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A B S T R A C T

The highly-conserved Grainyhead-like (Grhl) transcription factors are critical regulators of embryogenesis that regulate cellular survival, proliferation, migration and
epithelial integrity, especially during the formation of the craniofacial skeleton. Family member Grhl2 is expressed throughout epithelial tissues during development,
and loss of Grhl2 function leads to signiﬁcant defects in neurulation, abdominal wall closure, formation of the face and fusion of the maxilla/palate. Whereas numerous
downstream target genes of Grhl2 have been identiﬁed, very little is known about how this crucial developmental transcription factor itself is regulated. Here, using in
silico and in utero expression analyses and functional deletion in mice, we have identiﬁed a novel 2.4 kb enhancer element (mm1286) that drives reporter gene
expression in a pattern that strongly recapitulates endogenous Grhl2 in the craniofacial primordia, modulates Grhl2 expression in these tissues, and augments Grhl2mediated closure of the secondary palate. Deletion of this genomic element, in the context of inactivation of one allele of Grhl2 (through generation of double
heterozygous Grhl2þ/;mm1286þ/ mice), results in a signiﬁcant predisposition to palatal clefting at birth. Moreover, we found that a highly conserved 325 bp region
of mm1286 is both necessary and sufﬁcient for mediating the craniofacial-speciﬁc enhancer activity of this region, and that an extremely well-conserved 12-bp
sequence within this element (CTGTCAAACAGGT) substantially determines full enhancer function. Together, these data provide valuable new insights into the upstream genomic regulatory landscape responsible for transcriptional control of Grhl2 during palatal closure.

1. Introduction
Correct formation of the craniofacial skeleton in vertebrates requires
the precise synergy of cellular proliferation, migration, homing and
fusion in order to establish the bones, muscles, nerves and vasculature of
the skull, face and jaw. This incredibly tightly co-ordinated and complex
process of development involves multiple transcription factors, migration
cues, and patterning signals. Disruption of these genetic processes underpins craniofacial defects (CFD), disorders of development that affect
0.1–0.3% of all live births (Cordero et al., 2011).
Amongst the genes responsible for patterning the craniofacial complex, the highly conserved family of transcription factors, the Grainyheadlike (Grhl) genes, are emerging as critical master regulators of craniofacial

fate in numerous species (Carpinelli et al., 2017; Dworkin et al., 2014;
Peyrard-Janvid et al., 2013; Pyrgaki et al., 2011). Orthologues of the
Drosophila gene grainyhead (Bray and Kafatos, 1991), the vertebrate Grhl
factors are sub-functionalised into Grhl1-3, with mutations in both Grhl2
and Grhl3 implicated in the aetiology of human craniofacial malformations. Altered expression of Grhl3 leads to extreme developmental consequences. Human Grhl3 mutations lead to both syndromic (Van der
Woude Syndrome; VWS (Peyrard-Janvid et al., 2014) and non-syndromic
(Mangold et al., 2016) cleft palate, and Grhl3-null mice display neural
tube defects (Ting et al., 2003), delayed palatal shelf elevation due to
peridermal adhesions in the oral cavity (Peyrard-Janvid et al., 2014), and
premature apposition of the frontal and parietal bones, analogous to the
human condition craniosynostosis (Goldie et al., 2016). Grhl2 null mice
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enhancer-associated transcriptional co-activator protein p300 (p300
ChIP-Seq) in the craniofacial primordia of E11.5 mouse embryos (Attanasio et al., 2013). To extend these enhancer predictions and to investigate the spatio-temporal activities of predicted enhancer regions we
also used H3K27ac ChIP-Seq data from facial prominences at different
developmental timepoints (available from www.encodeproject.org)
(Fig. 1). Intersection of genome-wide p300 and H3K27ac enrichments
revealed three high-conﬁdence enhancer elements upstream of Grhl2
(180 kb, 97 kb, 34 kb), all of which are well-conserved in mammals
and show predicted chromatin marks throughout craniofacial development (almost exclusively within the craniofacial primordia) from E10.5
to E15.5 (Fig. 1). In addition, relaxing the stringency of enhancer predictions in the Grhl2 upstream regulatory region, we deﬁned additional
craniofacial enhancer candidates 40 kb and 23 kb upstream of Grhl2,
based on continuous temporal H3K27ac enrichment (Fig. 1) and speciﬁc
activity in mandibular compartments at E11.5 (FaceBase H3K27ac),
respectively.
Screening the non-coding regulatory domain downstream of the
Grhl2 gene body (Ncald intronic regions) revealed another putative
enhancer element (not shown) located 486 kb downstream of the Grhl2
TSS hallmarked by continuous H3K27ac enrichment in craniofacial tissues from E10.5 to E15.5. Collectively, these analyses identiﬁed six
predicted enhancer regions (180 kb, 97 kb, 40 kb, 34 kb, 23 kb
and þ486 kb relative to TSS) potentially relevant for regulation of Grhl2
in craniofacial tissues. Of these, the element 180 kb upstream of Grhl2
had been previously screened at E11.5, and did not drive any reproducible expression pattern following a LacZ reporter assay (Vista
enhancer browser, ID: mm31; Visel et al., 2007) and displays reproducible activity in the developing brain and limbs (at E11.5), but not in
craniofacial domains.
The Grhl2 proximal promoter region is also enriched for H3K27ac in
facial prominences throughout major stages of development. Therefore,
we used a well-established transgenic LacZ assay (Attanasio et al., 2013)
to assess whether this promoter element itself is sufﬁcient to drive
craniofacial expression in mouse embryos at E11.5. However, while this
element was able to drive reproducible activity in the diencephalon, at
the level of the midbrain-hindbrain boundary (Fig. 1), no craniofacial
activities were detected. Therefore, our analyses suggested that one or
more of the predicted enhancer elements was necessary for ensuring
spatiotemporal expression of Grhl2 within the developing craniofacial
region.

