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Editorial on the Research Topic
 Craniofacial Growth and Development: Novel Insights



The topic “Craniofacial Growth and Development: Novel Insights” is a Frontiers Research Topic aimed to provide an opportunity for researchers and clinicians from different perspectives and areas to publish recent advances in the understanding of craniofacial growth and development and craniofacial disorders. In addition, we also aimed to provide updated information regarding the etiological and risk factors involved in the development and establishment of the alterations and pathologies that affect the craniofacial complex. Here we present a variety of articles that contributed to the up-to-date literature in the craniofacial growth and development research field.

In this topic, Svandova et al. presented a review that aimed to discuss the formation and developmental specification of the odontogenic and osteogenic mesenchymes and to explore the mechanisms underlying condensation in both the odontogenic and osteogenic compartments. This same group also published a review focusing on the mechanisms behind the different fates of Meckel's cartilage (Svandova et al.)—Meckel's cartilage was first described by the German anatomist Johann Friedrich Meckel from his analysis of human embryos. In their work, the authors covered different aspects of the 200 years of the discovery of Meckel's Cartilage, including the early development of mammalian Meckel's cartilage and the diverse fates of this cartilage; how chondrocytes from Meckel's cartilage compare with chondrocytes of other types of cartilages and the proliferation, differentiation and maturation of chondroblasts; as well as the various molecular-biological aspects of Meckel's cartilage. The authors also explored some topics of clinical interest such as the patterning of the mandible and the consequences of defects in the development of Meckel's cartilage, once several human disorders are directly or indirectly connected with an abnormal Meckel's cartilage. Vasela et al. also explored mandibular development. They used an animal model (mice) and an in vitro model to investigate the caspase-12 in the context of mandibular development. The authors investigated, if caspase-12 participates in the modulation of osteogenic pathways and their study demonstrates caspase-12 expression in bone cells during craniofacial/mandibular development. A study from Sun et al. also used in vivo and in vitro models to investigate the role of Shh signaling on microvasculature in upper lip development. An animal model of Shh pathway antagonist-induced cleft lip was used to examine microvascular morphogenesis during normal and abnormal upper lip development and also an in vitro co-culture model to investigate Shh pathway perturbation on microvascular stability. The authors found a previously unrecognized role for Shh signaling in facial development and suggested microvascular morphogenesis as new focus for understanding normal and abnormal craniofacial development. Studies with animal models were also presented here in order to evaluate the role of bisphosphonates in bone healing. A study from Bonetto et al. used Wistar rats to investigate the effect of sodium alendronate on bone repair. The authors reported that alendronate had no effect on the parameters tested.

Another model explored in this issue was the zebrafish, which is an animal model that has been becoming more frequently used in studies to explore genes and environmental factors that are involved or affect craniofacial development. Yuan et al. tested, if ethanol-induced downregulation of microRNA-135a contributes to ethanol-induced apoptosis in neural crest cells by upregulating specific pathways. In their study, they observed that treatment with ethanol resulted in a significant decrease in microRNA-135a expression in both neural crest cells and zebrafish embryos. A review of the published zebrafish studies on environmental factors involved in the etiology of craniofacial malformations in humans including maternal smoking, alcohol consumption, nutrition and drug use, was also presented in this topic (Raterman et al.). The authors also highlighted the fact that the zebrafish is an excellent complementary model with high translational value to study complex interactions in the context of craniofacial development, such as gene-environmental interactions.

In the current topic, studies with human samples were also presented. Three studies investigated oral cleft patients (Alam and Alfawzan; Lou et al.; Latief et al.). Alam and Alfawzan investigated morphological characteristics associated with non-syndromic oral clefts and they found that Sella turcica bridging pattern is different in oral cleft and non-cleft patients and differences in the Sella turcica are also observed among cleft subtypes. This could indicate that morphological alterations related to oral clefts also involve other craniofacial structures. Lou et al. on the other hand, presented a study that used a case-control design to explore genetic variants associated with non-syndromic oral cleft. Genomic DNA from a large sample (2,027 cleft lip with or without cleft palate cases and 1,843 controls) was used to investigate genetic variants in 23 autophagy pathway genes. The authors identified that the genetic variant rs2301104 in Hypoxia-inducible factor 1a (HIF1A) gene contributed to the risk of non-syndromic oral cleft. The authors hypothesized that decreased expression of HIF1A might break the oxygen homeostatic response during embryonic development, thus inhibit autophagy and further exacerbate susceptibility to some developmental anomalies, including non-syndromic oral cleft. Martinelli et al. presented an overview regarding non-syndromic cleft palate exploring the known genetic and environmental risk factors.

Human samples were also used to explore developmental dental alterations. A pathological mineralization of the tooth structures, called pulp stones, was investigated in a case-control study design. These are characterized calcifications observed in the pulp chamber and highly frequent in the general population. The authors explored for the first time some salivary parameters and observed that patients with pulp stones have sialometric and sialochemical alterations.

A mini-review from Funato explored molecular aspects giving new insights into cranial synchondrosis development. The synchondroses form via endochondral ossification in the cranial base and play a critical role as an important growth center for the neurocranium. Abnormalities in the synchondroses affect cranial base elongation and the development of adjacent areas, including craniofacial bones. Early ossification and/or malformation of cranial synchondroses can induce the fusion of adjacent bones and subsequent cranial anomalies, like microcephaly and midface hypoplasia (Funato). In this review the development of cranial synchondroses and its regulation by the signaling pathways and transcription factors was presented, showing the differences between the intersphenoid and spheno-occipital synchondrosis.

Briefly, this Research Topic provided an opportunity for researchers and clinicians from different perspectives and areas to discuss recent advances in the understanding of craniofacial growth and development. It also will provide readers with new insights and different viewpoints to stimulate further investigations in this broad research field. This Research Topic also achieved its initial aim to have different areas contemplated, such as developmental biology, human genetics, craniofacial syndromes, cleft lip and palate and dental research, coming together in this article collection.
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The aim of this study was to analyze the saliva of patients with pulp stones, with sialometric and sialochemical tests. Eighty individuals, aged between18 and 65 years, of both sexes, were investigated. Patients were included in the pulp stone group when radiographic examination was suggestive of pulp stones in at least one permanent tooth, whereas those without this alteration were considered controls. Saliva was collected by stimulation, followed by salivary flowrate (SFR) and pH analysis tests. The organic components, such as urea (URE), glucose (GLU), total proteins (TPTs), alkaline phosphatase, creatinine (CRE), salivary amylase (SAM), and uric acid (URA), and the inorganic components, such as calcium, iron, and phosphorus, were evaluated by colorimetric techniques in an ultraviolet–visible (UV–vis) spectrophotometer. Differences among pulp stones and control groups were compared using Student’s t-test, with a significance level of p < 0.05. In both groups prevailed the female. Statistically significant differences between groups were observed for pH (p = 0.027), SFR (p = 0.002), alkaline phosphatase (p = 0.008), and URA (p = 0.005). None of the inorganic components showed significant difference (p > 0.05). In the analyses stratified by sex, difference between groups was observed for pH (p = 0.007) and URA (p = 0.003) in women. In conclusion, sialometric and sialochemical alterations occurred in patients with pulp stones, with significantly higher levels of pH, SFR, alkaline phosphatase, and URA.

Keywords: dental pulp calcification, saliva, organic chemicals, inorganic chemicals, sialometry, sialochemistry


INTRODUCTION

Saliva is a complex biological fluid secreted continuously by salivary glands that performs numerous functions in the oral cavity, such as providing minerals to balance the process of dental demineralization and remineralization, and control of microbiota. This is possible because saliva contains numerous organic and inorganic components, which contribute to the equilibrium of the oral environment (Dawes et al., 2015). Saliva has also been described as a potential biological marker for systemic diseases (Zhang et al., 2012). The variation in salivary flowrate (SRF) and pH are related with systemic (Carramolino-Cuellar et al., 2018) and oral diseases (Foglio-Bonda et al., 2017). Diabetic patients present salivary glucose (GLU) alterations (Ladgotra et al., 2016), and higher levels of salivary urea (URE) and uric acid (URA) are commonly observed in patients with renal diseases (Alpdemir et al., 2018). Such alterations have also been observed in the most prevalent oral diseases, for example, increased total protein (TPT) levels in the presence of dental caries (Pandey et al., 2015) and periodontal disease (Shaila et al., 2013). In the past decades, numerous studies have described, standardized, and validated analyses of salivary organic and inorganic components (Teixeira et al., 2012; Malathi et al., 2013; Shaila et al., 2013; Pandey et al., 2015; Buche et al., 2017; Khozeimeh et al., 2017; Saha et al., 2017; Alpdemir et al., 2018; De et al., 2018; Jeyasree et al., 2018; Riis et al., 2018; Alshahrani et al., 2019). Owing to the detection of serum constituents, saliva has also been used as a tool for diagnosis, monitoring, and management of patients with both oral and systemic diseases (Malamud, 2011). The chief advantage of saliva as a diagnostic/prognostic tool is the ease of collection, considering the non-invasive nature of the procedure when compared to blood test (Zhang et al., 2012; Dawes et al., 2015).

Pulp stones are characterized by calcifications in the pulp chamber commonly observed in the general population, both in young and elderly patients (Satheeshkumar et al., 2013), although the prevalence is higher in the latter (Horsley et al., 2009). Its reported rates range widely, depending on the method of diagnosis, reaching 36.53% (Jannati et al., 2019), 46.9% (Ravanshad et al., 2015), and 83.3% (Hsieh et al., 2018) of frequency. Although its origin has not been fully elucidated (Goga et al., 2008), its formation results from the natural aging process or as a response to injuries, such as traumatic occlusion and orthodontic movement (Ertas et al., 2017). Genetic causes (VanDenBerghe et al., 1999) and, currently, the identification of nanoparticles and nanobacteria are pointed out as etiological factors (Zeng et al., 2011), which have also been found in kidney stones (Chen et al., 2010).

The entire process of calcification formation is reduced to the adhesion of calcium crystals to the cells, which hinders the permeability of mitochondria and the transport through their pores, which determines oxidative stress, apoptosis, and expression of osteopontin (OPN), a glycoprotein phosphorylated secreted in the extracellular bone matrix (Senger et al., 1979). Macrophages phagocytize and digest a number of crystals, but some end up aggregating into a mass containing OPN and epithelial cell debris, giving rise to the calculus nuclei. This biomolecular mechanism, described by Kohri et al. (2012), is similar to atherosclerotic calcification. Thus, these tissue changes follow the same pattern, and pulp calcifications should not be an exception (Foster et al., 2018).

In the clinical context, the presence of pulp stones can pose a challenge in endodontic treatment because they partially or fully obliterate the pulp chamber thus closing entrances to the root canals, which aggravates or fully disables thorough cleaning and shaping of the root canal system (Qualtrough and Mannocci, 2011).

Interestingly, the incidence of pulp stones is higher in patients with diabetes and kidney disease (Nakajima et al., 2013), including urolithiasis (Movahhedian et al., 2018; Gabardo et al., 2019), and coronary artery disease (Alsweed et al., 2019), possibly due to the inflammatory process common to them (Gopal et al., 2016). The association between them and certain systemic conditions is also supported by the fact that the mechanism of mineralization of pulp stones is similar to calcifications in other organs in the body (Carson, 1998). However, the exact etiology of this process remains unclear (Milcent et al., 2019). Despite the lack of a direct relationship between the salivary composition and the pulp stones, these alterations may be an oral factor indicating the presence of systemic changes (Horsley et al., 2009; Satheeshkumar et al., 2013).

Therefore, the present study evaluated the sialometric and sialochemical profile of patients with pulp stones in order to identify possible changes in composition of their saliva. The null hypothesis is that alterations in inorganic and organic components are not present in the saliva of these individuals.



MATERIALS AND METHODS

The local ethics committee of Universidade Positivo for research on humans (Reg. No. 2.805.133) approved this case–control study. Individuals who signed the form of informed consent were included.

Initially, dental records of patients (18–65 years old) with radiographs (panoramic, periapical, or bitewing), who were under treatment at the Universidade Positivo Dental Clinic, were selected. Initially, a questionnaire with nine items, adapted from a study by Bhattarai et al. (2018), was applied as a screening tool to exclude individuals with cognitive impairment, viral diseases such as HIV and hepatitis, and recent history of oral surgery (<1 month). Individuals with oral infection; salivary gland problems; history of radiotherapy in the head and neck region; those under treatment with antibiotics, antihistamines, antipsychotics, antidepressants, or anti-inflammatory drugs; dry mouth; and pregnant women were also excluded.

For the pulp stones group, patients with at least one permanent tooth with a radiograph showing pulp stones were selected. In the control group, patients with no evident pulp stone on panoramic or full-mouth radiographs were included. The period of recruitment of subjects for saliva collection was from October 2018 to June 2019.

The power observed in the sample was calculated, considering the value of α = 5% and the rejection of the null hypothesis (existence of difference between the groups), which resulted in a value of 76%.


Pulp Stones Identification

Two trained and calibrated examiners (kappa = 0.88) preselected prospective individuals to be included in the pulp stones and control groups by analyzing radiographs from their dental records. A third examiner specialized in radiology (gold standard) reanalyzed the selected radiographs. In order to confirm the diagnosis, during the follow-up, bilateral bitewing radiographs were taken in patients with an initial finding of pulp stones. There was complete agreement between the previous and recent radiographic findings.



Saliva Collection and Sialometric Analysis

One sample of saliva of each participant (n = 80) was collected, and three trained examiners performed this phase. Patients were instructed to perform proper oral hygiene and refrain from consumption of alcoholic beverages in the 12 h prior to the collection (Gopal et al., 2016). Patients were asked to chew a 1- × 0.5-cm sterile rubber band for 5 min for stimulation of salivary flow (Priya, 2017). Bottles were weighed before collection, which were reweighed after completion of the procedure to measure the SFR. The difference in weights of the empty and full bottles, in grams, is equivalent to milliliters of saliva/minute (ml/min), as per the so-called gravimetric method. Following collection of saliva, pH was immediately measured using a pocket meter with a direct electrode (Q400BD, QUIMIS, Diadema, SP, Brazil), and the samples were stored at −20°C (Chiappin et al., 2007). All samples were collected at least 1 h after the last meal.



Sialochemical Analyses

Labtest Diagnóstica® (Lagoa Santa, MG, Brazil) colorimetric kits were used for sialochemical analyses of URE, GLU, TPT, alkaline phosphatase (Alpdemir et al., 2018), creatinine (CRE), salivary amylase (SAM; Gopal et al., 2016), URA, calcium (Ca), and iron (Biscaglia et al., 2016). The Quimifos kit (Ebram Produtos Laboratoriais Ltda., São Paulo, SP, Brazil) was used for phosphorus (P) measurement. Table 1 shows the kits used with their respective wavelengths for reading and the unit of measurement of each compound.


TABLE 1. Salivary components analyzed, colorimetric kit used with respective wavelength, and unit of measurement.

[image: Table 1]Biochemical procedures were performed by a single operator on ultraviolet–visible (UV–vis) spectrophotometer (Model UV, 1601, UV Visible Spectrophotometer, Shimadzu, Kyoto, Japan) using quartz cuvettes. The device was calibrated prior to each test. All colorimetric analyses were performed according to the manufacturers’ instructions.



Statistical Analyses

Initially, a descriptive analysis of the data was performed. After the normality (Shapiro–Wilk) and homogeneity of variance (Levene) tests were done, the data were submitted for Student’s t-test to identify differences between the groups (pulp stones and control) and gender (male and female). Due to the sexual dimorphism observed in some salivary parameters, the analyses were also performed after stratification of the samples according to sex.

All analyses were performed using SPSS® (IBM® SPSS® Statistics v. 25.0, SPSS Inc., Chicago, IL, United States), with a significance level of 5%.



RESULTS

Among the 80 patients included in this study, 43 (53.8%) presented with pulp stones and 37 (46.3%) were included as controls.

In the pulp stones group, 30 (69.8%) individuals were female, while in the control group, the number was 33 (89.2%) (p = 0.054).

Regarding SFR and pH, in the total sample, the means and SD were 1.09 (0.60) and 7.81 (0.45), respectively. Figure 1 shows the comparison of SFR and pH between the groups, wherein statistically significant differences were observed in both parameters, with higher mean values of both in the pulp stones (p = 0.002 and p = 0.027, respectively).
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FIGURE 1. Box plot representing (A) salivary flowrate (SFR) (ml/min) and (B) salivary pH, according to pulp stones and control groups. Student’s t-test (p < 0.05).


Table 2 shows the mean values of organic and inorganic components according to the groups. Statistically significant differences between groups were identified with higher mean values in the pulp stones group of ALP (p = 0.008) and URA (p = 0.005). None of the inorganic components showed significant difference (p > 0.05).


