmotifs inmediating the activation of p57Kip2

by FOX,we cloned a 300-bp fragment of the intron 2 (p57Kip2_enh1,

Figure 6. Inhibition of cell proliferation upon overexpression of p57Kip2 in PMACs. (A) A schemaof the experiment. Themaxillary archeswere dissected fromE10.5 embryos

following the dotted line (left picture), and the dissociated cells were plated in chamber slides (right picture). (B–G) Representative images of dual immunofluorescence of

the cells transfected with empty pCIG (B–D) or p57Kip2-pCIG (E–G), showing GFP channel only (B and E), BrdU channel only (C and F) or overlay of the two along with DAPI

channel for nuclei (D and G). Note that some of the GFP+ cells in B are also labeledwith BrdU as shown in C and D (white arrows), indicating their proliferation, but none of

the GFP+ cells in E are co-labeled with BrdU in E and F. (H) Quantitative comparison of the percentage of proliferating cells between the chambers transfected with empty

pCIG and those transfected with p57Kip2-pCIG. The error bars are standard deviations from triplicates. ***P < 0.001.
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Fig. 10A) and a 500-bp fragment of the p57Kip2 upstream region
(p57Kip2_enh2, Fig. 10A) into a luciferase reporter plasmid. With
these reporter constructs, weperformed a co-transfection experi-
ment in E11.5 PMACs as in Figures 5 and 8. The overexpression of
FOXP1 enhanced the reporter expression from p57Kip2_enh1 and
p57Kip2_enh2, but not from the minimal promoter (Fig. 10C). We
also investigated physical binding of FOXP1 to p57Kip2_enh1 and
p57Kip2_enh2. Because the maxillary arches of wild-type embryos
have very limited endogenous expression of Foxp1 (Fig. 7J), we
transfected PMACs with Foxp1-pCIG and used these cells
for ChIP-qPCR. The fold enrichment (FOXP1 ChIP/IgG ChIP) for
p57Kip2_enh1 and p57Kip2_enh2 was significantly higher than that
of an NC region located ∼20 kb away (Fig. 10D). These results
indicated that FOX proteins likely activate p57Kip2 directly in
the maxillary arches.

Discussion
In the current study, we report that the function of Lhx6 and Lhx8
is essential for the initial outgrowth of the palatal shelves from
the maxillary arches. Based on the results presented here, we
propose a model (Fig. 10E) that LHX6 and LHX8 repress the ex-
pression of a cell cycle inhibitor gene p57Kip2 in the prospective
palate area of themaxillary arches, thereby allowing an adequate
level of cell proliferation necessary for the outgrowth of the pal-
atal shelves. The regulation of p57Kip2 by LHX uses both direct and
indirect mechanisms, with the latter mediated by FOX transcrip-
tion factors.

Thiswork is novel formultiple reasons: (i) it is the first to iden-
tify direct targets of LHX6 and LHX8 in a comprehensive manner
through the combination of genome-wide transcriptional profil-
ing and ChIP-seq in any tissue. (ii) It is the first to identify direct
targets of any transcription factor in a comprehensive manner
through the combination of genome-wide transcriptional profil-
ing and ChIP-seq in the context of craniofacial development. (iii)
It is the first to demonstrate the regulatory relationship between
Lhx and p57Kip2, and between Lhx and Fox genes. This information
can provide insights into the gene regulatory network in other
organswhere the above genes are expressed. (iv)Most importantly,
it is the first to elucidate a molecular genetic pathway down-
stream of Lhx in palate development.

Normal development of the palate requires multiple steps of
tissue growth and morphogenesis over several days in mice and
several weeks in humans, and perturbation in any of these steps
can lead to the failure in palatogenesis manifested as clefting.
Mouse and human genetics studies have identified a large num-
ber of genes that are important for palatogenesis. Furthermore,
from the detailed analyses of the mutant mouse models of cleft
palate, the cellular and molecular mechanisms underlying the
process are beginning to be elucidated (10,11). However, most of
themouse cleft palate models exhibited defects after the vertical
elongation of the palatal shelves (E13.5 and later), and thus the
information has remained sparse on the regulation of the early
steps (10,11). Therefore, Lhx6−/−;Lhx8−/−mutantsmade a valuable
model providing insights into the genetic regulation at the initi-
ation of palatogenesis.

