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Abstract

Craniofacial development is controlled by a large number of genes, which interact with one
another to form a complex gene regulatory network (GRN). Key components of GRN are
signaling molecules and transcription factors. Therefore, identifying targets of core transcription
factors is an important part of the overall efforts toward building a comprehensive and accurate
model of GRN. LHX6 and LHX8 are transcription factors expressed in the oral mesenchyme

of the first pharyngeal arch (PA1), and they are crucial regulators of palate and tooth
development. Previously, we performed genome-wide transcriptional profiling and chromatin
immunoprecipitation to identify target genes of LHX6 and LHX8 in PA1, and described a set

of genes repressed by LHX. However, there has not been any discussion of the genes positively
regulated by LHX6 and LHX8. In this paper, we revisited the above datasets to identify candidate
positive targets of LHX in PA1. Focusing on those with known connections to craniofacial
development, we performed RNA in situ hybridization to confirm the changes in expression in
Lhx6,Lhx8 mutant. We also confirmed the binding of LHX6 to several putative enhancers near
the candidate target genes. Together, we have uncovered novel connections between L/xand
other important regulators of craniofacial development, including Eyal, Barx1, Rspo2, Rspo3, and
Whtl1.

1. Introduction

In mammals, the face forms via embryonic intermediate structures called the frontonasal
prominence and the first pharyngeal arch (PA1) (Marcucio et al., 2015; Sperber et al., 2010).
The frontonasal prominence gives rise to the middle part of the face including the nose,
while PA1 gives rise to the jaw and parts of the ear. PA1 is further divided into the maxillary
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arch (prospective upper jaw) and the mandibular arch (prospective lower jaw). PAL contains
the mesenchyme derived from the cranial neural crest and the mesoderm, which is covered
by the ectoderm on the outside and the endoderm on the inside.

The neural crest-derived mesenchyme of PA1 contributes to diverse components of the jaw
such as the odontoblasts of the teeth, the tendons and the ligaments, the dermis, and the
bone. How these mesenchyme cells acquire positional identities and follow different fates
has been studied extensively (Gou et al., 2015; Medeiros and Crump, 2012; Minoux and
Rijli, 2010). Signaling by secreted proteins of WNT (wingless-type MMTYV integration site),
FGF (fibroblast growth factor), BMP (bone morphogenetic protein), TGF-B (transforming
growth factor-g), endothelin, and hedgehog families sets up region-specific expression of

a large number of transcription factors in PA1 mesenchyme, including members of DLX
(distal-less homeobox), MSX (msh homeobox), PAX (paired box), HAND (heart and neural
crest derivatives expressed), FOX (forkhead box), and LHX (LIM homeobox) families. In
turn, these transcription factors regulate development of specific structures in each part of
the face. Functions of individual signaling pathways and transcription factors have been
investigated in detail over the past 30 years (Clouthier et al., 2010; Gou et al., 2015;
Medeiros and Crump, 2012; Minoux and Rijli, 2010; Reynolds et al., 2019). More recently,
large-scale transcriptomic and genomic studies have provided insights into the dynamics of
gene expression and their regulation by epigenetic modifiers and cis-regulatory elements
(Attanasio et al., 2013; Brinkley et al., 2016; Hooper et al., 2017; Wilderman et al., 2018).

To integrate the above information on craniofacial patterning into a comprehensive and
coherent model of a gene regulatory network (GRN), it is important to identify targets of
transcription factors that play key roles as nodes of the network. LHX6 and LHX8 are
members of LIM-homeodomain transcription factors, and they have closely overlapping
expression and functions in the oral mesenchyme of PA1 (Grigoriou et al., 1998). In mouse
mutants lacking both LHX6 and LHX8, development of the molars and the secondary palate
was arrested at an early stage (around embryonic day (E) 11.5), which indicated that the
LHX transcription factors are crucial to development of oral structures from PAL (Cesario
et al., 2015; Denaxa et al., 2009). Previously, we combined genome-wide transcriptional
profiling and chromatin immunoprecipitation followed by high-throughput sequencing
(ChlP-seq) to identify transcriptional targets of LHX6 and LHX8 in the maxillary arch, and
further described several genes repressed by LHX (negative targets) in relation to regulation
of cell proliferation (Cesario et al., 2015). However, there has not been any follow-up

report on target genes that are positively regulated by LHX in the embryonic face. In this
study, we examined the list of candidate positive targets of LHX6 and LHX8, and provided
verification for LHX-dependent expression and/or LHX binding for select genes with known
connections to craniofacial development.