TABLE 2. Absorbance of sialochemical tests for organic and inorganic components in total subjects in the pulp stones and control groups compared (n = 80).

[image: Table 2]In the comparison between sexes in the same group, female individuals presented statistically significant lower levels of P in the control group (p = 0.011). Similarly, in the pulp stones group, female individuals showed lower levels of URA (p = 0.023), SFR (p = 0.038), and ALP (p = 0.034).

In female, within the total sample, statistically significant differences were observed between the groups (pulp stones and control) for pH (p = 0.007) and for URA (p = 0.003) (Table 3).


TABLE 3. Results of sialometric and sialochemical tests compared between groups, stratified by sex (n = 80).
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DISCUSSION

In recent years, owing to rapid advancement in research, saliva has become well recognized as a pool of biological markers. However, to the best of our knowledge, this is the first study to evaluate biochemical parameters of saliva in individuals with pulp stones. The results presented in this study rejected the null hypothesis, indicating certain salivary changes, which include alterations in pH, SFR, ALP, and URA, in patients with pulp stones.

The choice for investigating pulp stones in this research was due to the high prevalence of this alteration observed in the general population (Horsley et al., 2009; Satheeshkumar et al., 2013; Jannati et al., 2019). With an origin not elucidated (Goga et al., 2008), some authors attributed its formation to aging, injuries, orthodontic movement (Ertas et al., 2017), and genetics (VanDenBerghe et al., 1999). What is known is that there are similarities in the calcification processes (Carson, 1998; Kohri et al., 2012; Foster et al., 2018), with an exacerbation of the inflammatory process (Gopal et al., 2016). Another highlight is that the incidence of pulp stones is higher in patients with diabetes and kidney disease (Nakajima et al., 2013), including urolithiasis (Movahhedian et al., 2018; Gabardo et al., 2019), and coronary artery disease (Alsweed et al., 2019). In addition, there are evidence in the literature that female individuals are more affected (Ravanshad et al., 2015; Jannati et al., 2019), but other authors have not confirmed this information (Hsieh et al., 2018; Babu et al., 2020).

From the clinical point of view, the pulp stones make endodontic treatment extremely difficult, as they cause obliterations that cannot allow an adequate chemical–surgical preparation (Qualtrough and Mannocci, 2011).

For clinical diagnosis of the systemic diseases, blood or urine samples are widely used, but recently, saliva emerges as a useful biofluid that provides rapid and accurate information for monitoring and management of patients with both oral and systemic diseases (Malamud, 2011; Rahim et al., 2015; Babu et al., 2020). In fact, it is not new that salivary compounds are a mixture of components derived from the salivary gland and blood, and both its volume and composition may vary depending on the environmental stimuli to which the individual is subjected (Malamud, 2011) or nutrition status. Thus, just as blood or urine GLU are affected by starvation or fullness, salivary components may be altered. In this sense, it is necessary to standardize a minimum time for collection after the meal. Invariably, this time varies between 1 h (Fregoneze et al., 2013), 2 h (Panchbhai et al., 2010), or more, after meal, so here, it was standardized that collection was carried out at least 1 h after food and dental hygiene.

It is known that pH and SFR changes can be observed in individuals with systemic (Carramolino-Cuellar et al., 2018) and oral disorders (Foglio-Bonda et al., 2017). SFR is an important parameter in the maintenance of oral health, and it is known that the value is directly proportional to the amount of salivary components (Teixeira et al., 2012). The normal range of SFR is 1–3 ml/min of stimulated saliva (de Almeida et al., 2008). In this study, SFR of individuals with pulp stones was higher than those in the control group. However, this result should be interpreted with caution once the SFR was not statistical different when stratified by sex in comparison between groups. However, in the comparison between sexes, in the pulp stones, men presented statistically significant higher SFR than women.

Regarding the pH levels, the main point to be investigated is that salivary pH was higher in individuals with pulp stones in the total analysis, and when the analysis was stratified by sex, female individuals with pulp stones also presented higher pH. Statistically significant difference was not observed in male individuals, but this could be due to the lower number of men in the present sample. It is assumed that the mechanism of formation of pulp stones is similar to that of calcifications occurring in other organs in the body (Carson, 1998). A study showed that kidney stones may form due to an increase in urinary pH, and high alkalinity of urine is a strong indicator of urolithiasis (Cong et al., 2014). Interestingly, a recent meta-analysis reported an association between pulp and kidney stones (Gabardo et al., 2019). It is possible that patients with pulp stones have higher pH levels in body fluids, thereby creating an environment conducive to formation of calcifications.

Although the mean difference of URE between pulp stones and control was not statistically significantly different, this organic component in the oral cavity is degraded by the ureases produced by the microbiota, resulting in the production of ammonia, contributing to the pH elevation (Sissons et al., 2007). In addition, studies have reported increase in levels of URE in patients with renal diseases (Alpdemir et al., 2018) and halitosis (Khozeimeh et al., 2017). Further studies should be conducted to investigate the association between salivary URE and pulp stones.

Increased concentration of GLU appears to be associated with an increase in SFR (Teixeira et al., 2012). The mean GLU value (3.19 mg/dl) of the samples in the present study was similar to that reported by Alshahrani et al. (2019) (3.39–4.28 mg/dl).

Total protein was not associated with pulp stones in the present study. Salivary TPT has many protective aspects, since they are adsorbed onto the surface of the enamel, forming a pellicle that regulates the process of demineralization and remineralization, in conjunction with other components, such as Ca (Humphrey and Williamson, 2001). Increased TPT levels have been reported in individuals undergoing orthodontic treatment (Teixeira et al., 2012), patients with dental caries (Pandey et al., 2015), and periodontal disease (Shaila et al., 2013). Similarly, higher ALP levels in saliva have been reported in patients with periodontitis (De et al., 2018; Jeyasree et al., 2018).

ALP is found in cells of the periodontium, such as fibroblasts, neutrophils, and osteoblasts, and is released during their migration to the site of infection (Safkan-Seppala and Ainamo, 1992). In addition, in edentulous, osteoporotic, or osteopenic individuals, the level of salivary ALP was significantly higher when compared to the control group, suggesting that this component may be an indicator of bone metabolism disorders (Saha et al., 2017). In the present study, salivary ALP was associated with pulp stones. It is possible that ALP is higher in the pulp fluids of teeth with pulp stones. It is well known that the equilibrium of tooth demineralization and remineralization is affected by ions such as Ca and P in saliva and, consequently, by ALP. One study has reported about development of caries with significant changes in P levels (Kaur et al., 2012). In the present study, a borderline association of P in both sexes it was observed (when stratified analysis was performed for the comparison between pulp stones and control). Higher levels of P were found in patients with renal diseases (Alpdemir et al., 2018) and diabetes (Ladgotra et al., 2016). Further studies should investigate salivary P levels in patients with pulp stones. Salivary Ca was not associated with pulp stones. Previously, higher salivary levels of Ca were observed in patients with renal disease (Alpdemir et al., 2018), diabetes (Ladgotra et al., 2016), and osteoporosis and osteopenia (Saha et al., 2017). Caries-free children may also demonstrate increased salivary Ca levels (Pandey et al., 2015).

Creatinine is a common parameter evaluated in patients with renal disease, and its analysis in saliva reflected the blood levels, thus can be used as a biomarker for the diagnosis of chronic kidney disease (Lasisi et al., 2016). In individuals with halitosis, decrease in CRE levels has been reported, contrary to the levels of URE and URA (Khozeimeh et al., 2017). The present result does not support that CRE could be a biomarker for pulp stones. On the other hand, URA was associated with kidney stones in this study. A previous analysis reported that the level of URA was associated with the development of arthritis and kidney stones, due to accumulation of URA crystals (Biscaglia et al., 2016). Riis et al. (2018) evaluated salivary URA levels in healthy individuals and did not observe differences among age groups, gender, and ethnicity.

It is possible that an association between URA and pulp stones was not observed in men in the present study due to the small sample size. Previous studies conducted on salivary URA demonstrated an association of the parameter with metabolic syndrome, cardiometabolic risk factors (Soukup et al., 2012), and body mass index (Martínez et al., 2017).

Salivary amylase is an enzyme that plays an important role in digestion of starch and protein. Teixeira et al. (2012) and Alshahrani et al. (2019) reported higher levels of SAM after the installation of fixed orthodontic appliances. Studies have also reported significant increase in SAM in diabetic patients, with levels reaching 2739.48 U/dl (Malathi et al., 2013) and 1671.42 U/dl (Ladgotra et al., 2016).

A previous study reported reduction in salivary Fe levels in individuals with dental caries (Buche et al., 2017). Another study concluded that patients undergoing procedures such as peritoneal dialysis and hemodialysis had a significant reduction in salivary Fe values (Alpdemir et al., 2018). In the present study, there was no statistically significant difference in salivary Fe levels between the groups.

It is important to highlight that the present study has some limitations. The study design (convenience sample) and the sample size, as well as the lack of previous history of orthodontic treatment and previous dental and occlusal trauma could present some important limitations. In addition, saliva compounds may be altered by many factors, and there is no guarantee that all patients respected the instructions before the saliva collection. Further long-term studies, with larger sample sizes are needed to confirm and understand the associations observed here.

To summarize, high prevalence of pulp stones has been reported globally (Jannati et al., 2019) and may be associated with other systemic conditions (Nakajima et al., 2013; Alsweed et al., 2019; Gabardo et al., 2019). Additionally, sialometric and sialochemical evaluations are relevant to research in this field, to understand the etiology of diseases and discover potential salivary biomarkers. Further studies should be conducted to evaluate more biomarkers associated with pulp stones as well as elucidate the association between pulp stones and systemic conditions.



CONCLUSION

Sialometric and sialochemical alterations occur in patients with pulp stones, with significantly higher levels of pH, SFR, ALP, and URA being reported in the present study.
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Although genetic variants in autophagy pathway genes were associated with the risk of oral cancers and early development in embryos, their associations with non-syndromic cleft lip with or without cleft palate (NSCL/P) risk remained unclear. A two-stage case-control study (2,027 NSCL/P cases and 1,843 controls) was performed to investigate the associations between single nucleotide polymorphisms (SNPs) in 23 autophagy pathway genes and NSCL/P susceptibility. The logistic regression model was used to calculate effects of SNPs on NSCL/P susceptibility. Gene-based analysis was performed via the sequence kernel association test (SKAT) and multi-marker analysis of genomic annotation (MAGMA) methods. Expression quantitative trait loci (eQTL) analysis was conducted using NSCL/P lip tissue samples. Gene expression during embryonic development was evaluated using RNA-Seq. Functional roles were explored by luciferase activity assay, cell apoptosis, proliferation, and cycle in vitro. Rs2301104 in HIF1A was significantly associated with NSCL/P susceptibility in the combined analysis (OR: 1.29, 95% CI: 1.09–1.29, P = 3.39 × 10–03), and showed strong evidence of association heterogeneity (P = 9.06 × 10–03) with obvious association in the female (OR: 1.80; 95% CI: 1.32–2.45; P = 1.79 × 10–04). The G allele of rs2301104 was associated with enhanced transcription activity and high expression of HIF1A compared with that of C allele. Moreover, rs2301104 exhibited an eQTL effect for HIF1A with its GC/CC genotypes associated with decreased HIF1A expression compared with those with GG genotypes (P = 3.1 × 10–2). Knockdown of HIF1A induced cell apoptosis and inhibited cell proliferation in human embryonic palate mesenchyme (HEPM) and human oral epithelium cells (HOEC). This study demonstrated that rs2301104 in autophagy pathway gene HIF1A was associated with susceptibility of NSCL/P.

Keywords: autophagy, non-syndromic cleft lip with or without cleft palate, single nucleotide polymorphism, molecular genetics, HIF1A


INTRODUCTION

Non-syndromic cleft lip with or without cleft palate (NSCL/P) is one of the most common human birth defects contributing huge health and financial burdens to the affected individuals, families, and societies (Mangold et al., 2010; Heike and Evans, 2016). It occurs in ~1 in 700 live births worldwide, with prevalence varying by population (Birnbaum et al., 2009).

The occurrence of NSCL/P results from failure of the facial processes to grow or fuse appropriately during early embryologic development (between the 4th and 12th week of gestation) (Beaty et al., 2016; Li et al., 2017). Signaling pathways, including Bmp, Fgf, Shh, and Wnt signaling pathways, are critical for proper lip fusion (Jiang et al., 2006). Similarly, the growth of the palatal shelves is also mediated by epithelial-mesenchymal interactions regulated by multiple signaling pathways and transcriptional factors (Lan et al., 2015). Cell migration, proliferation, and apoptosis in both epithelial cells and cranial neural crest (CNC)-derived mesenchymal cells are involved in mechanisms leading to cleft lip and palate (Tian et al., 2017).

The underlying etiology is complex and multifactorial with a wide range of influences including genetic and environmental factors. Extensive human genetic studies and animal studies have attempted to identify the genetic variants associated with NSCL/P risk (Leslie et al., 2016; Hammond et al., 2018; Reynolds et al., 2019). For instance, Leslie et al. (2016) conducted a multiethnic genome-wide association study in 6480 participants and revealed novel associations on 2p24 near FAM49A, and 19q13 near RHPN2. Hammond et al. demonstrated that ectopic Hh-Smo signaling downregulates Wnt/BMP pathways, resulting in cleft palate and defective osteogenesis (Hammond et al., 2018).

As a conserved lysosomal degradation process in eukaryotes, autophagy prevents cells from different kinds of stress, such as starvation, hypoxia, or exposure to toxic molecules (Huang and Klionsky, 2007). Defective autophagy is related to physiological and pathological conditions, such as cancer, metabolic, neurodegenerative disease, and aging (Netea-Maier et al., 2016). In the early development stage, autophagy has been shown to be essential in the transition of oocytes to embryos, postpartum survival, development, differentiation and aging in mouse models (Hale et al., 2013). Additionally, autophagy degrades cytoplasmic components, which is vital for embryonic development and human health (Fenouille et al., 2017). Susceptible genes may play essential roles in cell death and inflammation by influencing autophagy in neighboring cells during developmental periods (Lin et al., 2017). Previous studies showed that single nucleotide polymorphisms (SNPs) in autophagy pathway genes were related to the risk of melanoma, neck squamous cell carcinoma, and early embryo development (Capela et al., 2016; White et al., 2016; Fernandez-Mateos et al., 2017), however, their associations with the risk of NSCL/P have never been explored.

Highlighting these bases, with the aim of exploring associations between genetic variants in autophagy pathway and the risk of NSCL/P, we conducted a two-stage case-control study with 2,027 NSCL/P cases and 1,843 controls in the present study. We finally found that rs2301104 in autophagy pathway gene HIF1A was associated with susceptibility of NSCL/P. Moreover, we explored the functional roles of the SNP and the gene with in vivo and in vitro experiments. Our study provides a deeper insight into the roles of autophagy pathway-related genetic variants in the development of NSCL/P.



MATERIALS AND METHODS


Selection of Genes and SNPs From the Autophagy Pathway

The key autophagy associated genes were selected from the Kyoto Encyclopedia of Genes and Genomes (KEGG) and published studies. We obtained 109 genes from the autophagy pathway included in KEGG (map04140), and the following key words were used to search PubMed for publications on or before September 30th, 2018: gene name and craniofacial, craniofacial development, or facial development. Finally, 23 genes related to autophagy and craniofacial development were kept for further analysis (Supplementary Figure 1 and Supplementary Table 1).

The flow chart of selecting putative functional SNPs based on 23 genes we selected is shown in Figure 1. First, a total of 27,240 SNPs in gene regions was selected using the CHB data from the 1000 Genomes Project (Phase I, March 2012) and 3,156 SNPs remained after the following quality control criteria (Wang et al., 2019; Zhu et al., 2019): (a) minor allele frequency (MAF) ≥ 0.05, (b) Hardy-Weinberg equilibrium (HWE) ≥ 0.05, and (c) call rate ≥ 95%. Second, we used RegulomeDB and HaploReg to predict SNP functions. SNPs with Regulome DB Score below five and predicted to hit eQTL effects or bind transcription factors from HaploReg database were retained. Besides, SNPs with pairwise linkage disequilibrium (LD) r2≥ 0.5 were excluded using PLINK 1.09. Finally, a total of 146 putative functional SNPs in 23 autophagy pathway genes were identified and further explored in a two-stage case-control study.


[image: image]

FIGURE 1. Flow chart for selecting putative functional SNP in autophagy pathway genes. MAF, minor allele frequency; HWE, Hardy–Weinberg Equilibrium; LD, linkage disequilibrium.




Study Participants

We performed a two-stage case-control analysis of NSCL/P in the Chinese Han population. Two stages were totally independent from each other: the stage I was comprised of 504 NSCL/P cases, and 455 newborn controls who were recruited from West China Hospital of Stomatology Sichuan University and the stage II included 1,523 NSCL/P cases and 1,388 controls who were recruited from Affiliated Stomatological Hospital of Nanjing Medical University, Nanjing Children’s Hospital, Xuzhou First People’s Hospital, and Huai’an First People’s Hospital (Supplementary Table 2).

