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Abstract

Formation of the calvaria is a multi-staged process and is regulated by multiple genetic factors. 

Disruption of normal calvarial development usually causes craniosynostosis, a prevalent birth 

defect characterized by premature fusion of calvarial bone. Recent studies have identified 

mutations of KMT2D allele in patients with craniosynostosis, indicating a potential role for 

Kmt2d in calvarial development. KMT2D mutations have also been implicated in Kabuki 

syndrome, which features a distinct facial appearance, skeletal abnormality, growth retardation and 

intellectual disability. However, the expression pattern of Kmt2d has not been fully elucidated. In 

the present study we examined the expression pattern of Kmt2d at multiple stages of embryo 

development in mice, with a focus on the craniofacial tissues. Our in situ hybridization results 

showed that Kmt2d mRNA is expressed in the developing calvarial osteoblasts, epithelia and 

neural tissues. Such an expression pattern is in line with the phenotype in Kabuki syndrome, 

suggesting that Kmt2d plays an intrinsic role in normal development and homeostasis of these 

craniofacial tissues.
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Introduction

Craniosynostosis is a prevalent birth defect with occurrence of 1/2500 worldwide(Johnson 

and Wilkie, 2011; Senarath-Yapa et al., 2012). It is diagnosed by premature fusion of 

calvarial bones, which are normally connected by fibrous sutures. Calvarial development is a 

highly coordinated process from progenitors of two distinct origins. The calvarium is 

composed of a pair of frontal bones and parietal bones and a single interparietal bone. While 

the frontal bones and the central portion of the interparietal bone are originated from the 

neural crest, the parietal bones and the lateral portion of the interparietal bone are derived 

from the mesoderm cells(Yoshida et al., 2008). In mice, development of the frontal bones 

and parietal bones begins at E10.5. The progenitor cells undergo extensive proliferation and 
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differentiation when they migrate along the basal-apical axis towards the supraorbital 

domain(Deckelbaum et al., 2012). These osteoblast progenitors can be well identified by 

alkaline phosphatase activity and Runx2 expression beginning at E12.5–E13.5. 

Subsequently, the frontal bone primordia expand rostrally and the parietal bone primordia 

grow caudally while separated by the sutural cells. In following stages, these primordia 

undergo further expansion and differentiation, and form the calvarial vault encasing the 

developing brain(Deckelbaum et al., 2012; Ishii et al., 2015).

The calvarium development is an intricate process regulated by a genetic network composed 

of multiple factors. Disruption of genetic regulation could result in a variety of calvarial 

defects such as craniosynostosis (Ishii et al., 2015; Johnson and Wilkie, 2011). While many 

genes have been implicated in regulation of calvarial development, novel mutations have 

been identified in recent researches, suggesting that the mechanisms underlying normal 

calvarial development remain further elucidated. Kmt2d gene encodes a H3K4 

methyltransferase, and mutations in KMT2D allele have been identified in Kabuki 

syndrome, which is characterized by distinguished facial features and craniosynostosis(Ng et 

al., 2010; Niikawa et al., 1988). Multiple independent reports have shown that KMT2D 
mutations are correlated to craniosynostosis in human(Armstrong et al., 2005; Topa et al., 

2017; Zollino et al., 2017). However, it remains unclear whether KMT2D regulates calvarial 

development directly or via an indirect manner. To address this question, we have examined 

expression pattern of Kmt2d mRNA in the developing mouse embryos, with a focus on the 

craniofacial tissues.

Our in situ hybridization results with Kmt2d antisense probe show that Kmt2d is expressed 

in multiple cell contexts during craniofacial development, and its expression is detected in 

the calvarial osteoblasts in multiple stages, indicating Kmt2d plays an autonomous role in 

calvarial morphogenesis.

2. Results

To examine the expression pattern of Kmt2d in the craniofacial tissues, we have carried out 

in situ hybridization using Kmt2d antisense probe on sections of C57BL6J mice at multiple 

stages. At E13.5, alcian blue/alkaline phosphatase (ABAP) staining reveals the expression 

pattern of the osteoprogenitors of the frontal bone and parietal bone separated by the coronal 

suture (Fig 1A, A’). Our data show that Kmt2d mRNA is expressed in both primordia, 

indicating Kmt2d is implicated in the early osteogenesis of the calvarial bones(Fig 1B, 1B’). 