show developmental retardation, facial clefting, exencephaly, and
mid-gestational embryonic lethality (by embryonic day 11.5). Although
implicated in deafness (Vona et al., 2013), age-related hearing loss (Van
Laer et al., 2008) and ectodermal dysplasia (Petrof et al., 2014) in
humans, thought to be due to various mutations in GRHL2 leading to
reduced activity (Huang et al., 2010), GRHL2 has also been implicated in
the aetiology of human CFD; ﬁve patients with CFD, harbouring microdeletions at chromosomal region 8q22.2q22.3, have been identiﬁed
(Kuechler et al., 2011). These patients are hemizygous for a 1.9 Mb region containing nine genes, of which only GRHL2 has a known role in
craniofacial development. Together, these data show that the Grhl family
are highly-conserved genetic regulators of craniofacial formation.
Numerous genes that regulate craniofacial development are involved
in the Grhl gene regulatory network. These include both upstream factors, such as IRF6 (Botti et al., 2011; de la Garza et al., 2013; Kousa et al.,
2019) or FGF8 (Trumpp et al., 1999) and downstream targets such as
Edn1 (Dworkin et al., 2014), TFAP2A (Kousa et al., 2019) or GSK3β (Liu
et al., 2007). However, comparatively little is known about the genomic
landscape that allows for regulation and correct spatiotemporal expression of Grhl factors themselves in development. In particular, little is
known of putative enhancer elements that may be required for Grhl2
expression in the craniofacial primordia. Classically, enhancers are
thought of as non-coding genomic regions located at some distance from
the transcriptional start site (TSS) that allow binding of transcription
factors and RNA polymerase II, and then through conformational DNA
changes, serve to form a loop to facilitate interaction of these factors to
the target gene promoter, allowing speciﬁc cellular and spatiotemporal
regulation of transcriptional activity (Pennacchio et al., 2013).
Enhancing elements located either upstream or downstream of the TSS
(including within gene introns) can contribute to regulation of gene
expression.
Mutations in enhancer regions are implicated in craniofacial disorders. Isolated Pierre Robin sequence, a syndrome involving cleft palate
and micrognathia (Evans et al., 2011), is most commonly caused by a
mutation near the SOX9 gene (Gordon et al., 2009). This mutation falls in
an enhancer region and results in the downregulation of SOX9 activity
(Gordon et al., 2009). In mice, the deletion of distant enhancing elements
regulating Myc expression in craniofacial development was shown to
cause facial dysmorphisms and low-penetrance CLP (Uslu et al., 2014).
Currently, the nature of Grhl-gene enhancers is largely unknown,
although a mutation (that underpins neural tube closure defects in the
Grhl3-deﬁcient curly-tail mouse) has been identiﬁed ~21 kb upstream of
the Grhl3 TSS (Gustavsson et al., 2008), and an intronic single nucleotide
polymorphism (SNP) has been identiﬁed in GRHL2 that enhances susceptibility to age-related hearing loss (Van Laer et al., 2008).
Here through in silico prediction, in vivo expression analysis and
functional deletion, we have interrogated the Grhl2 genomic landscape
to identify an enhancer element that drives expression in the craniofacial
primordia during embryogenesis, and moreover, regulates Grhl2 in the
context of palatal development.

2.2. Identiﬁcation of an epithelial-speciﬁc Grhl2 enhancer active in
craniofacial domains
In order to determine whether any of the remaining ﬁve elements
could drive gene expression in the context of craniofacial morphogenesis,
we used our transgenic LacZ assay to determine in vivo transcriptional
enhancer activities in mouse embryos at E11.5. Somewhat surprisingly,
the majority of the predicted enhancer elements (97 kb, 40 kb, 23
kb and þ486 kb; Table S1) did not drive reproducible LacZ reporter
expression at E11.5. In contrast, the element located 34kb upstream of
the Grhl2 TSS (Vista enhancer ID mm1286) was able to drive highly
reproducible and speciﬁc reporter expression in craniofacial, skin and
limb bud epithelia at E11.5, as seen in both whole-mount expression and
conﬁrmed by histological analysis of haematoxylin and eosin (H&E)stained coronal sections of transgenic embryos (Fig. 2A–B). This
expression, particularly strong in the dorsal epithelium surrounding the
fronto-nasal process (FNP), and the maxillary and mandibular prominences (MXP and MDP respectively) closely recapitulated endogenous
expression of Grhl2 (shown by autoradiographic ISH; Fig. 2C and (Brouns
et al., 2011). Furthermore, sagittal sections at E14.5 revealed enhancer
activity in the oral and maxillary epithelium and in the surface ectoderm
(developing skin; Fig. 2D–F). Together, these data indicated that the
mm1286 element could drive gene expression speciﬁcally within the
craniofacial region.