All patients were interviewed and clinically evaluated by an experienced oral surgeon based on detailed diagnostic information from medical records and physical examinations to ensure that individuals with other congenital anomalies, identified CL/P syndromes or developmental delays were excluded from this study. Venous blood samples were collected from all subjects for genetic analysis. The present study was approved by the Ethics Committee of Nanjing Medical University [NJMUERC (2008) No. 20]. At recruitment, informed written consent was obtained from all the participants or their guardians.



Genotyping

All samples in stage I were genotyped using Affymetrix Axiom CHB1 & CHB2 arrays. Systematic quality control (Wang et al., 2019; Zhu et al., 2019) was performed to filter SNPs, including PHWE ≥ 0.05, MAF ≥ 0.05, and call rate ≥ 95%. Genotyping in stage II was performed by TaqMan-MGB assays on an ABI-Prism 7900 instrument (Applied Biosystems, Foster City, CA). The primers of the Taqman probes are listed in Supplementary Table 3.



Annotations for Candidate SNPs

SNPs were annotated for potential regulatory functions using RegulomeDB1 and HaploReg v4.12. We also evaluated the SNPs in the integrative analysis of 127 reference human epigenomes based on NIH Roadmap Epigenomics database3.



Extraction of Mouse Embryo Tissues and RNA-Seq

We purchased six adult male and twelve adult female C57BL/6 mice from Animal Center of Yangzhou University. Two female mice and one male mouse were placed together in the same cage at 8 p.m. and separated at 8 a.m. the next morning. Embryos were counted as E0.5d in the morning that vaginal plug was checked. Lip and palate tissues of E10.5d, E11.5d, E12.5d, E13.5d, E14.5d, and E15.5d embryos were collected. Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, United States) from embryonic tissues of mice, which were approved in quantity and quality by Nanodrop and 1% agarose electrophoresis. mRNA sequencing was performed on Hiseq3000 platform in 10M and 6G depth, respectively. RNA reads were aligned to the mouse genome (MM10) by gSNAP, and the average fragments per kilobase of exon model per million fragments mapped (FPKM) value of all samples was used to normalize mRNA expression.



In silico Gene Expression During Mouse Craniofacial Development and in Human Samples

RNA-Seq data on craniofacial structures during mouse embryo development were downloaded from the FaceBase consortium at FaceBase.org4, an online database that describes the overall gene expression during mouse craniofacial development. Count data were normalized using the regularized logarithmic transformation in the DESeq2 R package.

Gene expression in NSCL/P cases and controls of dental pulp stem cells (DPSCs), and mesenchymal stem cells (MSCs) in lip muscle were obtained from Gene Expression Omnibus (GEO) repository (GSE42589 and GSE85748, respectively).



Cell Culture

The human embryonic palatal mesenchymal (HEPM) cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, United States), and cultured in Eagle’s Minimum Essential Medium (ATCC), supplemented with 10% fetal bovine serum (FBS, Gibco), 100 units/ml antibiotics at 37°C under 5% CO2. The human oral epithelial cells (HOEC) were obtained from BeNa Culture Collection (Beijing, China), and cultured in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10% FBS (Gibco) and 100 units/ml antibiotics and maintained at 37°C under 5% CO2.



Luciferase Activity Assay

In order to evaluate whether there is a difference in the enhancer activity in HIF1A of different alleles, we performed the luciferase activity assay. A sequence of 1,000-bp containing rs2301104 G or C allele and HIF1A promoter region were synthesized and cloned into the NheI and XhoI restriction sites of the pGL3-basic vector (Promega). HEPM and HOEC cells were seeded at in 24-well culture plates, and each well was transiently transfected with reporter plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. All plasmids were co-transfected with 10 ng pRL-SV40, which contained the Renilla luciferase gene. The luciferase activities were measured 48 h after transfection with a dual-luciferase reporter assay system (Promega). The ratio of Firefly luciferase to Renilla luciferase activity was assessed. The transfection experiments were performed in triplicate.



RNA Extraction and Quantitative Real-Time PCR

To compare gene expression of cells and tissues with different genotypes, we constructed the pcDNA3.1-rs2301104 G and pcDNA3.1-rs2301104 C vectors, which were transfected into cells and harvested for 48 h. Total RNA was extracted from cells and 68 NSCL/P lip tissue samples to reverse transcription and PCR reactions using PrimeScriptTM RT-PCR kit (TaKaRa, Shiga, Japan). The relative mRNA expression level of HIF1A and the internal control GAPDH were quantified using ABI 7900 Real-Time PCR system (Applied Biosystems). The primers were listed as follows: HIF1A (forward: TCAGGACACAGATTTAGACTTGGAG, reverse: AGTGGTAG TGGTGGCATTAGCA) and GAPDH (forward: GGACCTGAC CTGCCGTCTAG, reverse: GTAGCCCAGGATGCCCTTGA). All reactions were conducted in triplicate, and the data were analyzed by the 2–ΔΔCt method. Data are shown as the mean ± standard deviations (SD).



Small Interference RNA (siRNA) Constructs and Transfection

The small interference RNA (siRNA) oligonucleotides including HIF1A siRNA-378 (5′-CCAGAUCUCGGCGAAGUAATT-3′, 5′-UUACUUCGCCGAGAUCUGGTT-3′), HIF1A siRNA-2107 (5′-CCAGCAGACUCAAAUACAATT-3′, 5′-UUGUAUUUGAG UCUGCUGGTT-3′), HIF1A siRNA-2637 (5′-GCUACUACAUC ACUUUCUUTT-3′, 5′-AAGAAAGUGAUGUAGUAGCTT-3′) and control siRNA (5′-UUCUCCGAACGUGUCACGUTT-3′, 5′-ACGUGACACGUUCGGAGAATT-3′) were designed and purchased from GenePharma (Shanghai, China). Transfection of siRNAs with final concentration 100 nM was performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions. Cells were harvested 48 h later for further experiments.



Cell Apoptosis, Cell Cycle, and Cell Proliferation Assay

Cells were treated with trypsin-EDTA (Gibco) and resuspended as single-cell suspension 48 h after transfection. We stained cells with Annexin V:PE Apoptosis Detection Kit (BD Biosciences, San Jose, CA, United States) for cell apoptosis analysis and analyzed using a Fluorescence Activated Cell Sorting (FACS) System by BD Biosciences (San Jose, CA, United States). As for cell cycle analysis, cells were then fixed in 70% ethanol overnight at 4°C after digested. Propidium iodide (PI)/RNase staining was conducted on fixed cells for flow cytometric analysis. Data were analyzed with FlowJo software (TreeStar, Ashland, OR, United States). Cell proliferation was assessed by absorbance using a Cell Counting Kit-8 assay (CCK8, Dojindo, Kumamoto, Japan) according to the manufacturer’s instructions. Cells were seeded in 96-well plates at a density of 3 × 103 cells per well, approximately. CCK-8 reaction solution was added into each well for 2 h incubation in new medium containing. The absorbance was measured on a spectrophotometer microplate reader (Multiskan MK3, Thermo) at a wavelength of 450 nm. All data are shown as the mean ± SD.



Statistical Analysis

For evaluating the association between NSCL/P risk and genetic variants, logistic regression analysis under additive model with adjustment for gender was implemented to calculate the crude and adjusted odds ratios (ORs) and their 95% confidence intervals (CIs) (Wang et al., 2016; Zhu et al., 2019). Haplotype analysis were performed using Haploview software with parameters of MAF ≥ 5% and pairwise r2 threshold of 0.8 (Barrett et al., 2005). The epistasis test between SNPs in the candidate gene was performed using R software, which was computed by an unconditional logistic regression model specifies the log-odds as: logit(P) = β0 + βG(Gi) + βG×G(Gi*Gi). Goodness-of-fit Chi-square test was performed to test HWE in control groups. We used the sequence kernel association test (SKAT) (Timbers et al., 2016) and Multi-marker Analysis of GenoMic Annotation (MAGMA) tool (de Leeuw et al., 2015) for gene-based analysis. Combined analysis of two stages was performed using a fixed-effect model in R software (Dai et al., 2019). The measure of heterogeneity was tested using Cochran’s Q statistics and I2. Gene-by-sex (G × S) interaction was computed by an unconditional logistic regression model specifies the log-odds as: logit(P) = β0 + βG(Gi) + βG×E(Gi*Ei). For all graphs, statistical analyses were carried out using two-tailed, unpaired Student’ s t-test. Before t-test, normal distribution of all the data were checked using normality test and equality of variances were checked using F-test. All statistical analyses were performed by R software 3.4.25 and PLINK 1.09. Data were considered statistically significant when P-value < 0.05.



RESULTS


Association Between Genetic Variants of Autophagy Pathway Genes With the Risk of NSCL/P

As shown in Figure 1, 27,240 SNPs in 23 genes related to autophagy pathway were identified. Among them, 146 putative functional SNPs were picked out, and their associations with risk of NSCL/P were examined in the stage I that was comprised of 504 NSCL/P cases and 455 newborn controls. Twelve SNPs (rs77141447, rs16822638, rs7625881, rs14016, rs12813551, rs147920828, rs2301104, rs4776786, rs80225705, rs3784605, rs7182342, and rs2283791) were significantly associated with the risk of NSCL/P in additive logistic model with the adjustment of gender (Table 1).


TABLE 1. The association of 12 significant SNPs with the risk of NSCL/P.
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Gene-Based Analysis With the Risk of NSCL/P

To evaluate the joint effects of common SNPs in a gene unit, we further performed gene-based analysis using SKAT and MAGMA methods to identify potentially associated genes and found that HIF1A (PSKAT = 9.42 × 10–03, PMAGMA = 2.74 × 10–02), BCL2L1 (PSKAT = 1.05 × 10–02) and KRAS (PMAGMA = 1.76 × 10–02) were significantly associated with NSCL/P susceptibility. Only HIF1A achieved consistent associations in both methods (Supplementary Table 4); thus, rs2301104 in HIF1A remained for further analysis.



Replication and Combined Analysis of rs2301104 With the Risk of NSCL/P

Rs2301104 was genotyped for validation with an additional 1,523 NSCL/P case and 1f88 control subjects and showed significant association with the same direction of effect as that observed in stage I (OR: 1.39; 95% CI: 1.01–1.92; P = 4.55 × 10–02 in stage I, OR: 1.25; 95% CI: 1.03–1.53; P = 2.72 × 10–02 in stage II, Table 2). Similar results were also observed in the combined analysis from the two stages (OR: 1.29; 95% CI: 1.09–1.53; P = 3.39 × 10–03, Table 2). No significant heterogeneity for rs2301104 was observed among different stages (Phet = 0.70, Table 2). Further, to explore whether rs2301104 participated in development of NSCL/P alone or not, we also performed haplotype and epistasis analysis. No significant haplotype and SNPs interacted with rs2301104 was found, which indicated rs2301104 may play an independent role in development of NSCL/P (Supplementary Figure 2 and Supplementary Table 5).


TABLE 2. Association between rs2301104 in HIF1A and the risk of NSCL/P.
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Gender Stratification Analysis of rs2301104 With the Risk of NSCL/P

As shown in Figure 2, the association of rs2301104 with the risk of NSCL/P showed strong evidence of heterogeneity (Phet = 9.06 × 10–03) among males and females. Significant association between rs2301104 and NSCL/P risk were observed in the female (OR: 1.80; 95% CI: 1.32–2.45; P = 1.79 × 10–04), rather than in the male (OR: 1.10; 95% CI: 0.90–1.35; P = 0.362, Figure 2). Further, rs2301104 had a significant interaction with gender (P = 1.13 × 10–03), constituting highly statistically significant evidence of the involvement of rs2301104 with gender preference in NSCL/P.
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FIGURE 2. Forest plot of the association between rs2301104 with risk of NSCL/P in stage I, stage II, and combined analysis, stratified according to the gender of study participants.




Potential Regulatory Role of rs2301104 on HIF1A

To investigate the underlying mechanisms of rs2301104, we conducted functional annotation analysis on it. It was found that rs2301104 resided within chromatin regions expressing marks indicative of enhancer activity, promoter activity, transcription regulatory by predictions from Haploreg, RegulomeDB, UCSC Genome Browser, and Roadmap Epigenomics Project (Supplementary Table 6 and Supplementary Figure 3).

We thereby constructed enhancer luciferase reporter vectors containing the rs2301104-centered region and the HIF1A promoter and then tested the luciferase activity 48 h after transfecting different plasmids in HEPM and HOEC cells. The rs2301104 G allele revealed a significantly increased enhancer activity compared with that of C allele (Figures 3A,B). This result was also supported in HEPM and HOEC cells that the mRNA expression of HIF1A was lower with C allele constructs, compared with G allele constructs (Figures 3C,D).
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FIGURE 3. The rs2301104 alleles affect the enhancer activity and expression of HIF1A. (A) HEPM and (B) HOEC cells were transiently transfected with rs2301104 [G], rs2301104 [C], and HIF1A promoter with PGL3-basic luciferase reporter vector. pRL-SV40 was co-transfected into cells. The activity of luciferase was assayed 48h later. qRT-PCR analysis of HIF1A expression at 48 h after plasmids transfection in (C) HEPM and (D) HOEC cells. It was indicated that the expression of HIF1A was lower with C allele constructs, compared with G allele constructs. Results are shown as mean values with the standard deviation (SD) normalized to GAPDH. (E) HIF1A mRNA expression was detected by qRT-PCR in 68 NSCL/P lip tissue samples. The HIF1A expression was significantly lower in samples with GC/CC genotypes than those with GG genotypes. The results were normalized to GAPDH. The P-value was calculated with two-side t-test (n = 6; *P < 0.05, **P < 0.01, ***P < 0.001).


To evaluate the effect on rs2301104 in HIF1A, we further performed an eQTL analysis in lip tissue samples from 68 NSCL/P patients and found that rs2301104 was significantly associated with the expression of HIF1A (P = 3.1 × 10–2). Expression of HIF1A was higher in samples of GG genotypes compared with those of GC/CC genotypes (Figure 3E).



HIF1A Expression During Mouse Craniofacial Development and in Human Samples

We detected continuous expression of HIF1A in the mouse lip and palate development during E10.5d to E15.5d as well as craniofacial structures from E10.5d to E14.5d (Supplementary Figure 4), implicating its essential role in the craniofacial development. In addition, we found that the expression of HIF1A was decreased in the DPSCs, and MSCs in lip muscle of NSCL/P cases, compared with those in controls (P = 8.37 × 10–2 and P = 3.74 × 10–1, respectively, Supplementary Figure 5).



Functional Analyses of HIF1A in vitro

To further address the function of HIF1A, we knocked down the expression of HIF1A in HEPM and HOEC cells through the transfection of HIF1A siRNA-2107 given its highest efficiency (Figures 4A,B). Flow cytometric analysis revealed a significantly increased apoptosis rate in cells transfected with HIF1A siRNA-2107 (Figures 4E–H). The results of CCK-8 assays showed that knockdown of HIF1A significantly inhibited cell proliferation (Figures 4C,D). Moreover, the cell cycle assay showed that knockdown of HIF1A increased the number of G0/G1 phase cells, with a significant reduction in the number of S phase cells (Figures 4I,J).
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FIGURE 4. In vitro functional roles of HIF1A in HEPM and HOEC. (A,B) qRT-PCR analysis of the HIF1A knockdown efficiency in HEPM and HOEC cells, respectively (n = 6). (C,D) Cell counting kit-8 assay was used to assess the proliferation of HEPM and HOEC cells after transfection with HIF1A siRNAs (n = 6). (E–H) Quantitative analysis of cell apoptosis by flow cytometry between the two groups (n = 6). The rate of apoptosis is higher in (E,F) HEPM cells, and (G,H) HOEC cells with HIF1A knockdown than in the corresponding negative controls. (I,J) Effects of HIF1A knockdown on the cell cycle in HEPM and HOEC cells (n = 6). (ns, no significance, *P < 0.05, **P < 0.01, ***P < 0.001).




DISCUSSION

Autophagy participates in many pathological conditions, such as neurodegeneration, autoimmune disease, cancer, and Crohn’s disease (Nyfeler and Eng, 2016). In the present study, we evaluated the relationships between SNPs on core genes of autophagy pathway with risk of NSCL/P by a two-stage case-control study. Using association and gene-based analysis, we found that rs2301104 in HIF1A was significantly associated with NSCL/P risk. Notably, gender stratification analysis indicated that rs2301104 exhibited a significant association in the females but not males. Given several possible mechanisms, the underlying biochemical causes might involve sex hormones, sex-biased methylation (McCarthy et al., 2014). Moreover, autophagy is differentially regulated by sex, and the interaction between sex, sex-hormones, and tissue variability in regulating the heat shock response pathway was also observed (Tower et al., 2020).