This expression pattern is also confirmed by in situ hybridization data in frontal sections of 

E13.5 embryos (Fig 1D, E). In addition, Kmt2d transcripts are also detected in other cell 

types in the craniofacial region, especially in the neuronal tissues. These includes the 

choroid plexus(Fig 1B”), the roof of neopallial cortex(Fig 1B”#x2019;), the olfactory 

epithelium, the retina and optic nerve, the trigeminal ganglia and the pituitary gland(Fig 1C 

– C”).

At E15.5, ABAP staining shows that the frontal bone and parietal bone approach 

approximately, while the tectum transversum, the lateral portion of the developing 

chondrocranium is located between the calvarium and the dura (Fig 2A). At the same level, 
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Kmt2d is expressed in the ectoderm, the osteoblasts of the frontal bone and parietal bone, 

and the dura (Fig 2B). Basal level of Kmt2d mRNA is also detected in the ttr chondrocyte 

and the neurons of the cerebral cortex (Fig 2B). In consistent to its expression pattern at 

E13.5, Kmt2d transcripts are also identified in the retina, lens, and ectoderm of nasal septum 

(Fig 2C, D), with many of which enriched with neurons. Kmt2d expression in the 

osteoblasts, lens and neurons are also confirmed by in situ hybridization results in frontal 

sections at same stage (Fig 2E, F). It has been documented that kmt2d is expressed in the 

heart and is required for embryonic heart development(Ang et al., 2016). Comparison of 

kmt2d expression in the embryonic heart and head at E13.5 and E15.5 by q-PCR reveals that 

kmt2d exhibits comparable expression level in these tissues (Fig 2G).

At E18.5, the calvarial osteoblasts undergo further differentiation and crystallization is 

initiated. As a result, AP activity of these cells starts to decline when compared to their 

E15.5 counterparts in the frontal bone and parietal bone (Fig 2H). At this stage, Kmt2d 
exhibits an expression pattern similar to that of E15.5 in the ectoderm and osteoblast, but its 

expression level dramatically increases in the ttr chondrocytes and the dura (Fig 2I). In the 

developing brain, Kmt2d-expressing cells are dispersed throughout a wide region, but are 

clustered in the ependymal lining of the third ventricle and the floor of the diencephalon (Fig 

2J). On the other hand, the sense probe fails to detect obvious expression, validating the 

experimental data obtained with Kmt2d anti-sense probe (Fig 2K).

Next we asked whether Kmt2d is expressed in calvarial bones at postnatal stages. To this end 

we have performed in situ hybridization in postnatal (P) 5 days old samples. At this stage, 

the boundary of frontal bone and parietal bone can be easily identified with AP staining (Fig 

3A, A’). Our in situ hybridization data show that Kmt2d expression persists in the ectoderm, 

but dramatically decreased in the calvarial osteoblasts (Fig 3B, B’). At this stage, Kmt2d is 

also expressed in the hair follicle, retina and olfactory epithelium (Fig 3C, D). Kmt2d has 

been shown important for muscle development (Lee et al., 2013). In line with this report, we 

have detected Kmt2d expression in muscle cells adjacent to the interparietal bone (red 

arrows in Fig 3E). Our data also reveal that Kmt2d expression exhibits a restricted pattern in 

the craniofacial epithelial cells, as we detected high level Kmt2d expression in the 

epithelium next to the eye (Fig 3B), no obvious signal was identified in the epithelial cells 

adjacent to the interparietal bone (black arrows in Fig 3E).