2. Results

2.1. Identification of candidate direct targets of LHX6 and LHX8 in the maxillary arch

To elucidate genetic pathways downstream of LAx6and LAx&in craniofacial development,
we previously performed Affymetrix microarray-based transcriptional profiling from the
maxillary arch of the mutants lacking both LHX6 and LHX8 (LAx6"LAPPLAP. | hx877)
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and control embryos at E10.5 (Cesario et al., 2015) (GEO accession: GSE 71285).

This experiment identified 93 genes that were upregulated in the mutants and 119

genes downregulated in the mutants (= L/Ax-regulated genes), with the criteria of a fold
change>1.5, p<0.05, and an average probe signal in either genotype>100 (Cesario et al.,
2015). In the same study, we mapped the binding of LHX6 in the genome through ChIP-
seq from the maxillary arch of E11.5 wild type embryos (Cesario et al., 2015) (GEO
accession: GSE71497). We chose E10.5 for transcriptional profiling because it was right
before morphological phenotypes appeared in the mutants. However, we had to use E11.5
maxillary arch for ChlP-seq to obtain enough cells for this experiment. 6560 genomic
regions showed enrichment of LHX6 binding (= LHX6 peaks), and each LHX6 peak was
assigned to a gene whose transcription start site (TSS) was the nearest to the peak and
less than 1000 kb away from the peak. We performed ChlIP followed by quantitative real
time PCR (ChIP-gPCR) for eight of the LHX6 peaks from ChlP-seq (three for Cesario et
al., 2015, five for the current manuscript — see Sections 2.2 and 2.3), and we were able to
confirm the ChIP-seq result for seven of them. One that failed validation was associated with
Foxpl (Cesario et al., 2015).

By intersecting the results of transcriptional profiling and ChlP-seq, we obtained a list of
Lhx-regulated genes with one or more associated LHX6 peaks, which would be candidates
for direct transcriptional targets of LHX in the maxillary arch. The list contained 43 genes
that were negatively regulated by LAx6and LAhx8 (Table S1), and 49 genes that were
positively regulated by the L/x genes (Table S2). We had described before that LHX6 and
LHX8 repressed CdknlIcand several Fox genes to promote outgrowth of the palate (Cesario
et al., 2015). Therefore, in the current study, we focused on the genes that were activated by
LHX.

We prioritized the candidate positive targets of LHX based on known connections

to craniofacial development. We first searched NCBI PubMed database (https://
pubmed.nchi.nlm.nih.gov/) for the gene symbol ‘AND craniofacial development’ for each
of the 49 genes. 16 genes had at least 1 report, and 9 genes had evidence to suggest a role
specifically in PA1 development (Eyal, Eyad, Dusp6, Msx1, Wnt11, Barx1, Rspo3, RspoZ,
Shox2, see Section 3 for details). Interestingly, these 9 genes were mostly at the top of the
list in which the genes were ranked by the number of associated LHX6 peaks (Table S2).

2.2. Transcription factors

Eyal (EYA transcriptional coactivator and phosphatase 1) encodes a co-factor of a
homeodomain transcription factor SIX1 (sine oculis-related homeobox 1) (Tadjuidje

and Hegde, 2013). In our microarray data, the expression of £yal and its homolog

Eya4 was reduced in LAx6°LAPPLAP. [ hx8~~ mutant maxillary arch by 1.5-fold and
1.6-fold, respectively. We confirmed the changes by RNA in situ hybridization on

L hx6CTeER/CIER: | hx@~/~ mutants at E11.5. LAx6"€ER is functionally a null allele of LAx6
just like LAx6”LAP (see Section 4.1 and Figure S1 for details). At E11.5, the palate and
tooth phenotypes of the LAx mutants have just become noticeable morphologically, as
reduced outgrowth of the palatal shelves and lack of transition from the dental lamina to
the placode at the developing molars (Cesario et al., 2015; Denaxa et al., 2009). Eyal
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was downregulated throughout the maxillary arch, while Eya4 was most affected in the
medial and the ventral mesenchyme (Fig. 1D-G; Fig. S2). ChlP-seq found eight LHX6
peaks associated with Eyal and 5 peaks associated with £ya4 (Fig. 1A,B). To assess the
likelihood that these LHX6 peaks correspond to transcriptional enhancers, we compared the
LHX6 ChlP-seq result with two datasets from ChlIP-seq for markers of active enhancers
from E11.5 maxillary arch. One dataset was from ChlP-seq for acetylation of lysine 27