Rs2301104 located in the first intron of HIF1A with enriched enhancer histone marks (including H3K4me1, H3K4me3, and H3K27ac) and previous studies had proven that SNPs in this region played essential roles in gene transcription and expression. For instance, Wang et al. identified a variant at 12p13.2 with enriched histone marks associated with colorectal cancer risk by affecting the binding affinity of transcriptional factor (Wang et al., 2016). Here, luciferase activity assay showed that rs2301104 C allele significantly decreased transcription activity, compared with that of G allele. Further, the rs2301104 C allele was associated with lower expression level of HIF1A mRNA in HEPM and HOEC cells. These findings suggested that rs2301104 was involved in transcriptional regulation of HIF1A.

We observed expression of HIF1A during mouse craniofacial development from E10.5d to E14.5d, implicating its involvement in the development of lip and palate. Notably, individuals carrying rs2301104 GC/CC genotypes (risk genotype) showed significantly lower expression of HIF1A than GG genotypes in lip tissue samples and a similar trend was also observed in DPSCs, and MSCs in lip muscle of NSCL/P cases and controls, highlighting the association between low expression of HIF1A and increased susceptibility of NSCL/P. We further knockdown of HIF1A to evaluate its role in the function of HOEC and HEPM. Promoted cell apoptosis, inhibited cell proliferation, and increase in G0/G1 phase cells, accompanied by a decrease in the number of S phase cells were detected and all of events commonly occurred during the development of NSCL/P (Tian et al., 2017; Lukacs et al., 2019). For instance, Lu et al. reported that cell proliferation increased and apoptosis decreased in the E13d mutant rabbit model related to NSCL/P, which would lead to the persistence of seams in the facial processes (Lu et al., 2019).

HIF1A played an important role in terms of embryo development. Severe congenital malformations including heart defects, retinopathy, brain lesions could be detected by culturing embryos at an inappropriate oxygen concentration level, which is mainly regulated by hypoxia-inducible factors (HIFs) (Bohuslavova et al., 2013; Feliciano et al., 2013; Nunes et al., 2015). Hif1a-deficient mice exhibited abnormal development of heart morphology and embryonic lethality between E11.0d and E12.0d (Krishnan et al., 2008; Forristal et al., 2010). According to the DECIPHER database, deletion of HIF1A resulted in congenital developmental defects, including microcephaly, aplasia of the tongue, and facial asymmetry (Firth et al., 2009).

The exact reason that HIF1A contributed to these developmental anomalies remained obscure. However, autophagy, induced by hypoxia whose activation was dependent on HIF1A (Liu et al., 2017), may be a possible way. Lu et al. demonstrated that the inhibition of autophagy might cause delayed development by affecting the epithelial-mesenchymal transitions process during chick development (Lu et al., 2014). Previous study showed that the loss of autophagy function in both osteoblasts and osteocytes might lead to a decrease in craniofacial bone mass in mouse models (Thomas et al., 2019). It had been reported that impaired autophagy could cause the loss of the protein quality control mechanism that is at the basis of inherited cardiomyopathies (Dorsch et al., 2019). Based on these studies, we hypothesized that decreased expression of HIF1A might break the oxygen homeostatic response during embryonic development, thereby inhibit autophagy and further exacerbate susceptibility to various developmental anomalies, including NSCL/P. A schematic model is shown in Supplementary Figure 6.

Taken together, we identified rs2301104 in autophagy pathway genes HIF1A that contributed to the risk of NSCL/P, providing further knowledge about the etiology of the disease. Further studies were warranted to explore the underlying mechanisms.
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Within the mandible, the odontogenic and osteogenic mesenchymes develop in a close proximity and form at about the same time. They both originate from the cranial neural crest. These two condensing ecto-mesenchymes are soon separated from each other by a very loose interstitial mesenchyme, whose cells do not express markers suggesting a neural crest origin. The two condensations give rise to mineralized tissues while the loose interstitial mesenchyme, remains as a soft tissue. This is crucial for proper anchorage of mammalian teeth. The situation in all three regions of the mesenchyme was compared with regard to cell heterogeneity. As the development progresses, the early phenotypic differences and the complexity in cell heterogeneity increases. The differences reported here and their evolution during development progressively specifies each of the three compartments. The aim of this review was to discuss the mechanisms underlying condensation in both the odontogenic and osteogenic compartments as well as the progressive differentiation of all three mesenchymes during development. Very early, they show physical and structural differences including cell density, shape and organization as well as the secretion of three distinct matrices, two of which will mineralize. Based on these data, this review highlights the consecutive differences in cell-cell and cell-matrix interactions, which support the cohesion as well as mechanosensing and mechanotransduction. These are involved in the conversion of mechanical energy into biochemical signals, cytoskeletal rearrangements cell differentiation, or collective cell behavior.
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INTRODUCTION

During development, epithelially derived organs (e.g., skin appendages, teeth) form from an initial epithelial bud surrounded by a condensed mass of embryonic connective tissue (mesenchyme). The mesenchyme-derived organs (e.g., bones, cartilages) develop from mesenchymal cell condensations (Hall and Miyake, 2000; Giffin et al., 2019).

The odontogenic and osteogenic jaw ecto-mesenchymes originate from cranial neural crest-derived cells (NCDCs). Their condensation takes place in two distinct regions, at about the same time in the embryonic mouse lower jaw. They later diversify into multiple cell types, along with their progressive dental or bone specification (Ruch et al., 1995; Santagati and Rijli, 2003). Cranial neural crest cells are multipotent and differ according to distinct migratory streams and environments at a post-migratory stage (Yuan and Chai, 2019). Both the odontogenic and osteogenic condensations are progressively invaded by exogenous cells, which increases cell diversity. The cellular heterogeneity of the mesenchyme will be discussed below, as well as the mechanisms suggested to be involved in mesenchymal condensation, the progressive specification of the different mesenchymal areas, and the biological interfaces between soft and hard tissues.

The cell diversity in the three mesenchymal areas, including the participation of exogenous cells, is still under investigation in several laboratories. Comparison between situation in all three regions was discussed with regard to their ability to condense and mineralize or not. Particular attention was given to differential cell–cell and cell–matrix interactions and thus mechanosensing and mechanotransduction. All together, the sequential steps and mechanisms involved in it ultimately lead to the formation of a functional unit: a tooth firmly attached to the surrounding mandibular/alveolar bone by means of the non-mineralized periodontal ligament (PDL). Most of the data discussed here are related to the mouse first lower molar, a very common model. However, the general aspects considered here should be applicable to other models.



MESENCHYMAL CELL HETEROGENEITY IN THE MANDIBLE

In the mouse mandible at embryonic day (ED)12.5, two distant condensations are separated from each other by a looser uncondensed mesenchyme: an osteogenic one, deep in the embryonic jaw and the odontogenic one, adjacent to the thickened dental epithelium/dental lamina in the prospective first molar (M1) region (Figures 1A–C). At early stages, the external limits of the two condensations can hardly be determined since there is a continuous decreasing gradient in cell density toward the surrounding uncondensed mesenchyme (Figures 1A,B). Both the odontogenic mesenchymal condensation and the dental epithelium represent the ecto-mesenchymal and epithelial components of a developing tooth primordium, respectively.
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FIGURE 1. Histological sections of the embryonic mouse lower jaw at the level of M1. The two odontogenic (white arrowhead) and osteogenic (black arrowhead) mesenchymal condensations are distant from each other being separated by a looser interstitial mesenchyme at embryonic day (ED)12.5 (A–C). Jaw bone appears at ED13.5 (D–F), and ED14.5 (G–I), and its development is accelerated on the lateral side (black arrowhead) when compared to the medial side (black arrow). Both the bone and tooth germ grow and approach each other at the expense of the area of the interstitial mesenchyme. The dental follicle cells achieve progressively a typical pattern (compare to Figure 2). Although mineralization will take place in both osteogenic and odontogenic condensations, the interstitial mesenchyme (see Figure 2) will never mineralize in normal conditions. * Refers to the Meckel’s cartilage, Bars = 100 mm (A,D,G) and 50 mm (B,C,E,F,H,I).


At ED13.5, the odontogenic condensation becomes more pronounced and surrounds the dental epithelium, which acquires the shape of a tooth bud (Figures 1D,E). A bone matrix is already visible in the osteogenic condensation in the mouse lower jaw (Figure 1F). At early stages, the intramembranous bone formation is characterized by apposition only. The characteristic of intramembranous bone formation is the absence of a chondrogenic step as it exists during endochondral bone development. Progenitor cells present in the condensation differentiate directly into osteoblasts (Berendsen and Olsen, 2015). Signaling and transcriptional regulation, involved in osteoblasts differentiation, have been investigated (for review, see Huang et al., 2007; Ferguson and Atit, 2019).

Within 2 days, from ED13 to ED15, when cell differentiation occurs, the osteogenic condensation turns into a vascularized bone containing bone specific cells: (e.g., Alfaqeeh et al., 2013; Vesela et al., 2019). From ED15, the bony crypt around the dental primordia starts to be remodeled, mostly by bone resorption (Radlanski et al., 2015).

The transition from the epithelial tooth bud to cap is accompanied by the differentiation of the former odontogenic mesenchymal condensation. This condensation gives rise to two compartments: (1) the dental papilla encapsulated by the epithelial cap, and (2) the dental follicle (or dental sac), which surrounds the epithelial cap and papilla (Figure 2). The papilla cells are progressively specified by sequential epithelial-mesenchymal interactions, and the preodontoblasts/odontoblasts lineage will later be controlled by the inner dental epithelium (Mina and Kollar, 1987; Lumsden, 1988; Ruch et al., 1995). The cell heterogeneity in the dental papilla becomes more and more complex (Keller et al., 2012; Kokten et al., 2014b; Krivanek et al., 2017). The characteristic shape and pattern of cells within the dental follicle allows its delineation from the surrounding loose interstitial mesenchyme (Figures 1H, 2).
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FIGURE 2. Components of a tooth germ and surrounding tissues. Mouse first lower molar germ at ED14.5 exhibits a clear subdivision of dental mesenchyme including the dental papilla (blue) and dental follicle/dental sac (green). Cells of the dental papilla show neither specific shape nor spatial organization. Conversely, cells of the dental sac show an elongated shape being arranged in concentric rings (green). The contemporaneous presence of increased cell density, their specific shape and pattern are criteria for the determination of the dental sac boundary. The dental epithelium is at a cap stage (yellow). IM, interstitial mesenchyme.


At ED14.5, dispersed cells of the interstitial mesenchyme are interposed between the external cells of the dental follicle and the osteogenic condensation (Figures 1G–I, 2). Very quickly, this mesenchyme shows further peculiarity. Immunostainings for VEGFR2, CD31, CD34 showed that the interstitial mesenchyme is vascularized at ED14, slightly before the dental mesenchyme and before the forming bone itself (Nait Lechguer et al., 2008; Keller et al., 2012; Vesela et al., 2019).

This interstitial mesenchyme is maintained at ED15, when the tooth germ has reached the late cap stage and bone has developed. How far these cells will later participate to the PDL and possibly even to the osteogenic mesenchyme is unknown since cell tracing has not been performed for this population (Zhao et al., 2013), in opposition to cranial neural crest cells (Chai et al., 2000), or mesenchymal cells facing the tip of the tooth bud (Rothova et al., 2012). Dissociation-reassociation experiments were performed using dissociated papilla and follicle cells from cap stage (ED14) molar germs (see Figure 1 in Kokten et al., 2014a). When re-associated with an intact enamel organ or dissociated epithelial cells, it was possible to reconstitute a whole tooth. This showed that although all initial positional information had been lost, mesenchymal cells at this stage can reconstitute a whole tooth germ. This demonstrated a high cell plasticity (Hu et al., 2005; Kuchler-Bopp et al., 2011), which decreases at later stages (Keller et al., 2011). This was in agreement with labeling and fate-mapping experiments showing that cells from the odontogenic condensation at the bud stage could participate in the follicle at the cap stage (Rothova et al., 2012). These experiments still raise the question of understanding why do these cells migrate, when cells of the follicle are already present there at that stage (Figure 2). One possibility is that the migrating dental mesenchymal cells increase the heterogeneity of the dental follicle and bring new necessary cell type(s) still absent before. It would thus be of interest to investigate in more details the heterogeneity of dental follicle cells before and after cell migration. Two other questions to be addressed concern: (1) the disruption of cell-cell/cell-matrix interactions within the dental papilla to allow cell migration and (2) the nature of the signals driving such a long distance migration and mediating cell targeting.

Cells from the interstitial mesenchyme (Figure 2), or at least a sub-population, are particularly important as possibly contributing to the development of the future PDL. At early developmental stage, and in opposition to the dental mesenchyme and follicle cells, interstitial mesenchymal cells do not express markers for NCDCs (Chai et al., 2000). It has been proposed that gingival connective tissue fibroblasts originate from perifollicular mesenchyme, a derivative of the stomodeal mesoderm (Cho and Garant, 2000). This particular origin of least part of the PDL fibroblasts might explain their specific properties and differences with the neighboring ecto-mesenchymal odontogenic and osteogenic condensations. Among these peculiarities, interstitial mesenchymal cells produce an extracellular matrix (ECM) that will not mineralize, thus impairing tooth ankylosis during later development.



MECHANISMS INVOLVED IN MESENCHYMAL CELL CONDENSATIONS

Cell condensation is a fundamental mechanism involved in morphogenesis. Condensations of mesenchymal cells take place during the development of almost all tissues and organs, including skin appendages, primordia of sensory organs, parenchymatous organs and musculo-skeletal structures (for review, see Giffin et al., 2019). Cell condensation occurs when a population of originally dispersed cells aggregates to differentiate into a specific cell/tissue type (Scheme 1; Hall and Miyake, 2000). The condensation results from altered mitotic activity, absence of centrifugal cell movement and/or centripetal cell aggregation (Hall and Miyake, 1995). According to Shyer et al. (2017), mesenchymal cells have an intrinsic potential to aggregate. The increase in cell density might facilitate cell–cell communication, possibly required for subsequent lineage acquisition (McKeown et al., 2005). However, the odontogenic and osteogenic mesenchymal condensations are separated by a non-condensed region. This illustrates early differences in the characteristics of mesenchymal cells, despite they are very next to each other. Each of these three cases reflect collective cell behavior, where mechanobiology might play an important role (Ladoux and Mège, 2017). The mesenchymal cell condensation, as it appears in early stage of odontogenesis and mandibular osteogenesis, precedes blood vessels ingrowth. This might be a general situation to be considered for regenerative medicine (Takebe et al., 2015). Furthermore, during tooth development, vascularization is anticipated in the interstitial mesenchyme, and blood vessels do not enter the condensed mesenchyme before the cap stage tooth germ as stated above. Similarly, blood vessels do not enter the osteogenic condensation before ED14 (Vesela et al., 2019).
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SCHEME 1. Crucial steps and molecules involved in the development of mesenchymal condensations. Molecular markers were summarized according to Casagrande et al. (2010), Dallas and Bonewald (2010), Everts et al. (2002), Ferguson and Atit (2019), Franz-Odendaal (2011), Giffin et al. (2019), Hall and Miyake (2000), Ledesma-Martínez et al. (2016), Lin et al., 2011, 2013; Nanci et al. (2008), Zhou et al. (2019), and Zvackova et al. (2017). Ectoderm (orange), NCCs (white), somite (light green), osteoblasts (light blue), lining cells – osteogenic cells (yellow), osteocytes (purple), osteoclasts (green), dental follicle (gray), dental papilla (dark blue), odontoblasts (dark blue-columnar).



Odontogenic Condensation

Condensation of the dental mesenchyme occurs during early steps of odontogenesis. Changes in the cell shape or size were suggested to possibly mediate this phenomenon (Mammoto et al., 2011, 2013). At this stage, histology did not confirm it, but showed change in cell density (Figures 1B,E). A decrease in intercellular spaces was obvious, which could be related to a change in either the ECM itself, in cell–cell interactions, or both. At the bud stage, syndecan and tenascin were detected within the odontogenic mesenchymal condensation and might be involved the in condensation process (Vainio and Thesleff, 1992; Thesleff et al., 1996). Collagen type VI, also present there, has been suggested to play a key role by stabilizing odontogenic cell condensation (Mammoto et al., 2015). According to these authors, cross-linking of collagen type VI by lysyl-oxidase would be involved and interfering with it would change the size of the condensation.