2. Results
2.1. Prediction of genomic Grhl2 craniofacial enhancers in mouse embryos
To identify in vivo enhancers involved in transcriptional regulation of
Grhl2 in embryonic craniofacial tissues we screened the murine Grhl2
genomic locus (for interrogation purposes deﬁned as the entire region of
chromosome 15 between genes ZNF706 and NCALD, co-ordinates
chr15:36,925,608–37,725,722, genome build mm9) for ChIP-Seq
enrichment of the p300 transcriptional co-activator and displaying
H3K27 acetylation (H3K27ac), the most frequently used epigenetic and
epigenomic signatures to predict active enhancers (Osterwalder et al.,
2018; Rada-Iglesias et al., 2011; Visel et al., 2009) (Fig. 1). Speciﬁcally,
we used an unbiased list of 4399 craniofacial enhancers predicted by
ChIP-Seq analysis of non-coding genomic regions bound by the
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Fig. 1. In silico prediction strategy to identify putative enhancing elements of Grhl2 in craniofacial development: UCSC genome browser tracks showing
ENCODE datasets as predictive analyses showing location of predicted enhancing elements within the murine Grhl2 genomic locus, deﬁned as being situated between
the Zfp706 and Ncald genes, at co-ordinates chr15:36,925,608–37,725,722 (A–B). Putative functional elements (relative to transcriptional start site; TSS) were
identiﬁed at 180kb (mm31), 97 kb (mm1418), 40 kb (mm1289), 34 kb (mm1286), 23 kb (mm1287; A) and þ486 kb (mm1420; B). Of these, only the mm31
(limb/brain) and mm1286 (craniofacial primordia and limb) showed reproducible enhancer activities. The Grhl2 proximal promoter alone (mm1419) drove weak
expression within the brain, at the level of the midbrain/hindbrain boundary.

our results indicate that element mm1286 is likely to be a key driver of
Grhl2 expression in the context of craniofacial development.

The mm1286 element is 2,741bp in length and located at
mm9:chr15:37,127,220–37,129,961 (Table S1). As a secondary measure
of transactivation, we cloned this region and performed luciferase assays
in HEK-293 cells. This enhancer was able to transactivate a minimal
promoter in the pGL4.28 vector approximately 3.5-fold over control
vector with minimal promoter only (n ¼ 3; p < 0.05 by Student’s t-test),
indicative of transcription-enhancing function (Fig. 2G). Taken together,

2.3. Enhancer element mm1286 regulates expression and function of
Grhl2
In order to determine the function of the mm1286 enhancer in normal
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Fig. 2. In vivo functional validation of craniofacial and limb-speciﬁc element mm1286: At
embryonic day (E) 11.5, the mm1286 enhancer
drives LacZ expression within the craniofacial
primordia, speciﬁcally the frontonasal prominence
(FNP), maxillary prominence (MXP) and mandibular prominence (MNP), as well as the limb buds
(LB; A). Coronal sections at E11.5 (B) conﬁrm that
enhancer activity (as shown by positive LacZ
staining, blue) is restricted to the epithelium of the
maxillary (MXP) and mandibular (MDP) prominences. Expression is also visible in the external
skin at E11.5 and E14.5 (yellow arrow, B),
although expression is absent from the neural tube.
Autoradiographic in-situ hybridisation (ISH) of
endogenous Grhl2 expression at E11.5 (C) shows a
highly-similar expression pattern to that of
mm1286, particularly in the pharyngeal epithelium
(P) of the MXP and MDP and the external surface
ectoderm/developing skin, as well as absence of
expression in the neural tube (NT). mm1286 continues to drive expression at E14.5 (D); sagittal
H&E-stained histological sections (E-F) conﬁrm
expression in the now-fused FNP, Maxilla (Mx),
dorsal and ventral epithelium of the mandible (Md)
and tongue (T; arrows) and back-skin (inset, F). In
vitro luciferase activity assay (G) showing that the
mm1286 element enhances expression driven by a
minimal promoter (in the pGL4.28 vector)
approximately 3.5-fold over expression driven by
the minimal promoter alone (n ¼ 3; ***p < 0.001
by student’s t-test).

in skull size (Figs. S3–S4 and Tables S3–S4), indicating that the mm1286
enhancer alone is not required to inﬂuence the length, width, height or
depth of facial and skull bone development, and nor does it play a role in
premature suture fusion between the major bones of the skull.
Next, if the mm1286 element was functional in vivo, and if it impacted
on Grhl2 expression speciﬁcally, then deletion of this element should
result in decreased abundance of Grhl2 mRNA in the craniofacial
primordia at E11.5. In order to determine whether Grhl2-expression was
reduced in the craniofacial primordia of mm1286/ embryos, we
extracted the E11.5 maxillary and mandibular prominence (Fig. 3G) and
performed Q-RT-PCR on these tissues from WT and mm1286/ embryos. We found a signiﬁcant, ~50% reduction in Grhl2 mRNA expression within the craniofacial primordia in mm1286/ embryos (Fig. 3H),
indicating that this element is a positive regulator of Grhl2 in this context.
Such expression levels of Grhl2 are commensurate with those in previously described Grhl2þ/ mice that similarly do not present with any
craniofacial phenotype (Rifat et al., 2010), explaining the lack of gross
phenotypes in mm1286/ embryos.
Developmental enhancers with subtle contributions to target gene