Figure 7. Up-regulation of multiple Fox genes in Lhx6−/−;Lhx8−/− maxillary arches. (A) Summary of the changes in the expression of Fox genes discovered from

transcriptional profiling of wild-type and Lhx6−/−;Lhx8−/− mutant maxillary arches (see Fig. 4). (B–M) Coronal sections of the head of E10.5 wild-type and Lhx6−/−;Lhx8−/−

mutant embryos processed by RNA in situ hybridization. Only the right maxillary arch is shown in each panel. The dotted lines indicate the border between themaxillary

arch and cephalic paraxial mesoderm. The sections in L and M were hybridized with the probes against all five Fox genes in A mixed at an equal concentration. Arrows,

prospective palate area.
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According to the notion that the LHX proteins act as two LHX-
two LDB1 tetramers, the oral mesenchyme cells can have three
types of complexes, i.e. those containing two of LHX6, two of
LHX8, or one each of LHX6 and LHX8. However, for the location
(developing palate) and the stage (initiation of palatogenesis,
E10.5–E11.5) examined in the current study, we believe that all
of the LHX6/8–LDB1 complexes play essentially identical func-
tions, based on the following lines of evidence. First, LHX6
and LHX8 have very similar amino acid sequences, with their
homeodomains and LIM domains showing 95 and 74% identity,
respectively (20). Furthermore, a systematic analysis of protein–
DNA binding using microarrays found that the top affinity
nucleotide motifs for the homeodomains of LHX6 and LHX8
were the same (42). Second, the early stages of palate development
(E11–E13) were severely disrupted in Lhx6−/−;Lhx8−/−mutants, but
unaffected in Lhx6−/− and Lhx8−/− mutants, indicating functional

redundancy between the two Lhx genes. Third, we examined the
expression of LHX target genes p57Kip2 and Foxp1 in Lhx6−/− and
Lhx8−/− single mutants as well as in Lhx6−/−;Lhx8−/− mutants
and found that the two genes were co-regulated by Lhx6 and
Lhx8. In addition, we demonstrated that both LHX6 and LHX8 pro-
teins physically bound to the LHX-regulated silencers near
p57Kip2 and Foxp1 and that both LHX proteins were able to repress
gene expression through these silencers. Therefore, LHX6 and
LHX8 appear to regulate the same targets to ensure the initial
outgrowth of the palate.

p57Kip2 belongs to a Cip/Kip family of cyclin/CDK inhibitors,
which includes p21Cip1 (=Cdkn1a) and p27Kip1 (=Cdkn1b) (34–36).
Among the three members, p57Kip2 is unique in that it shows tis-
sue-specific expression patterns in embryos and adults, whereas
the others are ubiquitously expressed (33,36,54). Although initial-
ly identified as a cell cycle inhibitor, p57Kip2 can also regulate

Figure 8. Identification of an LHX target cis-regulatory element in Foxp1 locus. (A) LHX6ChIP-seq result at the Foxp1 locus visualized by IGB. The dotted box (sil) corresponds

to Foxp1_sil used in B–F. The GERP scores fromUCSCGenome Browser are shown at the bottom. (B and C) ChIP-qPCR from E11.5maxillary arch cells for Foxp1_sil and anNC

region (NC) located 23 kb away. The error bars are standard deviations from triplicates. P-values were calculated between the fold enrichments of NC and Foxp1_sil.

*P < 0.05, **P < 0.01. (D) Multiz Alignments of the Foxp1_sil region from UCSC Genome Browser (50). (E and F) Luciferase reporter assay in PMACs from E11.5 embryos.