of Histone H3 (H3K27ac), performed by our group using the same chromatin sample as
LHX6 ChlP-seq (Landin Malt et al., 2014). The other dataset was from ChlP-seq for histone
acetyltransferase p300, which was accessed through UCSC Genome browser FaceBase track
(Brinkley et al., 2016; Pennacchio et al., 2017). All of the eight Eyal-associated LHX6
peaks and two of the Eya4-associated LHX6 peaks were enriched with H3K27ac (Fig.
1A,B). For Eyal, peaks #1, 4, and 8 were also enriched with p300 binding, making them
strong candidates for enhancers (Table S3).

Barx1 (BarH-like homeobox 1) and Sfox2 (short stature homeobox 2) were downregulated
by 3-fold and 3.8-fold, respectively, in LAx6"LAPPLAP. [ hx8~~ mutants at E10.5. At E11.5,
both genes appeared only moderately affected in the L/x mutants, with the most differences
in the anterior part of the maxillary arch (Fig. 1H-K, Fig. S3). Barx1 expression was
decreased in the medial mesenchyme and at the molar region. Shox2 expression was reduced
in the medial end and the lateral end of the maxillary arch. There were four LHX6 peaks
associated with Barx1, and two of them (#2, 4) were enriched with both H3K27ac and p300
(Fig. 1C, Table S3). Two LHX6 peaks were associated with S#ox2, but they were low (Table
S2, peak values 16 and 18, compared with an average of 25 for all 6560 LHX6 peaks),
suggesting that LHX6 binding to these regions are marginal, if any.

A previous report showed that the expression of MsxZ (msh homeobox 1) and Pax9 (paired
box 9) was affected in the molar mesenchyme of L/x6, L/hx8 double knock mutants (Denaxa
et al., 2009). The authors used different LAx6and LAx8 mutant lines from our study, but we
found the same result in L/Ax6°LAPPLAP: | hx&~/~ mutants. Msx expression was completely
abolished in the mutant maxillary arch, while some Pax9expression remained (Fig. 2D—

G, Fig. S4). In our microarray experiment, MsxZ was identified as a gene downregulated

in LAx6°LAPIPLAP: | hx8~~ maxillary arch (1.6-fold), but Pax9did not show a significant
difference between the mutant and control samples. This is most likely because robust
expression of Pax9in PAL does not begin until E11 (Peters et al., 1998).

8 LHX®6 peaks were associated with MsxZ, and 7 of them were also marked by H3K27ac
and p300 (Fig. 2A, Table S3). Peaks #1, 2, 4, 5, and 8 had been tested by other researchers
for an enhancer activity in transient transgenic mouse embryos (Attanasio et al., 2013;
MacKenzie et al., 1997). Only peak #4 drove robust reporter expression in the maxillary
arch (MacKenzie et al., 1997), and thus we performed LHX6 ChIP-gPCR validation for
peak #4. We were able to confirm strong binding of LHX®6 to this enhancer (Fig. 2C),
establishing that MsxZ is a direct transcriptional target of LHX6. Pax9had 3 associated
LHX6 peaks, and all of them were marked by H3K27ac but not by p300 (Fig. 2B, Table S3).
In an earlier study, Pax9 peak #1 showed an enhancer activity in a reporter assay in primary
culture of maxillary arch cells, though this activity has yet to be confirmed in vivo (Landin
Malt et al., 2014). We verified LHX6 binding to peak #1 by ChIP-gPCR (Fig. 2C).
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2.3. Signaling molecules