craniofacial development, we deleted this region in mice using CRISPRCas9 genome engineering. We generated two independent mouse lines
(founder line 1 and founder line 2; Supplementary Fig. S1), comprising
deletions of 3,745bp and 3,740bp respectively, encompassing the entire
enhancer element (Fig. S1 and Table S2). Timed intercrosses of
mm1286þ/ mice of either line resulted in mm1286/ E18.5 embryos at
approximately Mendelian frequency (Table S5), and without any
observable gross size/weight or morphological defects.
As craniofacial enhancers are frequently known to subtly inﬂuence
craniofacial morphology (Attanasio et al., 2013), and the Grhl-family
member Grhl3 had previously been shown to inﬂuence the size and suture width of the skull (Goldie et al., 2016), we performed X-ray
Micro-computed Tomography (μCT) analysis in order to deﬁnitively
interrogate skull formation (Fig. 3A–F). We performed analyses as
described previously (Goldie et al., 2016; Motch Perrine et al., 2014),
paying particular attention to the size and overall length/width ratios of
the entire skull, the length and articulation angle of the mandibles, and
the overall size and closure of the upper palate. Despite careful analysis of
numerous landmark measurements, we found no signiﬁcant differences
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Fig. 3. Characterisation of craniofacial development in the mm1286/ deletion mouse: XRay computed microtopography (Micro-CT) images
of representative P0 skulls from wild-type (A–C)
and mm1286/ (D–F) mice (n ¼ 5 for each) shown
in lateral (A,D), dorsal (B, E) and ventral (C,F)
views. No gross developmental defects were
observed in skull width, length, depth, height, suture width or patency, or overall morphology.
Dissection of craniofacial primordia (maxillary
prominence; MXP and mandibular prominence;
MDP) at E14.5 (G) followed by Q-RT-PCR (H)
shows that expression of Grhl2 (relative to housekeeping gene Actb) in the craniofacial primordia is
reduced by approximately 50% in mice lacking the
mm1286 enhancer element (n ¼ 5; *p < 0.05).
Photographs of the secondary palate of newborn
mice taken from the oral (ventral) side (I-J). White
dashed lines outline primary and secondary palate.
Grhl2þ/þ;mm1286þ/ mice did not display any
palatal defects (0/39 embryos; white dashed lines,
I), whereas 13% of Grhl2þ/;mm1286þ/ mice
presented with a secondary palatal cleft with a
closed lip and primary palate (3/18 embryos; red
arrow, J, p ¼ 0.011 by Fisher’s exact test).

amphibians, lobe-ﬁnned ﬁshes (those that have deﬁned articulated appendages, e.g. coelacanth), cartilaginous and (bony) ray-ﬁnned ﬁshes
(those that lack deﬁned articulated appendages, e.g. zebraﬁsh, mandarin
ﬁsh, elephant shark, tilapia, sea bass) and invertebrates (Drosophila,
honeybee) using ClustalW. Using BLAST, we determined that a
very-highly
conserved
325bp
sequence
(mm9:chr15:
37,127,755–37,128,079; Fig. 4A) was present at >80% homology in all
tetrapods and lobe-ﬁnned ﬁsh but was missing in cartilaginous and rayﬁnned ﬁshes and invertebrates, suggesting that it arose in evolution at
approximately the same ancestral time-point as bony vertebrate limbs.
Furthermore, we found that a 12bp sequence (CTGTCAAACAGGT;
Fig. 4A and Fig. S5) within this region was identical amongst all tetrapods
examined (as well as coelacanth).
Database interrogation of transcription factor binding sites using
MotifMap suggests that this 12bp region may correspond to a conserved
“homeodomain” site, predicted to serve as a recognition sequence for
homeobox transcription factors (TFs) including Prep1, Meis1, Meis2,
MRG2 and TGIF2 (Fig. S5). In order to determine whether the 325 bp
conserved region (as well as the 12 bp invariant sequence) was necessary
and sufﬁcient for enhancer-driven LacZ expression in vivo, we performed
transgenic LacZ reporter analyses using the isolated 325bp region with an
intact or inactivated 12bp predicted homeodomain binding site (Fig. 4B
and C). We found that spatiotemporal expression of the full-length
enhancer within the epithelia of the pharyngeal arches and limb buds
was precisely recapitulated in 3 out of 5 embryos carrying the wild-type