The relative luciferase activity from Foxp1_sil reporter was significantly reduced when co-transfected with an LHX expression vector in comparison with when co-

transfected with empty pCIG. The error bars are standard deviations from triplicates. *P < 0.05, **P < 0.01.
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other cellular processes such as apoptosis, migration and differ-
entiation depending on the context (55–57). Furthermore, gene
knockout experiments in mice showed that the function of
p57Kip2 was important for normal development of multiple
organ systems (55,58). The various defects resulting from the de-
letion of p57Kip2 could be classified into three types of abnormal-
ities at the cellular level: (i) increase in cell proliferation leading to
hyperplasia (adrenal gland) (58), (ii) impaired cell differentiation,
either due to the direct regulation of the differentiation program
by p57Kip2 or as an indirect consequence of cells continuing pro-
liferation at the expense of differentiation (endochondral skel-
eton, neurons of the brain and skeletal muscle) (55,58–60) and
(iii) increase in apoptosis triggered by the inappropriate entry
into the cell cycle by the mutant cells (lens, palate) (55,58). In
fact, ∼50% of the mice lacking p57Kip2 developed cleft palate,
which was explained by the increased apoptosis in the mutant
palatal shelves late in palatogenesis (E14.5), i.e. during their hori-
zontal growth after the elevation (55). On the other hand, Lhx6−/−;
Lhx8−/− mutants present a case where overexpression of p57Kip2

just before the onset of palatogenesis is linked to cleft palate,
through the inhibition of cell proliferation and the impaired out-
growth of the palatal shelves. As with many other examples of
developmental regulators, it appears that too much or too little

p57Kip2 can both be deleterious, requiring tight control of its
expression for normal development.

In line with the last point, in humans, both loss-of-function
and gain-of-functionmutations of p57Kip2 are linked to congenital
disorders, Beckwith–Wiedemann syndrome and IMAGe syn-
drome (intrauterine growth restriction, metaphyseal dysplasia,
adrenal hypoplasia congenita and genital anomalies), respec-
tively (61–65). Beckwith–Wiedemann syndrome is characterized
by prenatal or postnatal overgrowth and predisposition to certain
cancers (61–63), whereas IMAGe syndrome is an undergrowth
disorder (65–67). Interestingly, cleft palate was found in some
patients for both syndromes (61–63,66,67), although the molecu-
lar and cellular etiology is likely distinct.

While our findings indicate that the repression of p57Kip2 is an
important function of Lhx6 and Lhx8 in promoting normal palate
development, it is unlikely to be the only role of the Lhx genes in
this context. Given the large number of the Lhx-regulated genes
identified from our transcriptional profiling, the phenotype
of Lhx6−/−;Lhx8−/− mutants probably result from the combined
effects of the altered expression of multiple genes. In addition,
although the severe early defect in Lhx6−/−;Lhx8−/− mutants
masks any requirement of the Lhx genes at later steps of palate
development, they may have additional roles at these steps be-
cause the Lhx genes continue to be expressed in the palate at
least until birth (20,21).

Asmentioned earlier, evidence for the regulation of p57Kip2 by
Foxp genes has previously been reported in other organ systems.
For example, inactivation of Foxp1 in the embryonic heart led to
down-regulation of p57Kip2 (48). Foxp2−/−;Foxp1+/− mutants suf-
fered impaired lung development with reduced cell proliferation,
and p57Kip2 was found to be up-regulated in themutant lung (47).
In the hair follicle, ablation of Foxp1 caused precocious prolifer-
ation of the stem cells, which was attributed to the severe
down-regulation of p57Kip2 (49). In the current study, the overex-
pression of FOXP1 induced the expression of p57Kip2 in themaxil-
lary arch cells. Together, these results point to the existence of a
Foxp–p57Kip2 regulatory module that is recurrent in organogen-
esis, although the direction of the regulation (activation or re-
pression of p57Kip2) is determined by the context. Normally, this
module remains dormant in the prospective/nascent palate as
there is little expression of Foxp1 and Foxp2 here. We speculate
that in Lhx6−/−;Lhx8−/− mutants, the up-regulation of the Fox
genes in the maxillary arches triggers the Foxp–p57Kip2 module,
which contributes to the palate defect of the Lhx mutants. The
three previous studies that connected Foxp and p57Kip2 did not
provide any evidence that the regulation might be direct. We
identified potential FOX-binding cis-regulatory elements in
p57Kip2 locus in the genome and found that they responded to
FOXP1 by activating reporter expression in the maxillary arch
cells. Therefore, it is possible that FOXP1 and FOXP2 directly
regulate p57Kip2 via these regions in other organs as well.