R-spondins (RSPOs) are secreted glycoproteins that modulate WNT signaling. RSPOs
usually augment the effects of WNT ligands for the canonical pathway involving -

catenin, but in some contexts, they appear to enhance non-canonical WNT signaling

or inhibit the canonical signaling (Raslan and Yoon, 2019). Rspo2and Rspo3 were
downregulated in LAx6°LAP/PLAP. | hx&~~ mutant maxillary arch at E10.5 (1.9-fold and 3.1-
fold, respectively). In addition, consistent with the function of RSPOs, our microarray data
showed a modest decrease in the expression of Axin2and LefZ, which are transcriptional
targets of the canonical WNT pathway (Axin2. 1.4-fold, p=0.0057; LefI: 1.3-fold, p=0.035)
(Filali et al., 2002; Jho et al., 2002). From RNA in situ hybridization at E11.5, Rspo2
expression was most clearly affected in the L/x mutants in the molar mesenchyme
immediately underneath the dental lamina (Fig. 3D,E; Fig. S5). During normal development,
Rspo3was mainly expressed in the medial half of the maxillary arch, but this expression was
significantly reduced in the LAx mutants (Fig. 3F,G; Fig. S5). In contrast, Rspo3 expression
appeared increased in the lateral part of the mutant maxillary arch, suggesting that Rspo3
may be repressed by LHX here. Still, the overall amount of Rspo3 mRNA was reduced in
the LAx mutants compared with controls.

There were three LHX6 peaks within the introns of RspoZ2 (Fig. 3A). Two of them (#2, #3)
were marked by H3K27ac, and peak #2 was also occupied by p300 (Table S3). Rspo3had
five associated LHX6 peaks, which were spread over a large intergenic region upstream of
Rspo3 (Fig. 3B). Only one peak (#4) was enriched with H3K27ac. Given the importance
of the canonical WNT signaling in craniofacial development, we further confirmed LHX6
binding to the three putative enhancer regions (Rspo2 #2 and #3, Rspo3 #4) by ChIP-gPCR
(Fig. 3C; Fig. S5).

Among 19 WNT ligands in mammals, WNT11 is one of the few that primarily

use non-canonical signaling pathways, such as Ca2* pathway and planar cell polarity
pathway (Uysal-Onganer and Kypta, 2012). Our transcriptional profiling found that Wnit11
expression was reduced in L/x6°LAPPLAP. | hxg~~ mutant maxillary arch by 1.5-fold
compared with controls at E10.5, and RNA in situ hybridization at E11.5 confirmed the
difference in expression between the genotypes (Fig. 4C—F; Fig. S6). In the anterior part,
Wht11 was specifically downregulated in the medial corner of the maxillary arch in the
mutants (Fig. 4C,D). More posteriorly, Wnt11 expression was decreased at the maxillary-
mandibular junction in the mutants (Fig. 4E,F). Five LHX6 peaks were associated with
Whnt11 in the genome, and all of them were enriched with H3K27ac but only one (#5) was
enriched with p300 (Fig. 4A; Table S3). The most prominent LHX6 peak was in the first
intron (#2), which was the third highest among all LHX6 peaks from this ChlP-seq.

Duspé (dual specificity phosphatase 6) is another signaling molecule in the candidate
positive target list of LHX6 and LHX8, and it encodes a negative feedback regulator of FGF-
MAPK (mitogen-activated protein kinase) signaling pathway. Transcriptional profiling at
E10.5 showed that Dusp6 was downregulated in LAx6°LAPPLAP: | hx8~~ mutant maxillary
arch (1.6-fold), and RNA in situ hybridization at E11.5 confirmed reduced expression in

the mutants (Fig. 4G,H; Fig. S6). Because Duspé6 is an inhibitor as well as a readout

of FGF-MAPK pathway (Eblaghie et al., 2003), we surveyed the microarray data for
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expression of several other genes known to be regulated by this pathway, namely, Spry1,
Spry2, Spry4, Etvl, Etvd, and Etv5 (Mason et al., 2006; Munchberg and Steinbeisser, 1999;
Raible and Brand, 2001). Only Efv was significantly different between the L/x mutant
and control groups (1.4-fold decrease in the mutant, p=0.0041), and so it appears unlikely
that FGF-MAPK signaling in general was affected by inactivation of LAx6and LAx8. From
LHX6 ChlP-seq, we found 8 peaks associated with Dusp6 (Fig. 4B). All the peaks were
marked with H3K27ac, and three of them (#3, #4, #5) were also bound by p300 (Table S3).