expression have been shown to provide a mechanism of genetic robustness and their deletion in the presence of reduced target gene dosage
often leads to overt phenotypic alterations (Dickel et al., 2013; Osterwalder et al., 2018). In order to further reduce Grhl2 expression specifically within the craniofacial primordia, we inter-crossed the mm1286þ/
and Grhl2þ/ mice to generate Grhl2þ/;mm1286þ/ mice. These mice
lack one functional copy of Grhl2 on one allele and are devoid of the
mm1286 enhancer on the other allele, resulting in a predicted reduction
of Grhl2 mRNA in the craniofacial region to approximately one-quarter of
wild-type. Grhl2þ/;mm1286þ/ mice were present at expected Mendelian frequencies at P0 (Table S5B). However, although occurring at low
penetrance, 3 out of 18 Grhl2þ/;mm1286þ/ (but 0/59 WT,
Grhl2þ/þ;mm1286þ/ or Grhl2þ/;mm1286þ/þ) littermates (Fig. 3I–J
and Table S5) displayed a cleft secondary palate. These results demonstrate that deletion of the mm1286 enhancer in the presence of reduced
Grhl2 gene dosage predisposes mice to palatal clefting and indicates its’
requirement for epithelial Grhl2 expression to promote closure of the
secondary palate in the absence of genetic robustness.
2.4. Identiﬁcation of a functional 325-bp conserved region within the
mm1286 enhancer element
To explore the level of sequence homology and conservation of the
mm1286 element amongst animals, we aligned the 2,741bp mouse
sequence to orthologous sequences in mammals, birds, reptiles and
198
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Fig. 4. The highly conserved 325bp region within the -34 kb mm1286 enhancer largely recapitulates full-length mm1286 craniofacial activity: Nucleotide
alignment (black regions; A) of the ﬁrst 620bp of the mm1286 enhancer (mm9:chr15:37,127,220–37,127,840) in 39 different animal species, comprising mammals,
reptiles, amphibians, ﬁsh and birds. Species were broadly ordered according to phylogenetic distance from the human sequence, with those at the top of the table
largely comprising a lesser evolutionary distance. The red box highlights a 325 bp region that is exceptionally well-conserved, additionally comprising a 12 bp
invariant sequence (blue line; A) that was identical amongst all species examined. Injection of this conserved 325bp region linked to a LacZ transgene into fertilised
oocytes that were subsequently implanted into pseudopregnant mothers (B) largely resulted in a recapitulation of mm1286 activity (especially within the craniofacial
primordia and limb buds, n ¼ 3/5) at E11.5. Mutation of the invariant 12 bp sequence (CTGTCAAACAGGT) within the 325 bp region (to CCGGGAAACAGGT),
eliminating the homeobox recognition site, resulted in either complete abrogation of enhancer-driven LacZ activity, or greatly reduced restricted expression in isolated
areas of the frontonasal prominence, maxillary and mandibular epithelia (arrows; n ¼ 6/7, three representative embryos shown, C).

ﬁrst-known enhancer that drives expression of Grhl2.

325 bp transgene (Fig. 4B), whereas this expression pattern was either
completely absent (4/7) or substantially reduced (2/7) in 6/7 embryos
expressing the mutant 325 bp transgene (Fig. 4C). These data suggest
than not only are the sequences responsible for driving craniofacial
enhancer activity contained within the 325 bp conserved element, but
moreover, the 12 bp invariant homeobox recognition sequence performs
essential roles in directing, driving and/or ﬁne-tuning Grhl2 expression
within the craniofacial primordia.
Taken together, our study indicates that the mm1286 genomic region
is a very-highly conserved, functional enhancer in the context of palatal
closure during embryogenesis. This study marks characterisation of the