Materials and Methods
Animals

All the experiments involving animals were performed with the
approval from New York University Institutional Animal Care
and Use Committee. Lhx6 and Lhx8 mutant mouse lines have
been described previously (21,68). Lhx6−/−, Lhx8−/− and Lhx6−/−;
Lhx8−/− mutant embryos were obtained from crosses between
double heterozygote (Lhx6+/−;Lhx8+/−) males and females. The
embryos were genotyped by PCR using DNA from the tail.
Lhx6+/−;Lhx8+/+ and Lhx6+/+;Lhx8+/− animals were

Figure 9. Induction of p57Kip2 expression by FOX proteins in the PMACs. (A–F)
Representative images of dual immunofluorescence of the cells transfected

with empty pCIG (A–C) or Foxp1-pCIG (D–F), showing GFP channel only (A and

C), p57Kip2 channel only (B and E) or overlay of the two along with DAPI channel

for nuclei (C and F). Note that none of the GFP+ cells in A expressed p57Kip2, but

three out of the four GFP+ cells in D expressed p57Kip2 (arrows in D–F). (G and H)

Quantitative comparison of the percentage of p57Kip2+ cells between the

chambers transfected with empty pCIG and those transfected with Foxp1-pCIG

(G) or Foxd1-pCIG (H). The error bars are standard deviations from triplicates.

***P < 0.001, *P < 0.05.
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indistinguishable fromwild types (Lhx6+/+;Lhx8+/+). Therefore, the
littermates with any of these three genotypes were used as con-
trols and referred to as ‘wild type’, to distinguish them from the
controls for experimental conditions. The embryos were stage-
matched by counting the number of tail somites.

Cresyl violet staining of the head sections and
morphometric analysis of the palatal shelves

Frozen sections were prepared and stained with cresyl violet as
described (24) to visualize tissuemorphology. The area of the pal-
atal shelf was measured from the photographs of cresyl violet-
stained sections using the ImageJ program. Two sections of
the palatal shelves, from the antero-posterior level just posterior

to the molars and cutting through the optic nerves, were mea-
sured from each embryo, andmeasurements from threemutants
and three wild types were used for statistical analysis (Student’s
t-test).

RNA in situ hybridization and immunofluorescence
on tissue sections

Section RNA in situ hybridizationwas performed as described (24)
using digoxigenin-labeled probes. The templates for someprobes
were obtained as a plasmid from other researchers (Lhx6, Lhx8
and Foxc1) (20,69) or purchased from a company (Gadd45g, Ori-
Gene, Inc.). The templates for the rest were PCR amplified from
a cDNA clone (Foxp1, Foxp2 and p57Kip2) or tail genomic DNA of

Figure 10. Identification of FOX target cis-regulatory elements in p57Kip2 locus. (A) UCSC Genome Browser view of p57Kip2 locus in the mouse genome. enh1 and enh2 are

candidate enhancers of p57Kip2 used in C. (B) Sequence alignments showing the conservation of the FOX-bindingmotifs in the species indicated on the left, generated by

Clustal Omega (53). (C) Luciferase reporter assay in PMACs from E11.5 embryos. The relative luciferase activity from the minimal promoter was not significantly different

(P > 0.05) when co-transfected with Foxp1–pCIG or empty pCIG as a control. In contrast, the relative luciferase activities from p57Kip2_enh1 and p57Kip2_enh2 reporters were

increased upon co-transfection of FOXP1 expression vector. The error bars are standard deviations from triplicates. **P < 0.01, ***P < 0.001. (D) ChIP-qPCR from E11.5

maxillary arch cells for p57Kip2_enh1, p57Kip2_enh2 and an NC region (NC) located 19 kb upstream of p57Kip2_enh2. The error bars are standard deviations from triplicates.