3. Discussion

In summary, by re-examining and validating previously published datasets, we identified
putative target genes of a transcriptional activator function of LHX6 and LHX8. This study
uncovered new regulatory relationships, for example, between LAxand Eya genes. Also,
while a couple of papers showed that L/x6and LAx8regulated the canonical WNT signaling
in late stages of odontogenesis (He et al., 2021; Zhou et al., 2015), the connection to

Rspo genes had been unknown. Figure 5 shows factors that are upstream or downstream of
Lhx6and Lhx8within GRN of mammalian maxillary arch development. Even though LAx6
and Lhx8are expressed in closely overlapping patterns, their expression is under distinct
regulations. LAx6 expression in the maxillary arch was dependent on the functions of FGFS8,
DLX1, and DLX2 (Jeong et al., 2012; Trumpp et al., 1999), whereas L/x8expression was
regulated by WNT/B-catenin signaling and a nuclear matrix protein SATB2 (special AT-rich
sequence binding protein 2) (Dobreva et al., 2006; Landin Malt et al., 2014). For the genes
downstream of L/ix6and LAhx8, all the data were obtained from L/x6; Lhx8 double mutants
(this study, and Cesario et al., 2015; Denaxa et al., 2009), and thus it is impossible to
distinguish contributions from each L/x.

Based on the current and our previous studies (Cesario et al., 2015), it appears that LHX6
and LHX8 can activate the expression of some genes while repressing others in the same
tissue. The mechanistic basis of this dual function is unknown. One possibility is that
transcriptional activation or repression by LHX is determined by an assortment of other
transcription factors bound to the specific cis-regulatory element alongside LHX. These
transcription factors may form a complex with LHX and alter the nature of interaction
between LHX and the transcription machinery.

The genes examined in this paper were selected based on their known connections to
craniofacial development. In humans, mutations of £YAZ underlie Branchio-otic syndrome
(BOS) and Branchio-oto-renal syndrome (BOR), both of which include malformations of
the ear. Similarly, deletion of EyaZ in mice resulted in hypoplasia of craniofacial skeleton
and multiple defects in the ear (Xu et al., 1999). Eya4 has also been associated with
craniofacial skeletogenesis because fusion of the palatal bone was delayed in Eya4 mutant
mice (Depreux et al., 2008). Inactivation of BarxZ in mice caused cleft secondary palate
and temporary stalling of molar development (Miletich et al., 2011). Shox2 mutation also
caused cleft secondary palate, specifically in the anterior region (Yu et al., 2005). MsxI
and Pax9encode key regulators of palatogenesis and odontogenesis (Lan et al., 2014;

Lan et al., 2015), and loss of either gene led to cleft secondary palate and an arrest

of tooth development at the bud stage (Peters et al., 1998; Satokata and Maas, 1994).
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Rspo2 mutant mice had partially penetrant cleft secondary palate, small lower jaw, and
diastema teeth in the lower jaw (Jin et al., 2011; Yamada et al., 2009). Mutation of
Rspo3in the mouse craniofacial mesenchyme disrupted development of the lower incisors,
while combined deletion of Rspo2and Rspo3resulted in severe hypoplasia of the face
(Dasgupta et al., 2021). Knockout of Wnt11in mice led to extensive embryonic lethality,
precluding investigation of the craniofacial phenotype (Majumdar et al., 2003). However,
knockdown of Wnit11 in mouse palate explant culture inhibited palatal shelf fusion (Lee et
al., 2008), and a knockdown/overexpression study in chick showed that WNT11 regulates
facial morphogenesis through the planar cell polarity pathway (Geetha-Loganathan et al.,
2014). Mouse Dusp6 mutants were reported to have abnormal morphologies of the cranium
and the middle ear (Li et al., 2007). In addition, a missense mutation in human DUSP6
was associated with malocclusion, a phenotype attributed to anomalies in growth and
morphogenesis of the jaw (Nikopensius et al., 2013).

Clearly, a change in the expression of each target gene individually cannot fully recapitulate
the profound craniofacial defects of L/x6and LAx8 double mutants. Rather, the phenotype
most likely arises from the combined effect of changes in multiple genes. It has been shown
that mutations in MsxZ and Pax9 affected tooth development synergistically (Nakatomi et
al., 2010), so did mutations in BarxI and MsxI (Miletich et al., 2011).