The condensation of the odontogenic mesenchyme appears to be regulated by signaling from the bud epithelium (Dassule and McMahon, 1998). Little is known about this signaling. Mammoto et al. (2011) showed that during mouse tooth development, FGF8 and (semaphorin) SEMA3F, produced by early dental epithelium, were causally involved in mesenchymal cell condensation. This mechanical compaction induced changes in the expression of transcription factors (PAX9, MSX1) and a growth factor (BMP4). These authors concluded that mechanical compression of the mesenchyme is necessary to induce tooth-specific cell fate although a condensation also takes place before osteogenic markers are expressed. The fact that one is in contact with an epithelium, while the other is not, is probably much more important. This has been very precisely documented in the developing tooth at later stage. In case of odontoblasts layer versus sub-odontoblastic cells, this is determined after the last cell division. Among the two daughter cells, the one in contact with a stage-specific basement membrane will differentiate as an odontoblast and elongate, while the other one will gets a flatten shape (Ruch et al., 1982, 1995; Ruch, 1998). However, in vitro experiments showed that growth factors, such as TGFbeta-1 or -3, when immobilized by heparin, can replace the inner dental epithelium and basement membrane, and induce preodontoblasts to odontoblasts differentiation (Ruch et al., 1995). BMP-2, -4, and -7 can induce it as well, although in more restricted areas. This involves a change in cell shape, elongation, as well as cytological and functional differentiation (polarized secretion of predentin), as it occurs in physiological conditions (Ruch, 1998).

In case of skin and follicle patterning in avian, Shyer et al. (2017) suggested an inverse mechanism, where mesenchymal cell condensation would change the organization of adjacent epidermal cells by triggering a mechanosensitive activation of beta-catenin in these cells.



Osteogenic Condensation

During development, a pre-osteogenic phase characterized by mesenchymal cell condensation (for review, see Hall and Miyake, 2000; Jabalee et al., 2013) is followed by post-condensation stage, including osteogenic cell differentiation, vascularization, innervation and mineralization of the ECM. However, these pre- and post-condensation stages remain connected (Dunlop and Hall, 1995). Although the mechanism mediating it remains unclear, mesenchymal cell condensation represents the initial stage of osteogenic specification. Hall and Miyake (2000) have proposed a series of molecules possibly involved in it (Scheme 1).

Fibroblast growth factors (FGFs) as well as bone morphogenetic proteins (BMPs) have been suggested to play a role in the initiation of condensation (Wu et al., 2007; Javed et al., 2010). Tissue cultures and recombinations in vitro showed that mandibular osteogenesis involves post-migratory neural crest-derived ecto-mesenchymal cells and their interaction with a mandibular epithelium (Hall, 1980; MacDonald and Hall, 2001). These experimental results raise interesting questions about the signaling process, given the long distance between the initially condensing osteogenic mesenchyme and epithelial tissues in situ.

The process of condensation itself requires changes in the local tissue mechanical properties (Mammoto et al., 2011). The generation of contractile forces within mesenchymal cells has been suspected (Oster et al., 1983; Ray and Chapman, 2015). Most of the data to support it and their role in mechanotransduction during osteogenesis have been obtained from in vitro experiments (Discher et al., 2005; Komatsu et al., 2018; Giffin et al., 2019). Concerning cell–cell interactions, three connexins, involved in the formation of gap junctions have been investigated during initial mandibular osteogenesis in the chick embryo. Among these, connexin43 (Cx43) appeared to be associated with the condensation of mesenchyme and the earliest stages of osteogenesis (Minkoff et al., 1994). Cx43 gene deletion in the mouse also leads to cell autonomous osteoblast dysfunction and delayed mineralization (Lecanda et al., 2000). Cx43-containing gap junctions thus seem to play an important role in the intercellular communication between the interconnected bone cells network (osteoprogenitor cells, osteoblast, and osteocytes) (Moorer et al., 2017). Similarly, the possible role of cadherins, which mediate interactions with the cytoskeleton of adjacent cells, has been investigated in vitro (Griffin et al., 2017). Adhesion junctions are mechanosensing structures, which play diverse roles. Among these, they regulate the expression of transcription factors during osteogenesis (Guntur et al., 2012). It would thus be of interest to investigate the pattern of cadherins during early mandibular/alveolar bone development and to compare it with the situation in neighbor interstitial mesenchyme.



MESENCHYMES SPECIFICATION AND DIFFERENTIATION DURING DEVELOPMENT

All three mesenchymes (odontogenous, osteogenous, and intermediary) progressively consist in heterogeneous cell types, different in each case and changing during development. In all three cases, besides the presence/absence of NCDCs, exogenous cells take part in cell heterogeneity. Most of these exogenous cells enter together during vascularization, and later during innervation (Scheme 2).
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SCHEME 2. Development of mesenchymal condensations in mouse mandible. Figures show the mandible at stage ED11 (A), ED12 (B), ED13 (C), ED14 (D), ED15 (E), ED18 (F). Dental condensation (dark blue), bone condensation (light blue), Meckel’s cartilage (dark gray), nerves (yellow), vessels (red).



Dental Mesenchyme

The interactions of the odontogenic neural crest-derived mesenchymal cells with the oral epithelium determine a specific fate, very different from that of the other set of condensing osteogenic mesenchymal cells.

The dental papilla ecto-mesenchyme is clearly defined from the cap stage as part of condensed mesenchyme surrounded by the dental epithelium up to cervical loop, while the rest of the odontogenous mesenchyme gives rise to the dental follicle (Figure 2). Several successive steps lead to the histo-differentiation of the dental papilla and follicle mesenchymes, which are controlled by time- and space-specific epithelial-mesenchymal interactions (MacNeil and Thomas, 1993; Ruch et al., 1995; Thesleff et al., 1995; Miletich and Sharpe, 2003). The first odontoblasts differentiate at ED18. At post-natal day (PN) 1, they become positive for CD73, a 5′nucleotidase, which might be related to their functional differentiation. This 5′nucleotidase as well as alkaline phosphatase use AMP as a substrate (Andrade et al., 2008; Yegutkin, 2008) and could play a role in the expression of osteocalcin, which takes place in mature odontoblasts (Bidder et al., 1998). Odontoblasts were transiently positive for CD90 at PN1 and negative again at PN4 (Keller et al., 2012).

In opposition to clearly distinct cell compartments in the enamel organ, histology does not show anything similar in the forming dental papilla, except for preodontoblast/odontoblast, sub-odontoblastic layers and blood vessels.

Immunostaining revealed the cellular heterogeneity within the dental mesenchyme and implantation experiments in GFP mice were necessary to distinguish the endogenous/exogenous origin of these cells (Kuchler-Bopp et al., 2011; Keller et al., 2012; Kokten et al., 2014b). In the first lower molar, the timing of mesenchymal specification by the epithelium varies along the antero-posterior axis of the tooth and also along the buccal-lingual one (Nakatomi et al., 2013). In both cases, these local variations in the mesenchyme follow the pattern of cusps formation and, within one cusp, are controlled by the specific geometric determination in the inner dental epithelium (Obara and Lesot, 2007; Nakatomi et al., 2013).

Immunostaining for cell surface markers illustrated the cell heterogeneity with distinct patterns in the dental mesenchyme (Keller et al., 2012). The different cell populations also showed a differential timing in their appearance. Amongst these cells some are external to the dental papilla. At the cap stage, the first blood vessels penetrate the dental mesenchyme (Nait Lechguer et al., 2008) and their mesodermal origin has been reported (Rothova et al., 2011). When cultured tooth germs or dental cell–cells re-associations were implanted under the skin in GFP mice, both were re-vascularized. GFP-positive cells from the host were associated with blood vessels (i.e., cells expressing CD34, CD146, and later alpha-SMA) (Nait Lechguer et al., 2008). Complementary experiments showed that CD90-positive cells, and blood vessels associated Sca-1-positive cells can be either GFP-positive or negative, indicating that, in both cases, they still consist of heterogeneous populations, at least regarding their origins (Keller et al., 2012). The immunodetection of CD31, 34, and 146 showed that at ED14, while blood vessels were already present in the interstitial mesenchyme, they only started to enter the dental follicle. They were detected in the whole papilla mesenchyme at ED18 up to cells underlying the odontoblasts layer (Keller et al., 2012). Microvessels reaching the odontoblast layer at PN7 were detected after staining for CD34, collagen type IV or CD146 (Kokten et al., 2014b). Multiple double stainings showed that all three antigens were co-localized. These capillaries might be involved in the transport of calcium necessary for dentin mineralization (Bishop, 1987).

At ED18 also, CD45-positive cells were detected in the dental papilla and follicle, while CD90-positive cells were restricted to the papilla. Several dendritic cell types resident or not were present in the dental mesenchyme (Zhang et al., 2006; Keller et al., 2012). They included immunocompetent cells (Okiji et al., 1992, 1997; Kaneko et al., 2008), which can be recruited to participate in reparative processes (Jontell et al., 1998; Farges et al., 2003; Goldberg et al., 2008). From PN1, Sca-1 was detected in the dental pulp but still, very few cells were visualized. At PN4, this antigen was mainly expressed by cells associated to the largest blood vessels at the apical part of the papilla as also observed for alpha-SMA (Keller et al., 2012).

Sensory nerves enter the dental mesenchyme at PN3-4, while sympathetic nerves involved in vasoregulation penetrate this tissue much later, at PN9 (Tabata et al., 1998; Moe et al., 2008). Sensory and sympathetic axons can make contacts with dental pulp vessels, but most of them are sensory ones (Byers, 1984; Moe et al., 2008). In the odontoblast layer at PN7, axons were very frequently detected in close proximity with capillaries as seen after double staining for peripherin and either CD34 or collagen IV, or CD146 and confirmed by transmission electron microscopy (Kokten et al., 2014b). At PN7, when reached by axons, odontoblasts could function as mechanosensory cells (Allard et al., 2006; Magloire et al., 2009, 2010). Using confocal laser scanning microscopy, Farahani et al. (2012) showed that the heterogeneity of odontoblasts-associated cells increased precisely at that time.

Double staining for S100-beta and GFAP, two markers for glial cells, did not completely overlap, showing the existence of distinct glial cell types. S100-beta positive cells also showed more proximity with microvessels than GFAP-positive ones. Glial cells reached odontoblasts at PN7 (Kokten et al., 2014b). Schwann cells were present near the basal pole of odontoblasts from PN9, but not detected in the odontoblast layer before PN60 (Corpron and Avery, 1973).

Several different stem cell populations have been identified in the papilla and dental follicle, which also contribute to the cellular heterogeneity of these tissues (Shi et al., 2005; Yen and Sharpe, 2008; Yu et al., 2015; Sharpe, 2016). Genetic lineage tracing was performed to better understand the origin and properties of mesenchymal stem cells (MSCs) in vivo (Sharpe, 2016). When tested after transplantation, they were reported to exhibit different phenotypic and functional properties (for review, see Volponi and Sharpe, 2013).

Altogether, these results exemplify very dynamic changes in the heterogeneity of dental mesenchymal cells during odontogenesis. This illustrates a further progressive specification of papilla cells and the contribution of exogenous cells entering this mesenchyme from about ED14 (Moe et al., 2008; Keller et al., 2012; Krivanek et al., 2017), after it became vascularized (Chai et al., 2000; Nait Lechguer et al., 2008; Rothova et al., 2011; Feng et al., 2011).



Mandibular Bone Specification

Amongst bone cells, osteocalcin-positive osteoblasts are detected in the osteogenic condensation already at ED13 in mouse embryos. Osteoblasts directly differentiate from condensed ecto-mesenchymal cells and give rise to osteocytes. Parathormone (PTH) shares its membrane-bound parathyroid hormone 1 receptor (PTH1r) with parathyroid hormone-related protein (PTHrP). PTH1r and PTHrP are involved in osteoblast maturation in the mandibular/alveolar bone by stimulating osteocalcin expression (Martin, 2005; Bobek et al., 2020). At ED15, these osteocytes are PTH1r- and VDR-positive. Glucocorticoids are involved in the control of osteocyte differentiation (Alemi et al., 2018). Osteocytes, as forming a canalicular network, are thought to constitute a mechanosensory network, involved in mechanotransduction (Burger and Klein-Nulend, 1999; Bonewald and Johnson, 2008). LRP5, a co-receptor of Wnt, is essential for mechanotransduction, a mechanism by which cells convert mechanical energy into biochemical signals (Sawakami et al., 2006). Alveolar bone is a highly mechanoresponsive tissue. Primary cilia act as mechano- and chemosensors, transferring signals from the extracellular to intracellular compartments. Cilia also modulate the non-canonical Wnt signaling (Yavropoulou and Yovos, 2016).

Osteoclasts, responsible for bone resorption have precursors in the bone marrow. The migration of these precursors is thus associated to the vascularization. TRAP-positive mononucleated cells were detected when blood vessels start to penetrate the osteogenic condensation, at ED14 (Bobek et al., 2020). TRAP-positive osteoclasts are detected at ED14, and multinucleated osteoclasts at E15 (Bobek et al., 2020). Protocadherin-7 is involved in osteoclastogenesis by promoting cell-cell fusion (Nakamura et al., 2014). The activation of osteoclasts is mediated by RANKL produced by PTH-stimulated osteoblasts (Boyce and Xing, 2007). RANKL-RANK-OPG is an essential signaling network for osteoblast-osteoclast cross-talk (Nakagawa et al., 1998).

Besides bone cells stricto sensu, blood vessels penetrate the osteogenous condensation at ED14, and the bone structure is vascularized by ED15 (Vesela et al., 2019). As reported in the case of the dental papilla, blood vessels play a major role in bone homeostasis, in regulating the osteogenic microenvironment, bringing minerals, growth factors, and osteogenic progenitor cells (e.g., Grosso et al., 2017). Endothelial cells secrete osteogenic factors, such as BMP-2 and BMP-4, which support osteoblast differentiation. VEGF regulates in a dose dependent way the expression SEMA3A in endothelial cells. SEMA3A inhibits osteoclasts differentiation, thus stimulating bone development (Hayashi et al., 2012; Kenan et al., 2019). Conversely, the deletion of Vegf in Osterix-positive osteoblast precursors reduces mandibular ossification (Wang et al., 2007; Hill et al., 2015).

In human, the alveolar nerve issued from the trigeminal ganglion extends in the lower jaw before bone tissue forms and early stages of bone formation take place in close relationship with the mandibular nerve (Kjaer, 1990). Interactions between neurons and bone tissue have been documented in several models during skeletal development and repair. However, only scarce data are available about the innervation of the developing mandibular/alveolar bone. During development, CGRP (calcitonin gene-related peptide) is required for the formation of mandibular bone. When associated with blood vessels, it controls local blood flow (Hill and Elde, 1991). ISH showed that at ED14.5, Cgrp is expressed by mesenchymal cells surrounding the bone matrix and blood vessels (Maeda et al., 2017). Nerves, bone cells, and immune cells, influence bone homeostasis through a local secretion SEMA3A, which is involved in the regulation of osteoblastogenesis and osteoclastogenesis (Jabalee et al., 2013; Xu, 2014).

Schwann cells can play an active role in osteogenesis in the mandibular bone, but all studies were performed in case of distraction osteogenesis, a surgical separation of the jaw bone to elicit new bone growth in the gap (Farhadieh et al., 2003; Byun et al., 2008). It would thus be of interest to investigate the innervation during mandibular/alveolar bone formation in the mouse embryo, and compare what happens during distraction osteogenesis with what can be observed during development. A mouse model has been set up to investigate the nerve dependency of the mouse skeletal stem cell (mSSC), progenitor cells responsible for skeletal development and repair (Jones et al., 2019). According to these authors, the mandibular bone repair is compromised after inferior alveolar nerve disruption and denervation, as a result of functional deficiencies of mSSCs. A partial rescue of the denervated phenotype has been observed after Schwann cell transplantation and by Schwann cell-derived growth factors, suggesting that mSSCs would be dependent on paracrine factors secreted by Schwann cells (Jones et al., 2019).

Jaw bones contain very limited quantities of orofacial bone/bone-marrow-derived MSCs. Their isolation thus requires a specific methodology. When compared to long bone marrow-derived MSCs, orofacial bone/bone-marrow-derived MSCs demonstrated specific immunomodulatory properties and different capacities in vitro, thus appearing as a unique population of MSCs (Yamaza et al., 2011). In vitro experiments showed that Wnt/β-catenin signaling pathway is involved in the regulation of MSCs migration (He et al., 2018). In vitro experiments showed that the chemical and physical properties of the microenvironment modulate the commitment and fate of mesenchymal stromal/stem cells (MSSCs). Intermittent fluid shear stress, a potent and physiologically relevant mechanical stimulus, regulates osteogenic differentiation of MSCs through a transient receptor potential melastatin 7 (TRPM7). TRPM7 is a member of a family of TRP mechanosensitive cation channels with a cytosolic α-kinase domain that interferes with cytoskeletal rearrangements (Clark et al., 2006; Liu et al., 2015). TRP responds to intracellular and extracellular stimuli. Liu et al. (2015) suggested that TRPM7 has differential roles in endochondral and intramembranous ossification.