The P-values were calculated for the differences in fold enrichment between each enhancer and NC. *P < 0.05. (E) Amodel for themechanism underlying the regulation of

the initial outgrowth of the palatal shelves by Lhx6 and Lhx8.
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wild-type CD-1mice (Foxd1 and Foxd2) introducing aT3RNApoly-
merase site in the reverse primer (see Supplementary Material,
Table S3 for the sequences of all the primers used in this
study). The cDNA clones were obtained from another laboratory
(Foxp1 and Foxp2) (70) or purchased from a company (p57Kip2,
OriGene, Inc.).

Immunofluorescence on frozen sections was performed as
described (24) using the following antibodies: rabbit anti-phos-
pho-histone H3 antibody (Millipore), rabbit anti-cleaved caspase
3 antibody (Cell Signaling Technology) and rabbit anti-p57Kip2

antibody (Santa Cruz Biotech). DAPI was used to stain all the
nuclei.

Analysis of cell proliferation and apoptosis
in the maxillary arches

Mitotic and apoptotic cells were detected by staining the sections
for phospho-histone H3 and cleaved caspase 3, respectively, as
previously described (24). Mitotic indices were calculated as
described (24) from the Lhx6 and Lhx8 expression domain in the
maxillary arches demarcated in Figure 2. Three embryos per
genotype, six sections of the maxillary arches per embryo, cover-
ing the anterior, middle and posterior positions, were analyzed.
Student’s t-test was used to determine whether the difference
between the genotypes was statistically significant.

Laser-capture microdissection, transcriptional profiling
with microarrays and gene ontology analysis of the
result from transcriptional profiling

The head of E10.5 embryos was collected and embedded in Opti-
mal Cutting Temperature resin (Tissue-Tek) by flash freezing on
dry ice. The frozen sections were collected on polyethylene
naphthalate membrane slides (Leica). Leica LMD6000 Laser
Micro-Dissection System was used to cut out the normal expres-
sion domain of Lhx6 and Lhx8 in themaxillary archmesenchyme,
as shown in Figure 3. The tissue was collected from the entire
antero-posterior extent of the maxillary arches. Total RNA was
extracted using RNeasy Micro Kit (Qiagen). Subsequent steps of
transcriptional profilingwere performed by theNewYorkUniver-
sity Genome Technology Center, beginning with the amplifica-
tion of RNA by Ovation Nano Amplification system (NuGen).
RNA samples from threewild-type and three Lhx6−/−;Lhx8−/−mu-
tant embryos, all somite count- and sex-matched (females), were
analyzed with Affymetrix GeneChip Mouse Genome 430 2.0
arrays. The raw data from the arrays will be available from
Gene Expression Omnibus (GEO) database as ‘.CEL’ files.

A list of Lhx-regulated genes were generated from the micro-
array result based on the following criteria: fold change in the
average expression between wild types and Lhx6−/−;Lhx8−/−

mutants is >1.5, the difference is statistically significant (P < 0.05)
and the average intensity of the probe signal is >100 for wild-type
and/or mutant samples. The resulting list of 212 genes was used
for a gene ontology analysis with DAVID (27,28).

LHX6 ChIP-Seq

The maxillary arches were dissected from 47 of E11.5 CD-1 wild-
type embryos in phosphate-buffered saline and snap-frozen on
dry ice. The tissue was then sent to Active Motif, Inc. (Carlsbad,
CA) for FactorPath™ service, which included chromatin prepar-
ation, ChIP-seq for LHX6, and bioinformatics analysis of the se-
quencing result to identify LHX6-enriched genomic regions
(peaks). Twenty micrograms of the maxillary arch chromatin