We acknowledge the limitations of this study in that unequivocally proving direct
transcriptional regulation requires much more evidence than the data presented here. First,
physical association between the promoter of a target gene and a putative LHX-regulated
enhancer needs to be demonstrated by chromatin conformation capture (3C), which is
technically challenging because 3C requires a large number of cells and the embryonic
maxillary arch is small. Second, activity of the putative enhancer needs to be tested in vivo
by transgenic reporter assays to confirm that it can drive gene expression in the maxillary
arch in an LHX-dependent manner. However, generating transgenic animals takes a lot of
resources, and thus it is beyond the scope of this paper. Nonetheless, this paper provides
important new insights and guidance for future studies on GRN underlying development of
the face.

4. Experimental Procedures

4.1. Animals

A mouse line for L/x6 knockout with knockin of placental alkaline phosphatase (L/Ax67-A7,
Mouse Genome Informatics (MGI) ID: 3584382) was generated by Regeneron using
Velocigene technology (VG MAID #406) (Choi et al., 2005; Valenzuela et al., 2003).

A mouse line for LAx6 knockout with knockin of tamoxifen inducible Cre (LAx6¢TéER,

MGI ID: 4365737) was purchased from The Jackson Laboratory (Stock No: 010776)
(Taniguchi et al., 2011). LAx8knockout line (LAhx8", MGI 1D: 2182594) was described
before (Zhao et al., 1999). All the mutant lines were maintained in a mixed background

that is predominantly CD1. LAx6and LAx8double knockout embryos were generated from
an intercross of double heterozygote adults. Control embryos were selected from littermates
that were wild type or a single heterozygote for LAx6 or LAx8. All the embryos were
genotyped by PCR using DNA from the tail. Both LAx6°-AP and LAx6CTeER lines were used
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in this study because while we initiated the project using L/Ax6°-47 (Cesario et al., 2015),

it was replaced with LAx65"€ER due to conditions associated with the material transfer
agreement for LAx6°LAP. We confirmed that LAx6CeER/CIeER. | hx8~~ mutants had the same
craniofacial phenotype as L/x6°LAF/PLAP. | hxg~~ mutants (Figure S1), which was also the
same as the phenotype of another LAx6and LAx8 double knockout mutants generated by
other researchers (Denaxa et al., 2009).

All the animal experiments were performed in accordance with a protocol approved by
Institutional Animal Care and Use Committee of New York University. The ARRIVE
guidelines (Animal Research: Reporting of /n Vivo Experiments) and National Institutes of
Health Guide for the Care and Use of Laboratory Animals (8th edition) were followed.

4.2. ChIP-gPCR

ChIP-gPCR for LHX6 was performed from the maxillary arches of E11.5 wild type CD1
embryos as described before (Cesario et al., 2015). A negative control sequence for each
LHX6 peak was selected from a nearby genomic region devoid of LHX6 binding based on
the ChiP-seq profile (see Table S4 for genomic coordinates). ChIP-gPCR was an entirely
separate experiment from the original ChlP-seq because fresh tissue was collected to prepare
a new chromatin sample for each round of ChIP. The primers used for gPCR are listed in
Table S4.

4.3. Cresyl violet staining and RNA in situ hybridization

Frozen sections of the head of an embryo were prepared and used for cresyl violet
staining and RNA in situ hybridization as described before (Jeong et al., 2012).

RNA in situ hybridization was performed on a series of coronal sections through

the face that were separated by approximately 100 um (see Fig. S2-S6). Each gene

was examined in at least three pairs of the L/x mutant and control littermates,

and the results were consistent. The three pairs of embryos for each gene were

from three different litters except for those used for Eya4, which were from two

litters. Templates for the anti-sense RNA probes were obtained from other researchers
(Barx1, Msx1, Pax9, ShoxZ2, Whntl11), purchased from Open Biosystems as cDNA
clones (Dusp6. GenBank BC003869, Rspo2. GenBank BC052844, Rspo3. GenBank
BC103794), PCR-amplified from adult wild type CD1 mouse tail genomic DNA

(Eyal: forward 5’-TGCATCATGCCTTGGAATTAGAG-3’, reverse with T3 polymerase
site 5’-AATTAACCCTCACTAAAGGGACACGATTGTCTCAGTGATGTAC-3’), or PCR-
amplified from E14.5 wild type CD1 head mesenchyme cDNA (Eya4.

forward 5’-ACGCCTTACTCTTACCAAATGC-3’, reverse with T3 polymerase site 5’-
AATTAACCCTCACTAAAGGGGCAAACAAAGGTTCGCACTACT-3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Candidate positive targets of LHX6 and LHX8 identified during upper jaw
development

. Expression of 10 genes examined in L/x6, Lhx8 mutants by RNA in situ
hybridization
. Novel relationships found between L/x and other key craniofacial regulators
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Figure 1. Lhx6 and Lhx8 positively regulate several transcription factors important for PA1
development.