From the Dental Follicle to the Periodontal Ligament

Although the dental follicle and dental papilla have the same ecto-mesenchymal origin (Ten Cate, 1997), they soon diverge, showing distinct cell shape and arrangement (Figure 2). Cells initially located in the interstitial mesenchyme (Figure 2) participate in the formation of the PDL. Progenitor cells present in the dental follicle then give rise to cementoblasts, and possibly contribute to the alveolar bone osteoblasts (Diekwisch, 2002 and references therein; Diep et al., 2009; Dangaria et al., 2011).



Progressive Cell Heterogeneity in the Interstitial Mesenchyme

As stated above, cells from the odontogenic condensation at the bud stage later form the dental papilla in the epithelial cap. Some have been suggested to migrate and participate in the follicle at the cap and bell stages (Osborn and Price, 1988; Rothova et al., 2012). The interstitial mesenchyme is highly vascularized already at ED14 (Nait Lechguer et al., 2008; Keller et al., 2012). It also starts to be innervated at the cap stage (Scheme 2; Luukko and Kettunen, 2014). This very complex heterogeneous cell population is progressively set up from ED14. At the same time and later, several distinct stem cells have been described, which play complementary roles (Luan et al., 2006). SEMA3A has been detected in the dental follicle from ED15 (Wada et al., 2014). These authors suggested that, besides its important role in innervation (Moe et al., 2012; Luukko and Kettunen, 2014), SEMA3A might also induce the conversion of PDL cells into mesenchymal-stem-like cells (Wada et al., 2014; Tomokiyo et al., 2019).



Periodontal Ligament

The PDL forms and differentiates quite late postnatally. At PN4 (Figures 3A, A1, A2). Even at PN7 (Figures 3B, B1, B2), the developing PDL does not yet show any characteristic organization (Keller et al., 2015, Figure 28.3a).


[image: image]

FIGURE 3. Postnatal development of periodontal ligaments at P4 (A,A1,A2), P7 (B,B1,B2), P16 (C,C1,C2), and P27 (D,E). Sections were stained by hematoxylin-eosin. Alv, alveolar bone; am, ameloblasts; dp, dental pulp; od, odontoblasts; pdl, periodontal ligament. The scale bar represents: 100 μm (in figures A–E); 50 μm (in figures A1,B1,C1); 25 μm (in figures A2,B2,C2).


The PDL consists of heterogeneous cell populations (e.g., Fleischmannova et al., 2010). These include fibroblasts (Lekic and McCulloch, 1996), vascular endothelial cells (Saghiri et al., 2018) and associated pericytes (Roguljic et al., 2013), macrophages (Epelman et al., 2014) and dendritic cells, acting as immunocompetent cells (Kaneko et al., 2008). Using the rat as a model, Kaneko et al. (2008) observed that the molecular phenotype of resident dendritic cells is heterogeneous, probably reflecting differences in their maturation/activation. From PN7 (Figures 3B, B1) to PN16 (Figures 3C, C1, C2) there is a striking increase in the density of PDL cells. A rapid growth of the PDL was reported to take place in between PN12 and PN16 (Lungova et al., 2011).

The ECM of the PDL consists in collagens, non-collagenous proteins and glycoproteins, enzymes such as MMPs and growth factors, such as FGFs, BMPs, platelet-derived growth factors (PDGFs). In vitro experiments showed that FGF2 inhibits the mineralization of the PDL matrix (Dangaria et al., 2009). The main role of the PDL is the anchoring of the tooth to the surrounding mandibular/alveolar bone and providing a space to allow tooth movement within the bone socket. This is mediated by bundles of collagen fibers ending as Sharpey’s fibers embedded in the cementum on one side and bone on the other (Figures 3D,E; Ho et al., 2007; Lee et al., 2015; Hirashima et al., 2020a). Based on immunoelectron microscopy, Huang et al. (1991) have proposed that periodontal and Sharpey’s fibers consist in co-fibrils of type I and type III collagens, which is supported by the similar flexibility of alfa-1 chains in both collagen types and their possible involvement in elastic energy storage during stretching (Silver et al., 2002). The PDL matrix also includes collagens types V, VI, and XII, as well as type XIV at late stage (Beertsen et al., 1997; Zvackova et al., 2017). Fibril-associated collagens with interrupted triple helices (FACITs) such as collagens XII and XIV are also involved in the regulation of collagen fibrillogenesis (Ricard-Blum, 2011). Transgenic mice carrying a mutation on collagen XII exhibit a disorganized arrangement of collagen fibers in the PDL (Reichenberger et al., 2000). Analyzing double KO mice, Wang et al. (2014) stressed the importance of small leucine-rich proteoglycans (SLRPs) in the maintenance of periodontal homeostasis, which involves the regulation of TGFβ/BMP signaling, matrix turnover, and collagen organization (Matheson et al., 2005; Wang et al., 2014; Zvackova et al., 2017).

The periodontal tissues are highly vascularized (Suphasiriroj et al., 2013; Lee et al., 2015) and close associations between blood vessels and sympathetic nerves allow their mediating vasoregulatory activities (Luukko and Kettunen, 2016). From PN4, immunostaining for peripherin showed the presence of axons in the PDL (Kokten et al., 2014a). Glial and Schwann cells are present in the PDL (Yamamoto et al., 2012; Kokten et al., 2014a). Phenotypic differences were also found when comparing Schwann cells in the pulp and PDL, based on their reactivity to antibodies to GFAP (Byers et al., 2004).

The PDL is exposed to various mechanical stresses associated with mastication. This leads to an active tissue remodeling, which involves progenitor cells (Hirashima et al., 2020a). Mechanical stimuli are important to orient the fate of stem cells. PDL stem cells (PDLSCs) can directly respond to mechanical forces. Both the ECM and mechanical forces can modulate the ability of PDLCs to sustain tissue development and maintenance (Nava et al., 2012; Sun et al., 2012). Heterogeneous populations of stem/progenitor cells have been identified there (Luan et al., 2006; Shinagawa-Ohama et al., 2017; Tomokiyo et al., 2018; Trubiani et al., 2019). PDLSCs showed osteogenic (Yang et al., 2017), cementogenic (Seo et al., 2004; Gauthier et al., 2017) and immunomodulatory properties (Wada et al., 2009). PDLSCs can also stimulate angiogenesis (Yeasmin et al., 2014; Amorim et al., 2016; Bae et al., 2017) or engage in neurogenesis (Ng et al., 2019). In case of angiogenesis, it seems a subset of PDLSCs (CD105+) may play a pivotal role, which would involve neuropilin-2 (NRP-2) (Amorim et al., 2016). PDLSCs can also contribute to the repair and regeneration of the periodontium (Tomokiyo et al., 2019).



BIOLOGICAL INTERFACES: SPATIAL LIMITS FOR MINERALIZATION

There are spatial limits for mineralizing areas in the tooth (predentin/dentin) as well as in the cementum/PDL and PDL/bone junctions (McKee and Nanci, 1996; Lausch et al., 2013; Foster et al., 2018). On the mesenchymal aspect of the tooth, the biological interface between predentin/dentin is controlled by the odontoblasts and this dynamic interface will be maintained all life long (Linde, 1995; Orsini et al., 2007).

Although very thin, the PDL is vascularized and innervated. Innervation is an important parameter to prevent tooth ankylosis (Fujiyama et al., 2004). As mentioned above, the PDL is a soft tissue exposed to important loadings when mediating tooth anchoring to the mandibular bone. The bone matrix, as well as the cementum, is mineralized while the PDL ECM is not. In both cases, this is controlled by specific matrix constituents (i.e., BSP, osteopontin versus PLAP1/asporin), being present or not (Steitz et al., 2002; Hakki et al., 2006; Yamada et al., 2007; Foster et al., 2018) and associated growth factors (Dangaria et al., 2009). Asporin is considered a negative regulator of mineralization (Leong et al., 2012). At their insertion sites into either the alveolar bone or cementum, the PDL fibers are mineralized (McKee et al., 2013). In vitro re-mineralization approaches have been designed to investigate the mechanism involved in it. These experiments showed that the ECM itself retains the necessary information to reproduce the spatial specificity of soft-mineralized tissues boundaries (Lausch et al., 2013).

These biological interfaces allow relative movements while resisting biomechanical loads (Ho et al., 2007). Their structural heterogeneity makes it difficult to investigate, and require the development of appropriated technologies together with adjusted methodologies (Boskey, 1998; Shahar and Weiner, 2018 and citations therein). For a simultaneous visualization of collagen fibrils, crystals, and intracellular components, Shahar and Weiner (2018) strongly favor 3D-imaging: complementary methods have been developed for that purpose. They include high resolution confocal light microscopy (Costello et al., 2016), high resolution Micro-CT (Burghardt et al., 2011), serial block face SEM (Denk and Horstmann, 2004), focused ion beam SEM (Hirashima et al., 2020b), each method having its own limitations. Although on a different model, backscattered electron (Kerschnitzki et al., 2011), second-harmonic generation imaging (Campagnola et al., 2002) and synchrotron small angle X-ray scattering (Groetsch et al., 2019) have been used to visualize collagen fibers crossing the soft/hard tissue junction (Paris et al., 2017). Besides structural aspects, experimental approaches allowed addressing questions about functional points of view, such as the relationship between mechanical strain amplification, mineral deposition/resorption and the dynamic correlation between these processes (Grandfield et al., 2015). In physiological conditions, mineral apposition is much more slow and regular. The transformation of amorphous to crystalline phase of mineral might allow rapid local changes, but has not yet been documented in detail.



CONCLUSION

Within the lower jaw of the mouse embryo, odontogenic and osteogenic condensations form almost simultaneously and next to each other. Although it has been published that mesenchymal cells have a natural tendency to aggregate, the two condensations remain separated by a loose interstitial mesenchyme. In opposition to the odontogenic and osteogenic ecto-mesenchymes originating from cranial NCDCs, cells from the interstitial mesenchyme do not express markers for neural crest origin. In all three zones, there is a progressive income of external cells: osteoclasts, cells mediating the vascularization or involved in the innervation, as well as stem/progenitor cells. Very soon all three mesenchymal areas show structural and physical differences. The secretion of distinct matrices will then support the different mineralization processes in odontogenic and osteogenic condensations. Besides its different origin, the interposed mesenchyme (prospective PDL) will not mineralize. This involves matrix-associated growth factors, some of which inhibit mineralization. These complementary processes lead to the formation of a functional complex: a tooth stabilized in a bone socket where movement still remains possible. While morphogenesis has been investigated in detail, mostly cellular aspects were taken into account in this review. Several questions remain, mainly concerning physical aspects within the three mesenchymes at early stages, such as the nature of differential cell-cell and cell-matrix interactions mediating cohesion as well as mechanosensing. Improving our knowledge about it would allow a better understanding of the mechanisms mediating/preventing the early mesenchymal cell segregation/compartmentalization and their condensation.
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Objectives: To evaluate sella turcica (ST) bridging, associated anomalies, and morphology, in subjects with four different types of clefts, and compare them with non-cleft (NC) subjects.

Materials and Methods: A total of 123 (31 NC and 92 cleft) Saudi subjects who had their lateral cephalogram (Late. Ceph.), orthopantomogram (OPG), and clinical details for ordinary diagnosis were included in the study. Among 92 cleft subjects, 29 had bilateral cleft lip and palate (BCLP), 41 had unilateral cleft lip and palate (UCLP), nine had unilateral cleft lip and alveolus (UCLA), and 13 with unilateral cleft lip (UCL). ST bridging and seven parameters related to ST morphology and skeletal malocclusion were analyzed using Late. Ceph. Associated dental anomalies in ST bridging subjects were investigated using OPG. The images were investigated using artificial intelligence driven Webceph software. Multiple statistical tests were applied to see the differences between gender and among cleft vs NC subjects.

Results: ST bridging was found to be higher in cleft subjects (22.82%). Most of the cleft subjects had severe skeletal Class III malocclusion associated with multiple types of dental anomalies (impacted canines, congenital missing, and presence of supernumerary teeth). No significant gender disparities in all seven parameters of ST morphology were found between NC and cleft groups. However, there were significant differences when compared among four different types of cleft individuals vs NC subjects.

Conclusion: ST bridging is more prevalent in cleft subjects along with Class III malocclusion and associated dental anomalies. ST morphometry differs significantly between cleft vs NC subjects. BCLP exhibits smaller values of all seven parameters as compared to all other groups.

Keywords: sella turcica, sella turcica bridging, morphometry, bilateral cleft lip and palate, unilateral cleft lip and palate


INTRODUCTION

Lateral cephalogram (Late. Ceph.) uses a number of landmarks as reference points for analysis/study of craniofacial structures. Sella turcica (ST) serves as one such important landmark in the cranium on Late. Ceph. The sella point or the center of the ST is a point in the cranial base which is situated at the midpoint of ST that accommodates the pituitary gland (Celik-Karatas et al., 2015). It plays an important role in cephalometric analysis and helps us identify pathologies related to pituitary gland and hence becomes an exceptional source of information, specifically those syndromes that affect craniofacial region. A thorough knowledge of its radiological anatomy and variations may help us evaluate the growth and recognize any deviation in a variety of anomalies or pathological situations, and the possible outcome of the orthodontic treatment in such situations.

Congenital anomalies, though identified at birth often, get initiated during pregnancy due to chromosomal abnormalities. A gamut of congenital anomalies occurs in the craniofacial region, cleft lip and palate (CLP) being the most common anomaly in the head and neck region, only second to congenital heart disease in the whole body. Hence, cleft deformities have been included in their Global Burden of Disease initiative, by World Health Organization (WHO). CLP is quite variable in its presentation and affects about 1.17/1000 birth overall 1.30 of every 1000 live births in Saudi (Sabbagh et al., 2015) and Asian populations (Cooper et al., 2006). CLP has a multifactorial etiology with genetics and environmental factors to be the major contributing factors (Mars and Houston, 1990). The clefts have been classified depending upon the extent of involvement and their location as cleft palate, cleft lip, unilateral cleft lip (UCL), unilateral cleft lip and alveolus (UCLA), unilateral cleft lip and palate (UCLP), bilateral cleft lip and palate (BCLP), etc. The affected children may have retarded maxillary growth (Alam et al., 2013), malposed teeth, crowding and rotation of teeth, and a high incidence of class III malocclusion (Haque and Alam, 2015).

Most of the previous studies relating to craniofacial anomalies have used 2D imaging, such as Late. Ceph. which was cost-effective with low radiation exposure and the study of various landmarks were done efficiently by linear and angular measurements (Alkofide, 2008). The morphology of ST can be efficiently measured with Late. Ceph. With the advancement in radiographic techniques and imaging, there is a shift toward 3D imaging techniques, particularly 3D imaging using CT scan (Hasan et al., 2016a,b, 2019; Islam et al., 2017) and CBCT (Yasa et al., 2017) as they give a better and accurate extent of the lesions in a 3D view and hence play a key role in the diagnosis and treatment of craniofacial malformations.

Extensive search of literature relating to the measurement of ST revealed that there was only one study on clefts in Saudi population with little or no focus on its relation to ST (Alkofide, 2008). Very few studies have evaluated the postnatal development and structure of ST and its relation to clefts (Alkofide, 2008; Yasa et al., 2017) which measured only three parameters to establish the morphology of ST. Due to limited research in this area and alarming number of individuals with clefts without the syndrome in Saudi Arabia with this genotype, the current investigation was undertaken to calculate the seven parameters of morphology of the ST, and to compare the findings with non-cleft (NC) healthy subjects with the following aims:


1.Investigation of ST bridging, type of skeletal malocclusion, and different dental anomalies.

2.Gender disparities of seven parameters of morphology of the ST among cleft and NC subjects.

3.Multiple comparisons of seven parameters of morphology of the ST among four different types of cleft and NC subjects.





MATERIALS AND METHODS

In this retrospective study, clinical and radiographic details of 31 NC subjects and 92 cleft subjects were used. All the records were collected from Saudi board Dental residents. The research protocol was prepared by one calibrated specialist orthodontist and the data were stored. The protocol was submitted for ethical board review. After approval, data investigations and analysis were completed. The details of ethical approval number are shown in Table 1. Out of 92 cleft subjects, 29 had BCLP, 41 had UCLP, nine had UCLA, and 13 had UCL as per cleft classification details from the clinical records. The details of age and gender distribution, demographic details, and inclusion and exclusion criteria are presented in Table 1.