3. Discussion

In this study, we have investigated the expression pattern of Kmt2d in a systematic fashion at 

multiple stages in mice. Since frequent mutations in KMT2D allele are found in Kabuki 

Syndrome, which features distinct facial malformation and craniosynostosis, our study 

focuses on the craniofacial tissues. Our results show that Kmt2d is expressed in the calvarial 

osteoblasts at different stages, indicating Kmt2d plays an intrinsic role in calvarial bone 

development. Our data also discovered Kmt2d expression in the retina, olfactory epithelium, 

and brain tissues, which are enriched with neurons, suggesting a role for Kmt2d in neuronal 

development. Our findings are in line with the phenotype of Kabuki Syndrome, which is also 

featured with intellectual disability and skeletal abnormalities.
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Another feature of Kabuki Syndrome is dermatoglyphic abnormalities, indicating that 

Kmt2d is essential for epidermal development. In support of this notion, our finding 

confirms that Kmt2d is expressed in a restricted pattern in the epithelial tissues (Fig 2B, 2I, 

3B and 3E). Tooth is also regarded as an epidermal appendage. Interestingly, a recent report 

shows that KMT2D is expressed in the epithelium of tooth germs (Porntaveetus et al., 2018), 

and provides a plausible explanation of the tooth abnormality in Kabuki Syndrome patients.

Based on the expression pattern of Kmt2d, it is interesting to analyze its role in development 

of these cell types. Currently multiple genetically engineered mice have been developed to 

study the role of Kmt2d in development and disease models. However, global inactivation of 

Kmt2d in mice causes early embryonic lethality at E9–E12, prevent further analysis of this 

gene in multiple tissues such as the calvarial bones(Bjornsson et al., 2014; Lee et al., 2013). 

With the availability of the conditional alleles, it has been found that Kmt2d plays essential 

roles in formation of multiple tissues, including cardiovascular organogenesis, adipogenesis 

and myogenesis via epigenetic mechanisms(Ang et al., 2016; Lee et al., 2013). It still 

remains unclear whether Kmt2d is crucial for normal calvarial development, and our data 

provide a rationale to investigate its role in this process.

4. Experimental procedures

4.1. Animals

All animal experimentation was approved by the Institutional Animal Care and Use 

Committee of Tulane University. C57BL/6 mice are obtained from Jackson Laboratory (Bar 

Harbor, ME) and are maintained in Tulane Uptown Vivarium. For embryo collection, 

vaginal plug was checked daily in the mating females, and noon on the day when vaginal 

plug was found was defined embryonic day (E) 0.5.

4.2. Histology

Staged embryos were dissected in PBS, and the embryonic heads were separated using 

Dumont tweezers style 5. The samples were then fixed in 4% paraformaldehyde (PFA) in 

PBS at 4 degree. Following overnight fixation, the embryonic heads were dehydrated by 

gradient ethanol washes and were embedded in paraffin. Postnatal samples were decalcified 

in 10% EDTA for 48 hours before dehydration and embedding. Transverse sections and 

coronal sections at 10 micrometers were obtained using a HM325 Thermo Fisher microtome 

and were subject for following analysis.

4.3. Alkaline Phosphatase/Alcian Blue (AP-AB) staining

AP-AB staining was performed as described previously(Yang et al., 2018). Briefly, sections 

were deparaffinized, hydrated and incubated in 0.03% nitro-blue tetrazolium chloride (NBT) 

and 0.02% 5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt (BCIP) to detect AP 

activity. Slides were then rinsed in water and dipped in 1% alcian blue 8GX (A5268, Sigma) 

in 0.1N HCl to stain cartilage, and counterstained with 0.1% nuclear fast red solution.
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4.4. In situ hybridization

A 786 bps of Kmt2d cDNA fragment was amplified using primers 5-

CCGAATCAAACAGGGTCGGA −3 and 5-ACATAGGGCTGGCAGGAAAC-3 and cloned 

into pCR™ 2.1-TOPO® TA vector (Thermo Fisher, K450001). To generate Kmt2d antisense 

RNA probe, the plasmid was linearized with KpnI and was transcribed with T7 RNA 

polymerase. Kmt2d sense probe was generated by linearization with EcoRV and was 

transcribed with Sp6. In situ hybridization was performed on sections using both antisense 

and sense probes, with the latter serving a negative control. Experimental procedure of In 
situ hybridization was carried out as described previously (Yang et al., 2018).