A-C) Results of H3K27ac ChIP-seq and LHX6 ChlP-seq visualized by Integrated Genome
Browser (Freese et al., 2016). All genome coordinates in this paper are for NCBI37/mm9
assembly. The y-axis corresponds to fragment density derived from sequencing results. The
orange bars indicate H3K27ac or LHX6 peaks determined by MACS peak-finding algorithm
as described before (Cesario et al., 2015; Landin Malt et al., 2014). Double vertical lines
indicate a gap in the genomic region presented in the figure. The size of the gap is indicated
above the lines. D-K) RNA in situ hybridization on coronal sections of the head from E11.5
embryos. Medial-lateral axis is indicated in D. Arrowheads in F-K: reduced gene expression
in the L/x mutant in the medial mesenchyme of the maxillary arch (MxA). Arrows in F,G:
decreased expression of Eya4 in the ventral mesenchyme of the mutant maxillary arch.
Arrows in H,I: decreased expression of BarxI in the upper molar mesenchyme in the mutant.
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Arrows in J,K: decreased expression of ShoxZ2in the lateral mesenchyme of the mutant
maxillary arch.
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Figure 2. Msx1 and Pax9 are likely direct targets of LHX6 and LHX8.
A,B) Results of H3K27ac ChlP-seq and LHX6 ChlIP-seq around MsxZ and Pax9visualized

by Integrated Genome Browser. C) LHX6 ChIP-qPCR from E11.5 maxillary arch to confirm
the result of ChIP-seq. NC: negative control sequence. D-K) RNA in situ hybridization on
coronal sections of the head from E11.5 embryos. Arrows in D-G: decreased expression of
Msx1 and Pax9in the upper molar mesenchyme in the LAx mutant. Arrowheads in F,G:
decreased expression of Pax9in the medial mesenchyme of the mutant maxillary arch.
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Figure 3. Lhx6 and Lhx8 regulate Rspo2 and Rspo3 in the maxillary arch.
A,B) Results of H3K27ac ChlP-seq and LHX6 ChlP-seq around Rspo2and Rspo3

visualized by Integrated Genome Browser. C) LHX6 ChIP-gPCR from E11.5 maxillary arch
to confirm the result of ChIP-seq. Two independent rounds of ChIP-gPCR were performed,
and the result from the second round is in Figure S5. D-G) RNA in situ hybridization on
coronal sections of the head from E11.5 embryos. Arrows in D,E: decreased expression of
RspoZin the upper molar mesenchyme in the LAx mutant. Arrowheads in F,G: decreased
expression of Rspo3in the medial mesenchyme of the mutant maxillary arch. Arrows in
F,G: ectopic expression of Rspo3 in the lateral mesenchyme of the mutant maxillary arch.
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Figure 4. Lhx6 and Lhx8 regulate Wnt11 and Dusp6 in the maxillary arch.
A,B) Results of H3K27ac ChlP-seq and LHX6 ChlP-seq around Wnt11and Dusp6

visualized by Integrated Genome Browser. C-H) RNA in situ hybridization on coronal
sections of the head from E11.5 embryos. Sections in E,F are posterior to those in C,D,
from the same embryos. Arrows in C,D: decreased expression of Wnt11in the medial
mesenchyme of the mutant maxillary arch. Arrows in E,F: decreased expression of Wnt11
at the maxillary-mandibular junction in the mutant. Arrows in G,H: decreased expression of
Dusp6 in the ventral mesenchyme of the mutant maxillary arch.
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Figure 5. Lhx6 and Lhx8 within GRN of mammalian maxillary arch development.
The schematic is based on data from this paper and previous reports (Cesario et al., 2015;

Denaxa et al., 2009; Dobreva et al., 2006; Jeong et al., 2012; Landin Malt et al., 2014;
Trumpp et al., 1999). It depicts the regulatory relationships demonstrated in the maxillary
arch of mouse embryos at E9.5-E12.5.
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