TABLE 1. Demographic details and methods.
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Lateral cephalogram X-rays were used to investigate of ST bridging by two observers and the data were recorded after agreement by both the observers and analyzed. In a similar manner, each orthopantomogram (OPG) was investigated and dental anomalies are listed after agreement by both the observers in cases with ST bridging. Late. Ceph. X-ray was also used for skeletal class of malocclusion assessment (based on ANB and Wits measurement) only in cases with ST bridging and seven parameters of ST morphology in all subjects (Hasan et al., 2016a,b, 2019; Islam et al., 2017) were measured by one examiner using artificial intelligence driven Webceph software (Korea). The details of the seven parameters measurements are presented in Table 1 (Hasan et al., 2016a,b, 2019; Islam et al., 2017) and shown in Figure 1 (Hasan et al., 2016a,b, 2019; Islam et al., 2017).
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FIGURE 1. Lateral cephalogram view of sella turcica in (A) BCLP, (B) UCLP, (C) sella turcica parameters: (a) TS-Pclin; (b) SA-SP; (c) TS-DS; (d) TS-SF; (e) PClin-SF; (f) SM-SF; and (g) sella area, (D) Control, and (E) UCLA subjects.



Statistical Analyses

After a 2-week interval, 20 randomly selected X-rays were used for re-measurement in a similar fashion. For ST bridging and dental anomalies results were tested using Kappa test for intra and inter-examiner reliability. Error testing in the investigation of ST morphology based on seven parameters measurements were tested by intra-class correlation co-efficient (ICC) test. Total investigated data were analyzed using version 26.0 SPSS software (IBM, Armonk, NY, United States). Normality of the measured seven parameters of ST morphology data was assessed using Kolmogorov–Smirnov test. Descriptive statistics were calculated for each parameter and presented in a tabulated format. Independent t-test was used for gender disparities and ANOVA test used for multiple comparison among NC and all four types of cleft groups.




RESULTS

Using Kolmogorov–Smirnov test, measured seven parameters of ST morphology data were found normally distributed. Error test results of the ST bridging and dental anomalies investigation showed excellent intra and inter-examiner reliability. ICC results for all seven parameters of ST morphology ranged from 0.86 to 0.94.

Prevalence of ST bridging, type of malocclusion involved, and associated dental anomalies are listed in Table 2. Overall, 6.45 and 22.82% ST bridging was found in NC and cleft individuals, respectively. Among four types of clefts, ST bridging found, UCL > UCLP > BCLP > UCLA. Highest % in UCL (30.77%). Skeletal Class III malocclusion was found to be more prevalent in ST bridging individuals. Among dental anomalies, impacted canine, congenital missing, and supernumerary teeth were found to be common.


TABLE 2. Sella turcica bridging, type of malocclusion and associated anomalies.
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Table 3 shows the details of descriptive and comparative gender disparities results among NC and different types of clefts (NC, BCLP, UCLP, UCLA, and UCL). Overall ST morphometry has been presented which shows no significant gender disparities.


TABLE 3. Gender disparities of all sella turcica morphomometric parameters among all five groups.
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Table 4 shows the description total details among all five groups (NC, BCLP, UCLP, UCLA, and UCL) subjects. Multiple comparison results are presented in Table 5. Significantly larger TS-Pclin has been found in NC group in comparison to all four-cleft group (p < 0.001). However, there are no significant differences within the cleft group found. Smallest value found in BCLP group was 7.884 mm. Sa-SP value shows significant disparities between NC vs BCLP (p < 0.001), NC vs UCLP (p < 0.001), and NC vs UCL (p = 0.012) groups. When TS-DS values were compared, NC vs BCLP (p < 0.001), BCLP vs UCLP (p = 0.018) and UCL (p = 0.037) showed significant disparities. There were significant disparities between NC vs BCLP (p < 0.001) and BCLP vs UCL (p = 0.019) in PClin-SF parameter. And, when compared the parameters of SM-SF and TS-SA-SF-SP-PClin, NC vs BCLP and NC vs UCLP shows significant disparities. In BCLP group, values of all seven parameters of ST morphometry showed smallest values in comparison with all four groups.


TABLE 4. Descriptive results of all sella turcica morphomometric parameters among all five groups.
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TABLE 5. Multiple comparison of all sella turcica morphomometric parameters among all five groups.
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DISCUSSION

Unique quality of this study is that five different groups of subjects were investigated. Only one study has been found based on literature search and used three groups of subjects of Saudi population. ST bridging, type of skeletal malocclusion, and associated dental anomalies at time in a single study have not been investigated before. All seven parameters of ST morphology (Hasan et al., 2016a,b, 2019; Islam et al., 2017) are investigated in this study. Previous studies measured three parameters of ST morphology and ST bridging only (Alkofide, 2008; Yasa et al., 2017).

A thorough knowledge of ST and its variations is very important to identify it from medically compromised patients such as spina bifida or craniofacial deviations (Axelsson et al., 2004). In a study by Alkofide (2008), the morphological variations of ST were assessed in CLP patients and it was found that most of the patients had morphological deviations such as irregular posterior wall and double contour of the floor as compared to normally formed ST. Second, in the NC subjects included in the study, the morphology of ST was normal as compared to the people with clefts. In the earlier study, it was shown that ST bridging was 5.5–22% in normal person, while it was 6.45% in the NC individuals. In the present study, it is 22.82% overall in the cleft patients. However, its occurrence was more in patients with craniofacial deviations. ST bridging was 30.77% in subjects with UCL in the present study. Under such circumstances, it draws attention and marks the direction for future research and study if ST bridge exists in normal individuals in the current population.

Various investigations have been done on the morphology of ST with varying techniques (Axelsson et al., 2004; Alkofide, 2008; Hasan et al., 2016a,b, 2019; Islam et al., 2017; Yasa et al., 2017). In the current study, no significant gender disparities of the ST morphology in all seven parameters were found. Taking into account the results of the current and the previous studies (Islam et al., 2017; Yasa et al., 2017), gender disparities were measurably insignificant for all linear and area measurements of ST. According to Weisberg et al. (1976), individuals with abnormal ST may suffer from undetected hidden disease. Hence, from an altered state of ST, pathology or anomaly can be identified that may influence the secretion of hormones such as growth hormone, prolactin, follicle stimulating hormone, and thyroid stimulating hormone (Alkofide, 2007).

The results revealed significant disparities in different parameters of the ST morphology in cleft subjects (BCLP, UCLP, UCLA, and UCL) as compared to the NC and also among different types of cleft subjects (BCLP, UCLP, UCLA, and UCL). BCLP subjects exhibited smaller measurements in all parameters compared to the other groups. Results revealed disparities in the measured three parameters of ST morphology are smaller (Alkofide, 2008) and larger (Yasa et al., 2017) between cleft subjects than in NC subjects. Alkofide (2008) found smaller measurements in UCLP subjects. Yasa at al. found larger values in all three measured parameters in cleft group, only length showed highly significant disparities, however, the type of cleft was not mentioned. In another study, data of 62 subjects with palatally impacted canine revealed significant disparities in ST bridging and three parameters of ST morphology as compared to the control in Saudi population (Baidas et al., 2018).

Studies in the past have shown that patients with disorders or syndromes such as holoprosencephaly (Kjær et al., 2002), Down syndrome (Hasan et al., 2019), spina bifida (Kjær et al., 1999), CLP (Alkofide, 2008; Yasa et al., 2017), fragile X syndrome (Kjær et al., 2001), Williams syndrome (Axelsson et al., 2004), and severe craniofacial deformities (Becktor et al., 2000) have craniofacial malformations which affect the size and/or morphology of ST.

It is well established that the anatomy of ST is variable, and it is of remarkable importance in orthodontics. The anterior form of ST may aid in predicting the patient growth and in surveying craniofacial morphology (Bishara and Athanasiou, 1995). An orthodontist should be aware of the normal variations in the ST which might help in identifying any pathology associated with it (Du Boulay and Trickey, 1967). The outcomes suggest that ST bridging and altered ST morphology in CLP subjects required careful monitoring of skeletal malocclusion, dental anomalies, and canine eruption are required to diagnosed and guide for better management at an early age.



CONCLUSION

ST bridging, type of skeletal malocclusion, and associated dental anomalies are common in cleft subjects compared to NC subjects. No significant gender disparities were found in four different types of cleft vs NC subjects. All seven parameters of ST morphology are smaller in NC subjects compared to those with clefts. BCLP subjects had smaller measurements in all seven parameters of ST morphology as compared to NC and all other types of cleft subjects.
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The synchondroses formed via endochondral ossification in the cranial base are an important growth center for the neurocranium. Abnormalities in the synchondroses affect cranial base elongation and the development of adjacent regions, including the craniofacial bones. In the central region of the cranial base, there are two synchondroses present—the intersphenoid synchondrosis and the spheno-occipital synchondrosis. These synchondroses consist of mirror image bipolar growth plates. The cross-talk of several signaling pathways, including the parathyroid hormone-like hormone (PTHLH)/parathyroid hormone-related protein (PTHrP), Indian hedgehog (Ihh), Wnt/β-catenin, and fibroblast growth factor (FGF) pathways, as well as regulation by cilium assembly and the transcription factors encoded by the RUNX2, SIX1, SIX2, SIX4, and TBX1 genes, play critical roles in synchondrosis development. Deletions or activation of these gene products in mice causes the abnormal ossification of cranial synchondrosis and skeletal elements. Gene disruption leads to both similar and markedly different abnormalities in the development of intersphenoid synchondrosis and spheno-occipital synchondrosis, as well as in the phenotypes of synchondroses and skeletal bones. This paper reviews the development of cranial synchondroses, along with its regulation by the signaling pathways and transcription factors, highlighting the differences between intersphenoid synchondrosis and spheno-occipital synchondrosis.

Keywords: cranial base, cartilage, mesoderm, neural crest, spheno-occipital synchondrosis, intersphenoid synchondrosis, RUNX2


INTRODUCTION

In vertebrates, the cranial base lies below the brain and forms a central bone structure of the skull. Within the cranial base, synchondroses play a critical role in the longitudinal growth of the skull (McBratney-Owen et al., 2008; Wei et al., 2017). Precocious ossification and/or malformation of cranial synchondroses can induce the fusion of adjacent bones and subsequent cranium deformities, such as microcephaly and midface hypoplasia (Goldstein et al., 2014; Funato et al., 2020). In order to understand the nature of craniofacial development and related congenital anomalies, identifying the signaling molecules that regulate synchondrosis development is necessary.

Cartilaginous segments that persist between the ossification centers in the cranial base represent various synchondroses, such as the sphenoethmoidal synchondrosis, intersphenoid synchondrosis (ISS), spheno-occipital synchondrosis (SOS), and intraoccipital synchondrosis (Figure 1A). The ISS is located between the presphenoid and basisphenoid bones in the central region of the cranial base, while the SOS is located between the basisphenoid and basioccipital bones (Figures 1A,B). The medial line of the cranial base is originally composed of the hypophyseal, acrochordal, and parachordal cartilages (McBratney-Owen et al., 2008). Subsequently, the hypophyseal cartilage and acrochordal cartilage develop into the ISS and SOS, respectively (McBratney-Owen et al., 2008). The cartilage primordium of the ISS is derived from the neural crest, whereas the SOS has a more complex origin, wherein its cartilage primordium is derived from the neural crest as well as the cranial mesoderm (Figure 1C; McBratney-Owen et al., 2008). The SOS contributes to the embryonic and postnatal elongation of the cranial base, until its ossification between the ages of 16 and 18 years in humans, whereas complete ossification of the ISS occurs between 2 and 3 years of age (Madeline and Elster, 1995), suggesting that the role of the SOS, in particular, is important in the postnatal stage.


[image: image]

FIGURE 1. The cranial base and synchondroses. (A) Ventral view of bone staining of the mouse cranial base at postnatal day (P) 0. The middle line of the cranial base is formed by the presphenoid, basisphenoid (BS), and basioccipital (BO) bones. Between the mineralized bones, there are two cartilaginous synchondroses, the intersphenoid synchondrosis (ISS) and the spheno-occipital synchondrosis (SOS). Please note that the presphenoid bone is invisible because of the palatine process (PA). AT, ala temporalis (greater wing) of the basisphenoid bone; CA, canalicular part of auditory capsule; EO, exoccipital bone; FB, facial bone; IOSA, intraoccipital synchondrosis; SAB, synchondrosis, alar-basisphenoidalis; SES, spheno-ethmoidal synchondrosis. (B) Safranin-O staining of the mouse cranial base at embryonic day (E) 16.5. The presphenoid (PS), basisphenoid (BS), and basioccipital (BO) bones are separated by two synchondroses, the intersphenoid synchondrosis (ISS) and spheno-occipital synchondrosis (SOS). The synchondrosis is composed of bipolar growth plates with a central resting (r), proliferating (p), and prehypertrophic (ph) zones. PA, palate; Rp, Rathke’s pouch. (C) Schematic illustration of the tissue origins of the cranial base derived from the neural crest shown in red and those derived from the mesoderm in blue (McBratney-Owen et al., 2008). BS, basisphenoid bone; BO, basioccipital bone; EO, exoccipital bone; PS, presphenoid bone. (D) STRING protein-protein interaction network of mouse genes involved in abnormal synchondroses. The network was constructed using the STRING tool3, with mouse genes involved in abnormal synchondroses (Table 1) used as input. Different colors represent different kinds of evidence of connection between proteins. (E) (a) Skulls from wild-type and Tbx1-deficient mice at birth were analyzed by micro-computed tomography and are shown in a “bird’s eye view.” In Tbx1-deficient mice, the spheno-occipital synchondrosis (SOS) was completely mineralized (Funato et al., 2020). BO, basioccipital bone; BS, basisphenoid bone; ISS, intersphenoid synchondrosis; PA, palatine process. (b) A predicted model for TBX1-mediated regulation of endochondral ossification of SOS. By inhibiting the activity of RUNX2 and the expression of RUNX2 target genes, TBX1 negatively regulates chondrocyte differentiation as well as subsequent endochondral ossification in the SOS.


The cranial base is formed by endochondral ossification, which begins with the formation of a cartilage primordium from condensed mesenchymal cells (McBratney-Owen et al., 2008). Chondrocyte proliferation maintains the synchondroses and leads to elongation of the cranial base (Matsushita et al., 2009). Immature chondrocytes undergo hypertrophy and subsequent apoptosis, followed by the formation of ossification centers after the invasion of osteoblasts from the perichondrium (St-Jacques et al., 1999). Endochondral ossification of the cranial synchondroses is different from that of skeletal bones in several ways. The synchondrosis is composed of bipolar growth plates with resting, proliferating, pre-hypertrophic, and hypertrophic zones that produce growth in opposing directions, whereas long bones are composed of a unipolar growth plate (Wei et al., 2016). This review presents new insights on the signaling pathways and transcription factors involved in the regulation of synchondrosis development, highlighting the differences and similarities between synchondroses present in the cranial base.



SIGNALING PATHWAYS IN SYNCHONDROSIS DEVELOPMENT

For the normal progression of the development of synchondroses, stringent regulation of chondrocyte differentiation in the cranial synchondroses is crucial. To find the relationship between genetic or molecular interaction networks in the synchondroses, genetically modified mice associated with abnormal synchondroses were investigated. Using the Mouse Genome Informatics1 database and PubMed2, 31 mouse genes with abnormal annotations in SOS and/or ISS were discovered (Table 1). These genes indicated that the regulation of synchondrosis development involves the interaction of several signaling pathways, including the parathyroid hormone-like hormone (PTHLH)/parathyroid hormone-related protein (PTHrP), Indian hedgehog (Ihh), Wnt/β-catenin, and fibroblast growth factor (FGF) pathways, as well as control by cilium assembly and by transcription factors encoded by specific genes (Figure 1D). This review focuses on the genes listed in Table 1.


TABLE 1. Mouse genes involved in abnormal development of the cranial synchondroses.
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Runt-Related Transcription Factor 2

Runt-Related Transcription Factor 2 (RUNX2), a gene implicated in cleidocranial dysplasia (Online Mendelian Inheritance in Man; OMIM #119600), is a crucial transcription factor of osteoblast and chondrocyte differentiation (Ducy et al., 1997; Komori et al., 1997; Yoshida et al., 2004). Skull radiography of patients with cleidocranial dysplasia caused by RUNX2 haploinsufficiency showed persistent synchondroses primarily associated with defective development of membranous bones (Kreiborg et al., 1999; Al Kaissi et al., 2013). Chondrocyte-specific constitutive Runx2 expression in mice has also been shown to induce precocious endochondral ossification in the cranial cartilage (Takeda et al., 2001).

RUNX2 and histone deacetylase 4 (HDAC4) are expressed in prehypertrophic and hypertrophic chondrocytes present in developing cartilages. HDAC4 regulates chondrocyte differentiation and endochondral bone formation by interacting with and inhibiting the activity of RUNX2 (Inada et al., 1999; Enomoto et al., 2000; Vega et al., 2004). Furthermore, Hdac4-deletion mice exhibit precocious endochondral ossification of cranial synchondrosis (Vega et al., 2004). Myocyte enhancer factor 2C (MEF2C) regulates a Runx2 enhancer in chondrocytes, and an activating form of MEF2C in mice causes precocious chondrocyte hypertrophy as well as ossification in SOS (Arnold et al., 2007). Runx2 expression has been detected in the cartilaginous condensation of the cranial cartilages at embryonic day 13.5 (Funato et al., 2020), yet ossification of synchondroses did not occur in the wild-type embryos. This time lag between Runx2 expression and execution of chondrocyte differentiation in the synchondroses implies that multiple layers of regulation are required in synchondrosis development and that HDAC4 and MEF2C could be the regulators involved in this process.