3. Discussion
Our study used a combination of sequence conservation, H3K27Ac
marks and regions bound by p300 to predict six putative enhancer elements within the Grhl2 genomic locus in mouse. Following in vivo
conﬁrmation that one of these enhancer elements, mm1286, drove gene
expression in the craniofacial primordia of developing embryos, in a
pattern strikingly similar to that of endogenous Grhl2, genetic deletion
conﬁrmed an interaction with Grhl2 in the context of palatal closure.
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despite robust mm1286-driven LacZ expression being visible in the
epidermis, again consistent with Grhl2 expression (Auden et al., 2006;
Brouns et al., 2011), no qualitative epidermal defects were observed in
either mm1286/; or Grhl2þ/;mm1286þ/-doubly heterozygous mice. It
is likely that functional redundancy between Grhl2 and other Grhl-family
members, or interacting partner proteins, is sufﬁcient to compensate for
loss of Grhl2 expression in the AER and epidermis. Although beyond the
scope of this study, it is likely that differential histone modiﬁcation states
(and
by
extension,
differential
recruitment
of
disparate
transcription-factor complexes) will either repress or activate Grhl2
expression from this enhancer during development (Nakagawa et al.,
2018). Taken together, our data show that loss of mm1286 alone does not
overtly affect development or morphogenesis in mouse.
Although complete deletion of Grhl2 leads to substantial neural tube
and craniofacial defects, palatal clefting, even at low penetrance, had
never been reported previously in numerous disparate Grhl2þ/ (heterozygous) mice, generated by several different deletion strategies
(Brouns et al., 2011; Menke et al., 2015; Pyrgaki et al., 2011; Rifat et al.,
2010). Given the fact that Grhl2þ/;mm1286þ/ embryos did display
palatal clefting, albeit at low (yet statistically signiﬁcant) penetrance,
together with the reduction in Grhl2 mRNA expression in the mm1286/
P0 embryos seen by Q-RT-PCR, we believe that we have identiﬁed a
novel genetic mechanism by which Grhl2 drives and shapes palatal
development and fusion.
We are conﬁdent that palatal clefting in our model is exclusively due
to the functional interaction between loss of mm1286 and Grhl2 heterozygosity. However, as a single enhancer can on occasion regulate multiple genes (Pennacchio et al., 2013), we cannot empirically rule out an
interaction between mm1286 and other genes on murine chromosome 15
(human chromosome 8). However, this is extremely unlikely. Firstly,
human chromosomal analyses have identiﬁed ﬁve patients with chr8:q22
chromosomal micro-deletions that present with craniofacial morphogenesis defects (Kuechler et al., 2011). The common micro-deletion in all
5 patients encompasses loss of 9 genes – GRHL2, RRM2B, NCALD,
ZNF706, UBR5, ODF1, KLF10, YWHAZ and AZIN1. Of these, only Grhl2
is implicated in palatal clefting (or indeed any other craniofacial defect),
suggesting that Grhl2 heterozygosity may underpin the subtle craniofacial morphological aberrations in these patients. Secondly, outside this
micro-deleted region, the only gene within 5 Mb of the Grhl2 locus on
murine chromosome 15 (human chromosome 8) that has known roles in
craniofacial development, is Osr2, a gene that is located ~2 Mb upstream
of GRHL2, at genomic position chr15:35,296,112–35,303,305. However,
this gene is expressed only in neural-crest derived mesenchyme of the
palatal shelves, and is not expressed in any craniofacial epithelia, suggesting it is not normally regulated by mm1286. Conversely, as multiple
enhancers are also frequently required for correct spatiotemporal
expression of a single gene (Dickel et al., 2013, 2018; Osterwalder et al.,
2018), it is quite possible that deletion of other predicted candidate
enhancer elements in the mm1286 mouse model may uncover further
synergies in enhancer function regulating Grhl2.
As the palatal clefting defect observed in Grhl2þ/;mm1286þ/ mice
at P0 was not fully penetrant, it is likely that even substantially-reduced
Grhl2-expression is usually sufﬁcient for palate closure. Compensatory
differential gene-dosage of other family members (Grhl1 and Grhl3) could
be one potential strategy by which an embryo may rescue substantial
Grhl2 loss. Additionally, other factors such as differential expression of
other (target) genes or co-factors, subtle differences in cell-cell contact
and interaction during development, minor variations in genetic background, or even environmental factors affecting certain embryos in utero
will also impinge on palatal closure. This latter hypothesis is particularly
intriguing, given that retinoic acid, hydroxyurea, mitomycin C and hyperthermia (Seller et al., 1979; Seller and Perkins-Cole, 1987; Seller and
Perkins, 1983, 1986) have previously been shown to increase the penetrance of neural tube defects in the curly-tail mouse, a mouse harbouring a
mutation in an enhancer of the closely related family member Grhl3
(Gustavsson et al., 2007). Given the known high interaction between