4.5. Quantitative PCR

Expression of Kmt2d mRNA in embryonic heart and head at E13.5 and E15.5 were analyzed 

by real-time quantitative RT-PCR. The embryonic heart and head (with removal of brain) 

were dissected from staged embryos in ice cold PBS, and total RNA was extracted using the 

RNeasy Mini Kit (Qiagen 74104). Samples were prepared from 10 individual embryos at 

E13.5 and 9 at E15.5. First strand cNDA was synthesized using 1 g of total RNA, oligo-dT 

primers and SuperScript III RT (Invitrogen 18080). Quantitative PCR was performed on 

Bio-Rad iCycler using SYBR super mix kit (Bio-Rad 170–8880). The following protocol 

was used: step 1: 95°C for 10 min; step 2: 95°C for 10 s; step 3: 55° for 30 s; repeat to step 2 

39× (40 c ycles in total). β-actin expression was used as an internal control. The primers are 

as follows: mouse Kmt2d, 5′-CCTCTGATGGAGTTACCGCT-3′ and 5′-

GGTATGGGGCCGTTTATAGTGT-3′; mouse β-actin, 5′-

GCAAGTGCTTCTAGGCGGAC-3′ and 5′-AAGAAAGGGTGTAAAACGCAGC-3’.
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Fig 1. Expression pattern of Kmt2d in E13.5 mouse embryo.
(A, A’) ABAP staining on cross section of E13.5 wild-type embryonic head at the level of 

calvarial primordia. A’ is inset of A. (B) In situ hybridization using Kmt2d antisense probe 

on cross section at the same level of A. B” and B” are insets of B. (C) Expression pattern of 

Kmt2d on cross section at level of the retina. C’ and C” are insets of C. (D) ABAP staining 

on frontal section of E13.5 wild-type embryonic head. (E) In situ hybridization using Kmt2d 
antisense probe on frontal section at comparable level of D. cp, choroid plexus; cs, coronal 

suture; fb, frontal bone; nc, neopallial cortex; oe, olfactory epithelium; on, optic nerve; pb, 

parietal bone; pg, pituitary gland; r, retina; tgg, trigeminal ganglion; ttr, tectum transversum.
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Fig 2. Kmt2d expression in mouse embryos at E15.5 and E18.5.
(A) ABAP staining of mouse embryonic head at E15.5 at the level of calvarial primordia. 

(B–D) In situ hybridization using Kmt2d antisense probe on cross section at the same level 

with A. (E) ABAP staining in frontal section of mouse embryonic head at E15.5. (F) In situ 
hybridization using Kmt2d antisense probe on frontal section at the same level with A. (G) 

Quantitative PCR results showing relative expression level of Kmt2d mRNA in the 

embryonic heart and head at E13.5 (n=10) and E15.5 (n=9). (H) ABAP staining of mouse 

embryonic head at E18.5 at the level of coronal suture. (I) Expression pattern of Kmt2d at 

the same level of H. (J) Expression pattern of Kmt2d in the brain tissues. (K) In situ 
hybridization using Kmt2d sense probe on cross section at the same level with G, serving a 

negative control. cs, coronal suture; dc, diencephalon; fb, frontal bone; l, lens; oe, olfactory 

epithelium; pb, parietal bone; r, retina; ttr, tectum transversum.
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Fig 3. Expression pattern of Kmt2d at P5.
(A, A’) ABAP staining on cross section of P5 mouse head at the level of coronal suture. A’ 

is inset of A. (B, B’) In situ hybridization using Kmt2d antisense probe on cross section at 

the same level with A. B’ is the inset of B. (C, D) Expression pattern of Kmt2d on the cross 

section at the level of retina. (E) Kmt2d expression in the craniofacial muscle cells. Red 

arrows, Kmt2d expressing cells in muscle fibers adjacent to interparietal bone and hindbrain. 

Black arrows, epithelial cells showing negative results of Kmt2d expression. fb, frontal 

bone; hf, hair follicle; oe, olfactory epithelium; pb, parietal bone; r, retina.
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