was used for ChIP with a rabbit polyclonal anti-LHX6 antibody
(71). Libraries for Illumina sequencing (Hi-Seq) were prepared
fromChIPDNAand input chromatin as described (72), and the se-
quence reads from each sample were aligned to the mouse gen-
ome (NCBI Build 37,mm9) using BWAalgorithm (73). The aligned
sequence tags were extended in silico at the 3′-ends into 150-bp
fragments, and the histograms of the fragment density along
the genome were stored in BAR (Binary Analysis Results) files
and visualized using Integrated Genome Browser (IGB) (38).
LHX6 peaks were identified using MACS peak-finding algorithm
(39) with the following parameters: band width = 150, model
fold = 8,24, P-value cutoff = 1E-7. The coordinates of the all the
peaks are listed in Supplementary Material, Table S2. The raw
data will be deposited in the GEO database as BAR files.

Statistical analyses of LHX6 ChIP-seq peaks

Genomic Regions Enrichment of Annotations Tool (GREAT)
v. 2.0.2 (37) was used to determine the distribution of the LHX6
peaks relative to the nearest TSS, to identify genes that are asso-
ciated with the LHX6 peaks (association rule = single nearest
gene, maximum extension 1 Mb) and to analyze the gene ontol-
ogy terms for the genes associated with the peaks. The compari-
son between the number of LHX6 peaks around the Lhx-regulated
genes and around 10 sets of the same number of randomly se-
lected genes was performed as described (44). The values from
the 10 sets of random genes were averaged, and the 95% confi-
dence interval was calculated using the formula in Microsoft
Excel. Z score was calculated by Z = (x − μ)/σ, in which x is the
value from the Lhx-regulated gene set, μ is the average value
from the control gene sets and σ is the standard deviation from
the control gene sets.

Culture and transfection of primary maxillary arch cells

PMACs were prepared and transfected as described (44).

Constructs used for transfection

The full-length open-reading frames (ORFs) of the genes were
obtained from other researchers (human LHX8) (74), mouse
Lhx6 (75), mouse Foxp1 (70) or purchased from a company
(mouse p57Kip2 and mouse Foxd1, OriGene, Inc.). The ORFs were
cloned into pCIG for protein expression (45). For FLAG::LHX8-
pCIG, the coding sequence of LHX8 was first cloned into
p3xFLAG-CMV-10 expression vector (3xFLAG on the N terminal
side; Sigma) (74) and then moved to pCIG with the tag.

For luciferase reporter assays, we used pGL4.23 vector (Prome-
ga), which contains the coding sequence of firefly luciferase
downstream of a minimal promotor, after eliminating a for-
tuitous consensus FOX-binding motif near the promoter by
PCR-based mutagenesis (TGTTGGT→TCCTGGT). The putative
cis-regulatory elements were cloned from the tail genomic DNA
of CD-1 wild-type mice by PCR, except for p57Kip2_sil. p57Kip2_sil
could not be amplified by PCR presumably because of its high
GC content, and thus it was synthesized in vitro (Integrated
DNA Technologies, Inc.). The genomic coordinates of all the
cis-regulatory elements used in this work are listed in Supple-
mentary Material, Table S3. To control for the variability in trans-
fection efficiency, a plasmid constitutively expressing Renilla
luciferase (pGL4.73, Promega) was included in all the transfec-
tions for a luciferase assay.

All the inserts were verified by sequencing after cloning.
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ChIP-qPCR

For LHX6 ChIP-qPCR, the maxillary arches were dissected from
35 to 40 CD-1 wild-type embryos at E11.5. The chromatin was
cross-linked with formaldehyde and sonicated with Bioruptor
(Diagenode) into 0.5- to 1-kb fragments. The rest of the chromatin
preparation and immunoprecipitation steps were performed
with ChIP-IT High Sensitivity kit (Active Motif ). Four micrograms
of anti-LHX6 antibody was used for immunoprecipitation, and
the same amount of rabbit IgG was used for mock ChIP. DNA
was purified from the immunoprecipitated chromatin using the
ChIP-IT High Sensitivity kit and subject to qPCR. ChIP-qPCR re-
sults were calculated as fold enrichment of a sequence in LHX6
ChIP DNA compared with in IgG mock ChIP DNA, and the fold
enrichment was further compared between the LHX6 target se-
quence and a negative control sequence in the vicinity. The nega-
tive control sequences were selected from a genomic region
devoid of LHX6 ChIP-seq peaks and LHX consensus binding
motifs (see Supplementary Material, Table S3 for the genomic
coordinates).