Moreover, further interrogation of this enhancer region showed that it
comprises a highly conserved (325bp) region, and an invariant 12bp
sequence (CTGTCAAACAGGT) amongst tetrapods that may serve as a
binding site for several homeobox transcription factors. Functional mutation and subsequent in vivo reporter experiments indicated that this
12bp region was essential for driving correct reporter expression in the
craniofacial region. Taken together, our work has identiﬁed the ﬁrst
known functional enhancer of mammalian Grhl2.
The novel enhancer we have identiﬁed and characterised here is
required for craniofacial-speciﬁc expression of Grhl2, at E11.5 and also
drives expression at E14.5. The other predicted elements do not drive
Grhl2 in the craniofacial primordia at this timepoint, however our future
studies will comprise analysis of these elements in other tissues, such as
heart and lungs (Kersbergen et al., 2018; Pyrgaki et al., 2011) where
Grhl2 function is required for development. Moreover, our future work is
also focussed on interrogating expression and function of these putative
elements at later developmental timepoints (beyond E14.5) or in the
adult, where these elements may additionally contribute to regulation of
Grhl2. As Grhl2 is implicated in numerous human cancers (Cieply et al.,
2012; Nishino et al., 2017; Tanaka et al., 2008; Werner et al., 2013),
further work will be required to determine whether these other elements
may inﬂuence the transcription of Grhl2 in other disease contexts,
outside of embryogenesis.
One of the other elements we tested, mm1419, weakly drove
expression in the dorsal skin at the level of the midbrain-hindbrain
boundary (MHB) at E11.5. This is signiﬁcant for two reasons. Firstly, a
number of Grhl2-loss of function models present with exencephaly and/
or impaired neural tube closure at the level of the cranial neural tube
(Menke et al., 2015; Pyrgaki et al., 2011), suggesting that this enhancer
may help to drive neurulation at this closure point. Secondly, we have
previously shown that the zebraﬁsh Grhl2-orthologue (grhl2b) regulates
both maintenance and morphogenesis of the MHB (Dworkin et al., 2012),
and both grhl2b in ﬁsh and Grhl2 in mouse (Menke et al., 2015) also
regulate cellular survival within the brain, speciﬁcally at the level of the
MHB. Together, these data suggest that enhancer mm1419 may be
involved in regulating Grhl2 expression at the MHB, although further
experimentation, such as functional enhancer deletion and compound
Grhl2/mm1419 heterozygosity (as we have performed here for
Grhl2/mm1286) will be necessary to test this hypothesis.
We observed no difference in the survival, viability, size, weight or
gross morphology of mm1286/ embryos, and these embryos were
present at expected Mendelian frequencies at both E14.5 and P0
(Table S5). Our detailed MicroCT analyses did not indicate any signiﬁcant variability in the length, width, depth, height, suture patency or
bone integrity of either the skull or facial bones in the mm1286/ P0
embryos. In particular, our thorough interrogation of the developing
palate did not indicate any morphological defects or failed palatal fusion
in mice lacking a functional mm1286 enhancer. This ﬁnding was not
particularly surprising, as numerous studies have demonstrated that
deletion of putative functional enhancers in isolation (even those that are
exceptionally well-conserved) leads to few differences in survival or
viability, and, at most, subtle morphological phenotypes during
embryogenesis (Ahituv et al., 2007; Dickel et al., 2018; Osterwalder
et al., 2018). Although we did not perform μCT analysis of the
Grhl2þ/;mm1286þ/ doubly heterozygous mice, save for the three pups
that presented with a cleft secondary palate, we did not observe any gross
morphological deformities in either the skull or facial bones.
We also did not observe any defects in limb or digit formation in
either mm1286/; or Grhl2þ/;mm1286þ/-doubly heterozygous mice,
even though both Grhl2 and mm1286 are strongly expressed in the limb
buds, and deletion of the highly-conserved 325bp region of mm1286 led
to abrogated LacZ expression in the apical ectodermal ridge (AER) of the
limb buds. This is consistent with ﬁndings from other Grhl2-loss of
function models, that likewise have not identiﬁed a role for Grhl2 in limb
and digit development (Menke et al., 2015; Pyrgaki et al., 2011; Rifat
et al., 2010), despite robust Grhl2 expression being detected. Similarly,
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environmental factors (such as maternal obesity, alcohol consumption
and micro-organism infection) and genetic insufﬁciency on the prevalence and severity of craniofacial defects (Dixon et al., 2011), it is
possible that mutations in the mm1286 enhancer in humans may ultimately prove to be a risk factor for the development of palatal clefts.
The mm1286 enhancer is active in maxillary process epithelium at
both E11.5 and E14.5, when the secondary palatal shelves are growing,
ﬁrst downwards adjacent to the tongue and later towards the midline
(Bush and Jiang, 2012). Given its role in suppressing
epithelial-mesenchymal transition (Ray and Niswander, 2016), we
hypothesise that Grhl2 maintains the epithelial phenotype of palatal
shelves. Furthermore, this enhancer drives expression in the surface
ectoderm (developing skin at E14.5). It is clear that Grhl2 is required for
normal skin development because children homozygous for GRHL2
hypomorphic point mutations present with palmoplantar keratoderma
(Petrof et al., 2014). As such, further research into the factors that drive
Grhl2 expression during skin development may uncover further,
non-neural ectoderm speciﬁc roles for mm1286 in embryogenesis, adult
skin maintenance, skin barrier formation and function, and potentially,
also in the development of epidermal cancers.
Our analysis of sequence conservation across forty tetrapod species
identiﬁed a highly-conserved 325bp element within the mm1286
enhancer that was largely-sufﬁcient for driving reporter (lacZ) expression
within the craniofacial primordia at E11.5. Moreover, our discovery of a
seemingly critical, invariant 12bp sequence (CTGTCAAACAGGT; Fig. 4A
and Fig. S5) within this element paves the way for future studies on the
speciﬁc genetic mechanisms that physically interact with the mm1286
element through direct binding and formation of transcriptional machinery to recruit RNA polymerase II and augment transcription. As the
prevailing model of enhancer-mediated transcription holds that activation by the enhancer and recruitment of the transcriptional complex may
drive conformational change to physically localise these proteins to the
promoter (Nakagawa et al., 2018), identiﬁcation of these binding factors
will go some way to understanding the nature of upstream signals that
drive Grhl2 expression. Our predictive interrogation of putative binding
sites has identiﬁed a number of candidate homeobox transcription factors
- Prep1, Meis1, Meis2, MRG2 and TGIF2 – that may bind to this 12bp
region based on known binding site homology. Mutating this sequence
substantially abrogated the craniofacial speciﬁc activity of the
mm1286-325bp element at E11.5, suggesting that binding by one (or
more) of these homeobox factors is critical for mediating Grhl2 expression in this region. Functional studies, such as genetic complementarity
analyses in mice, in vitro luciferase and in vivo LacZ reporter analyses,
and analysis of embryos in which the predicted homeobox transcription
factors have been deleted (for synergies with Grhl2) will further advance
our knowledge of the pathways by which Grhl2 drives palate closure.

Putative enhancer elements (see text and Table S1 for details) were
ampliﬁed from mouse genomic DNA (Clontech) and cloned into the
hsp68-LacZ vector (Kothary et al., 1989; Visel et al., 2007). Pronuclear
injections into fertilised eggs, implantation into pseudopregnant
mothers, and embryo harvest at embryonic days 11.5 (E11.5) and 14.5
(E14.5) were performed as described previously (Attanasio et al., 2013).
Enhancer activity was determined by LacZ staining followed by both
whole-mount visualisation and histology and deﬁned by reproducible
activity patterns in 3 discrete embryos, as described previously (Attanasio et al., 2013). Analysis of Grhl2 expression by autoradiographic
in-situ hybridisation (ISH) was conducted as described previously
(Auden et al., 2006). Transgenic results for the six tested elements have
been deposited in the VISTA enhancer browser (Visel et al., 2007).
4.3. Luciferase assays
The mm1286 and homologous human element (termed hs1286) were
ﬁrst cloned into pCRII-TOPO, and next sub-cloned into the pGL4.28
luciferase vector containing a minimal promoter (Promega) using
EcoRV/KpnI digestion via standard methods. Next, empty pGL4.28,
pGL4.28 þ mm1286 and pGL4.28 þ hs1286 (0.5–1 μg) were transfected
into HEK-293 cells (selected as these cells largely lack endogenous GRHL
activity) using TransIT-LT1 according to manufacturer’s instructions,
together with the pRL-TK Renilla vector (Promega) to normalise subsequent luciferase expression readings for transfection efﬁciency. Luciferase assays were conducted using the Dual Luciferase Reporter System
(Promega) using a Fluostar Optima Luminometer.
4.4. Generation of the mm1286 murine deletion model
The mm1286 enhancer deletion in mice was generated using in vivo
CRISPR/Cas9 editing, as previously described, with only minor modiﬁcations (Yang et al., 2013, 2014). Pairs of single guide RNAs (sgRNAs)
targeting genomic sequence 50 and 30 of the sequence to be deleted were
designed using CHOPCHOP (Montague et al., 2014) (see Table S2 for
sgRNA sequences and coordinates of deleted regions). Knockout mice
were engineered as described previously (Kvon et al., 2016) using a mix
containing Cas9 mRNA (ﬁnal concentration of 100 ng/μl) and two sgRNAs
(25 ng/μl each) in injection buffer (10 mM Tris, pH 7.5; 0.1 mM EDTA).
This mix was injected into the cytoplasm of single-cell C57Bl/6 mouse
embryos. Founder (F0) mice were genotyped using PCR with High Fidelity
Platinum Taq Polymerase (Thermo Fisher) to identify those with the
desired non-homologous end joining (NHEJ)-generated deletion breakpoints (Fig. S1; Table S2). Sanger sequencing was used to identify and
conﬁrm deletion breakpoints in F0 and F1 mice (Fig. S1). Two founder
lines were established and F1 or F2 mice were intercrossed. All expected
genotypes (mm1286þ/þ, mm1286þ/, mm1286/) were observed at expected Mendelian frequencies. Genotyping was conducted using standard
genotyping PCR techniques, with forward and reverse primers located 50
and 30 to the mm1286 enhancer respectively, and an enhancer-speciﬁc
reverse primer to determine presence/absence of enhancer sequence
(Fig. S2; forward primer 50 -ggaccagttgtggagaactaactt-3’; reverse
primer
50 -ctgcagagctatactgagcaagag-3’;
enhancer-speciﬁc
primer
0
5 -ttctagaatagctaaccagggct-30 ). Grhl2þ/;mm1286þ/ embryos were
generated by crossing the mm1286þ/-mice with the Grhl2þ/ mouse line
described previously (Rifat et al., 2010).

4. Materials and methods
4.1. Ethics declaration
All animal experimentation procedures, housing and maintenance
were performed under Animal Ethics Committee approval from Monash
University (E/1200/2012/M) and La Trobe University (#16–72). All
animal work was reviewed and approved by the Lawrence Berkeley
National Laboratory (LBNL) Animal Welfare Committee. All mice used in
this study were housed at the Animal Care Facility (ACF) at LBNL. Mice
were monitored daily for food and water intake, and animals were
inspected weekly by the Chair of the Animal Welfare and Research
Committee and the head of the animal facility in consultation with the
veterinary staff. The LBNL ACF is accredited by the American Association
for the Accreditation of Laboratory Animal Care (AAALAC). Transgenic
mouse assays were performed in Mus musculus FVB background mice.
Mm1286 enhancer knockouts were generated in Mus musculus C57Bl/6
strain mice.

4.5. X-ray micro computed tomography (μCT)
MicroCT analysis was conducted as described previously (Goldie
et al., 2016). Brieﬂy, MicroCT scans were performed on nine mice at
post-natal day 0 (P0) from four mm1286þ/þ and ﬁve mm1286þ/ mice,
using the Bruker SkyScan 1276 at a pixel resolution of approximately 6.5
μm. In these scans, the locations of key skeletal landmarks were
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Author summary
The correct formation and integration of the bones, nerves, blood
vessels, muscles and skin of the head and face is an exceptionally complex
process. The synergy of multiple developmental genes is essential for
correct craniofacial development. When these tightly-regulated processes
go wrong – as they often do – the resultant craniofacial defects lead to
substantial psychological, social and functional difﬁculties for affected
individuals. By understanding how these developmental processes are
regulated at the genetic level, we can form a more holistic understanding
of how to tackle these debilitating disorders. Here we describe how a
gene known to be critical for development of the head, face and jaws
(Grainyhead-like 2; Grhl2) is regulated at the transcriptional level by a
new craniofacial-speciﬁc enhancer region. This enhancer co-operates
with Grhl2 to drive expression correctly within the developing face and
jaws. Importantly, functional loss of this enhancer is a signiﬁcant predisposing factor in the aetiology of palatal clefts in mice, and given the
substantial sequence conservation across vertebrates, may also ultimately prove to be a factor in human craniofacial disorders.
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