For FLAG::LHX8 ChIP-qPCR, PMACs were prepared from 14 to
20 of E11.5 CD-1 wild-type embryos and transiently transfected
with FLAG::LHX8-pCIG plasmid. The cells were harvested 2 days
after the transfection, and the chromatin was prepared as de-
scribed earlier. Mouse monoclonal anti-FLAG M2 antibody
(Sigma) was used for immunoprecipitation, and normal mouse
IgG was used for mock ChIP. Subsequent steps were performed
as described for LHX6 ChIP-qPCR.

FOXP1 ChIP-qPCR was performed in the same way as FLAG::
LHX8 ChIP-qPCR, by transfecting the maxillary arch cells from
E11.5 CD-1 wild-type embryos with Foxp1-pCIG plasmid. Mouse
anti-FOXP1 antibody (ActiveMotif ) was used for immunoprecipi-
tation, and normal mouse IgG was used for mock ChIP. qPCR was
performed for FOX target regions and an NC region in the vicinity
that was devoid of FOX-binding motifs (see Supplementary
Material, Table S3 for the coordinates).

All the ChIP-qPCR experiments were repeated at least three
times, and the results were combined for a statistical analysis.

Analysis of cell proliferation in PMACs

The cells from E10.5 maxillary arches were plated in chamber
slides (Lab-Tek) and transfected with p57Kip2-pCIG or empty
pCIG. BrdU (Life Technologies) was added to the culture medium
the following day. After overnight (16 h) of labeling, the cells were
fixedwith 4% paraformaldehyde for 1.5 h, treatedwith 2NHCl for
20 min at 37°C and processed for immunofluorescence of BrdU
following the sameprotocol as tissue sections (rat anti-BrdU anti-
body, Abcam). DAPI was used to stain all the nuclei. From each
chamber, 160–430 cells were examined, and transfected cells
(GFP+) and untransfected cells were counted separately to calcu-
late the percentages of BrdU-labeled cells. p57Kip2-pCIG and
empty pCIG were each transfected into four chambers, and the
results were combined for a statistical analysis.

Analysis of p57Kip2 induction in PMACs

The cells from E10.5 maxillary arches were plated in chamber
slides and transfected with Foxp1-pCIG or empty pCIG. Forty-
eight hours after the transfection, the cells were fixed with 4%
paraformaldehyde and processed for immunofluorescence for
p57Kip2. The percentages of p57Kip2-expressing cells were calcu-
lated as described above for BrdU-labeled cells. 400–1100 cells
were examined from each chamber, and the results from 4 cham-
bers transfectedwith Foxp1-pCIG (or empty pCIG)were combined

for a statistical analysis. The same procedures were performed
using Foxd1-pCIG in place of Foxp1-pCIG.

Luciferase reporter assay in PMACs

The cells from E11.5 maxillary arches were transfected with
pGL4.23 (with or without a putative cis-regulatory element),
pGL4.73 and a transcription factor-pCIG or empty pCIG as a con-
trol. After 48 h, the cells were lysed and analyzed by the Dual Lu-
ciferase Reporter Assay System (Promega). The ratio between the
firefly luciferase and Renilla luciferase was calculated (=relative
Luc activity) and presented as a fold change in the relative Luc ac-
tivity caused by the transcription factor-pCIG compared with the
empty pCIG control. The experiments were performed in tripli-
cates, and the statistical significance was determined by Stu-
dent’s t-test. For all the reporter assays presented here, we
obtained consistent results from at least three separate rounds
of experiments.

Supplementary Material
Supplementary Material is available at HMG online.
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