T-Box Transcription Factor Family 1

T-box Transcription Factor Family 1 (TBX1) is the candidate gene of DiGeorge (OMIM #188400), velocardiofacial (OMIM #192430), and conotruncal anomaly face (OMIM #217095) syndromes. Tbx1-deficient mice exhibit most features similar to the human syndromes, including microcephaly (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Funato et al., 2012, 2015). Mice lacking Chrd—which encodes chordin, i.e., an antagonist of bone morphogenetic proteins (BMPs)—exhibit recapitulating phenotypes of DiGeorge syndrome and Tbx1-deletion mice (Bachiller et al., 2003). Recently, we reported that TBX1 is a specific and essential regulator of chondrocyte differentiation and subsequent ossification at the SOS (Funato et al., 2020). By inhibiting the activity of RUNX2 and the expression of RUNX2 target genes, TBX1 negatively regulates chondrocyte differentiation and subsequent ossification in the SOS (Figure 1E).



FGF Pathway

The FGF receptor (FGFR) family is a subfamily of receptor tyrosinekinases. Dominant gain-of-function mutations of FGFR2 induce craniofacial dysmorphology in Apert (OMIM #101200), Crouzon (OMIM #123500), Pfeiffer (OMIM #101600), Jackson-Weiss (OMIM #123150), and Antley-Bixler (OMIM #207410) syndromes. Mice carrying the Fgfr2 mutation exhibit accelerated chondrocyte maturation, accompanied by precocious ossification in the SOS and ISS synchondroses, at birth and 4 week-old stage, respectively (Nagata et al., 2011). A patient with Antley-Bixler syndrome was also identified to be harboring a mutation in FGFRL1 (Rieckmann et al., 2009). Fgfrl1-deficient mice showed precocious ossification in the SOS at E18.5 (Catela et al., 2009). Homozygous mutations in the POR gene, encoding cytochrome P450 oxidoreductase, induce midface hypoplasia and craniosynostosis in Antley-Bixler syndrome, accompanied by genital anomalies and disordered steroidogenesis (OMIM #201750). Conditional deletion of Por in osteoprogenitors with Dermo1-Cre affects synchondrosis and long bone development in mice recapitulating Antley-Bixler syndrome (Panda et al., 2013). Although the craniofacial dysmorphology caused by POR mutations and by FGFR2 mutations overlap, the pathogenesis underlying the skeletal malformation in POR deficiency remains to be elucidated.

Gain-of-function mutation of FGFR3 is reported in most cases of achondroplasia (OMIM #100800) and Muenke syndrome (OMIM #602849), which are associated with craniofacial and skeletal abnormalities. Targeted mutations in Fgfr3 in mice carrying the equivalent human syndromes lead to decreased chondrocyte proliferation along with accelerated osteoblast differentiation, resulting in precocious ossification of synchondroses (Chen et al., 1999, 2001; Matsushita et al., 2009; Laurita et al., 2011). Additionally, chondrocyte-specific expression of constitutively active mitogen-activated protein kinase 1 (MAP2K1)/MEK1 causes precocious ossification of cranial synchondroses and effectively rescues the Fgfr3-deficient mouse phenotype (Matsushita et al., 2009).



PTHLH/PTHrP Pathway

PTHLH, also known as PTHrP, maintains chondrocyte proliferation in conjunction with parathyroid hormone 1 receptor (PTH1R). PTHLH/PTHrP impedes chondrocyte differentiation through the inhibition of Runx2 expression (Li et al., 2004). In Pthlh/Pthrp-deletion mice, chondrocyte differentiation is accelerated in both the SOS as well as the ISS (Ishii-Suzuki et al., 1999). Moreover, PTHLH/PTHrP promotes dephosphorylation and nuclear localization of HDAC4, subsequently inhibiting MEF2C transcription (Kozhemyakina et al., 2009). Pth1r-deletion mice are shown to exhibit abnormal neurocranium morphology due to excessive mineralization of synchondroses present between the basioccipital, exoccipital, and basisphenoid bones (Lanske et al., 1996).



Ihh Pathway

The Ihh pathway coordinates diverse aspects of bone morphogenesis via PTHLH/PTHrP-dependent and independent processes (St-Jacques et al., 1999). Ihh is expressed in the synchondroses within the prehypertrophic chondrocytes via RUNX2 regulation and promotes chondrocyte proliferation as well as differentiation (Young et al., 2006; Nagayama et al., 2008; Ushijima et al., 2014). In Ihh-deficient synchondroses, chondrocyte proliferation is decreased, and their differentiation is initially delayed (Razzaque et al., 2005; Young et al., 2006). Furthermore, conditional deletion of Ihh with Col2a1-Cre results in loss of the SOS at E18.5 (Razzaque et al., 2005).



Cilium Assembly

The hedgehog signaling pathway requires cilium assembly. Kinesin family member 3A (KIF3A) is an intraflagellar transport (IFT) motor protein essential for the formation of cilia (Huangfu et al., 2003). Conditional deletion of Kif3a with Col2a1-Cre results in precocious ossification of synchondroses, by disrupting the expression pattern of Ihh in synchondroses (Koyama et al., 2007). Conditional deletion of Ift88, which encodes IFT88/polaris, ultimately results in a deformed basicranium, along with precocious ossification of synchondroses due to disruption of the Ihh signaling pathway (Ochiai et al., 2009). Polycystin-1 and polycystin-2, which are encoded by Pkd1 and Pkd2, form a protein complex and localize to the primary cilium. Conditional deletion of Pkd1 with Dermo1-Cre exhibits a premature closure of both the ISS and SOS (Kolpakova-Hart et al., 2008), whereas conditional deletion of Pkd2 in neural crest with Wnt1-Cre exhibits abnormal ossification of neural crest-derived ISS (Khonsari et al., 2013).

EVC and EVC2 are the disease genes implicated in Ellis-van Creveld syndrome (OMIM #225500) as well as Weyers acrofacial dysostosis (OMIM #193530). EvC ciliary complex subunit 1 (EVC) and EVC2 localize at the base of chondrocyte cilia and function as positive regulators of Ihh-mediated bone development (Takeda et al., 2002; Ruiz-Perez et al., 2007; Caparrós-Martín et al., 2013). Both Evc- and Evc2-deficient mice exhibit precocious ossification of the ISS at E18.5 (Pacheco et al., 2012; Caparrós-Martín et al., 2013).

ADP-ribosylation factor-like 6, which is encoded by ARL6/BBS3, regulates intracellular traffic. Mutations in ARL6/BBS3 account for Bardet-Biedl syndrome-3 (OMIM #600151), which is characterized by retinal dystrophy, renal structural abnormalities, history of obesity, and skeletal abnormalities. Arl6/Bbs3-deficient mice are shown to exhibit hypomorphic cranial synchondroses at E18.5 (Kawasaki et al., 2017).



Wnt/β-Catenin Pathway

The Wnt/β-catenin and Ihh signaling pathways interact with one another to regulate the development of the endochondral bones (Mak et al., 2006). Conditional deletion of Ctnnb1, which encodes CTNNB1/β-catenin, with Col2a1-Cre results in abnormal bone formation (Day et al., 2005; Nagayama et al., 2008). β-catenin and T-cell factor/lymphoid enhancer factor 1 (TCF/LEF1) are transcriptional mediators of the Wnt/β-catenin signaling pathway that directly interact with the Ihh promoter in chondrocytes in vivo, suggesting that the Wnt/β-catenin signaling pathway regulates Ihh expression (Später et al., 2006). Cartilage overexpression of a constitutively active form of LEF1 causes accelerated chondrocyte hypertrophy, topographical disorganization, and excessive bone collar formation in the ISS and SOS (Nagayama et al., 2008). Interestingly, LEF1 is reported to interact with and consequently inhibit the activity of RUNX2 (Kahler and Westendorf, 2003), suggesting that LEF1 might regulate RUNX2 activity during the development of synchondroses.



SIX Homeobox Family

The sine oculis homeobox (SIX) family of transcription factors regulates the embryonic development of the ears and kidneys. Six2-deficient mice display precocious ossification of synchondroses at birth due to disruptions in chondrocyte differentiation, in conjunction with reduced proliferation and accelerated terminal differentiation of the cells (He et al., 2010). SIX1 is implicated in Branchiootic syndrome 3 (OMIM #608389) and deafness (OMIM #605192). Double knockout mice of Six1 and Six4 genes show a precocious partial ossification of the SOS at E18.5 (He et al., 2010).




DISCUSSION

During synchondrosis development, the cross-talk between several signaling pathways, including PTHLH/PTHrP, FGF, Ihh, and Wnt/β-catenin, and control by cilium assembly and by transcription factors, play critical roles. Since the cranial abnormalities in female carriers of the P250R mutation in FGFR3 are more severe than those of the male carriers (Lajeunie et al., 1999), it would be interesting to study whether the onset and complete ossification of synchondroses vary based on gender in wild-type and genetically modified mice. Histological analysis of precocious ossification of synchondroses indicated that the deletion of the RUNX2 inhibitors HDAC4, MEF2C, and TBX1 in mice resulted in accelerated chondrocyte differentiation and, consequently, precocious endochondral ossification of cranial synchondroses (Vega et al., 2004; Arnold et al., 2007; Funato et al., 2020). Consistent with the precocious ossification of the synchondroses in these genetically modified mice, chondrogenic markers were ectopically expressed during synchondrosis formation. Since bone collar ossification occurs secondary to chondrocyte hypertrophy during endochondral bone formation (Chung et al., 2001; Arnold et al., 2007), precocious ossification of synchondroses in these genetically modified mice could occur when chondrocyte hypertrophy is accelerated. The accelerated chondrocyte hypertrophy may also result in a shortage of the reserves of resting and proliferating chondrocytes.


Phenotypic Differences Between SOS and ISS

The synchondrosis phenotype is different among genetically modified mice. Deletion of Pthlh/Pthrp or Six2 or overexpression of Runx2 in chondrocytes resulted in precocious ossification both in the ISS and the SOS. Precocious ossification is specific to the SOS in Tbx1-, Fgfrl1-, Ihh-, and Pth1r-deficient mice and Mef2c-superactivating mice, whereas it is specific to the ISS in Arl6/Bbs3-, Evc-, and Evc2-deficient mice (Table 1). Phenotypic differences among the synchondroses may be due to varying origins of the ISS and SOS (Figure 1C). The cartilage primordium of the ISS is derived from the neural crest, whereas the SOS has a more complex origin, comprising the cartilage primordium derived from the neural crest along with the cranial mesoderm (McBratney-Owen et al., 2008). TBX1 is a specific regulator of SOS development. Since TBX1 is expressed in the mesoderm-derived primordium cartilage of the SOS, differences in the expression pattern of TBX1 likely contribute to the discordant abnormalities between the ISS and SOS (Funato et al., 2020). A consequence of functional redundancy of family genes might also contribute to the same. In the synchondroses of Ihh-deficient mice, the hypertrophic chondrocytes in the ISS are more affected than those in the SOS (Young et al., 2006). The remnants of the notochord express Sonic hedgehog (Shh) near the primordium of the SOS but not in the ISS. Since Shh has a redundant interaction with Ihh (Zhang et al., 2001), Shh may induce the milder phenotype of the SOS than the ISS of Ihh-deficient mice (Young et al., 2006).



Phenotypic Differences Between the Growth Plate and Synchondroses

The growth plates of cranial synchondroses and long bones contribute to bone elongation as well as shaping of the mature bone via endochondral ossification. However, the growth plate of synchondrosis and the long bone are histologically, environmentally, and developmentally different in the following aspects: (1) the mirror image growth plates of synchondrosis produce longitudinal bone growth in bipolar directions, but the growth plate of long bones produces growth in unipolar direction; (2) the long bones are overlaid by articular synovial layers, which are absent in the synchondrosis; (3) the growth plate in developing long bones present the secondary ossification center, which is absent in the synchondrosis; (4) mechanical stress influences the growth of long bones (Sharir et al., 2011); and (5) the ISS originates from the neural crest, while the SOS has a complex unique contribution of both the neural crest and cranial mesoderm, and long bones are derived from mesoderm. Therefore, discordant abnormalities in the growth plates of the long bones and synchondroses are likely attributable to the differences in location-specific downstream signaling targets and the expression patterns of the signaling factors, which differ according to the unique origins and anatomical structures.

RUNX2, HDAC4, and MEF2C control endochondral ossification in the growth plates of both synchondroses and long bones (Takeda et al., 2001; Vega et al., 2004; Arnold et al., 2007). However, in other mutant mice, discordant abnormalities between long bones and synchondroses have been reported. Zinc finger transcriptional coregulator 521 (ZFP521), whose expression is regulated by PTHLH/PTHrP, associates with and antagonizes RUNX2 activity in chondrocytes via an HDAC4-dependent mechanism (Correa et al., 2010). Deletion of Zfp521 in chondrocytes does not affect the synchondrosis development; however, long bones appear to be hypomorphic (Correa et al., 2010). Deletion of Tbx1 results in precocious endochondral ossification of the SOS, but not in the skeletal cartilages despite TBX1 expression in immature chondrocytes (Funato et al., 2015, 2020).

In the synchondroses of Pthlh/Pthrp-deletion mice, chondrocyte differentiation is significantly accelerated compared with those chondrocytes present in long bones (Ishii-Suzuki et al., 1999). Ihh is expressed in prehypertrophic chondrocytes and stimulates Pthlh/Pthrp expression in periarticular chondrocytes in long bones. In the synchondrosis, an overlaid periarticular layer is absent, and the Ihh signaling relays cross-talks between Ihh-producing prehypertrophic chondrocytes and PTHLH/PTHrP-producing proliferating chondrocytes (Young et al., 2006). Since PTHLH/PTHrP is expressed in both the resting and the proliferating chondrocytes in the synchondroses and in the resting chondrocytes of long bones, varied distribution of PTHLH/PTHrP-expressing chondrocytes may contribute to the discordant phenotypes between the synchondrosis and long bones of Pthlh/Pthrp-deficient mice (Young et al., 2006; Nagayama et al., 2008).




CONCLUSION

Synchondroses are formed through endochondral ossification and play a critical role in the elongation of the basicranium. Deletions or activation of genes can cause the precocious ossification or hypoplasia of synchondroses, suggesting that stringent regulation of signaling pathways is crucial for proper synchondrosis development. The disruption of genes leads to both similar and distinctly different abnormalities in the development of the two synchondroses and also between the growth plates of synchondrosis and skeletal bones. Despite its importance, few studies have addressed the molecular mechanisms that regulate the endochondral ossification of synchondroses. It is important to fully elucidate the interaction of signaling pathways for the regulation of synchondrosis development. In addition, the detailed molecular mechanisms that mark the differences between the synchondroses and the skeletal bones should be deciphered. Hopefully, these insights from future studies will provide possible strategies for biologics-based therapies to treat synchondrosis anomalies.
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Objective: The objective of this study was to compare the novel artificial intelligence (A.I.)-driven lateral cephalometric (Late. Ceph.) analysis of 14 different dental characteristics (DC) among different types of cleft lip and palate (CLP) and non-cleft (NC) individuals.

Materials and Methods: A retrospective study was conducted on 123 individuals [31 = NC, 29 = BCLP (bilateral cleft lip and palate), 41 = UCLP (unilateral cleft lip and palate), 9 = UCLA (unilateral cleft lip and alveolus), and 13 = UCL (unilateral cleft lip)] with an average age of 14.77 years. Demographic details were gathered from the clinical records. A novel artificial intelligence-driven Webceph software has been used for the Late. Ceph. analysis. A total of 14 different types of angular and linear DC measurements were analyzed and compared among groups. Two-way ANOVA and multiple-comparison statistics tests were applied to see the differences between gender and among different types of CLP versus NC subjects.

Results: Of the 14 DC tested, no significant gender disparities were found (p > 0.05). In relation to different types of CLP versus NC subjects, 8 over 14 DC were statistically significant (p < 001 to p = 0.03). Six other DC variables show insignificant (p > 0.05) noteworthy alterations in relation to type of CLP.

Conclusion: Based on the results, type of CLP revealed significantly altered DC compared to NC. Among different types of CLP, BCLP exhibited a maximum alteration in different DC.

Keywords: non-syndromic cleft lip and palate, bilateral cleft lip and palate, unilateral cleft lip and palate, dental characteristics, overjet, overbite, incisal display


INTRODUCTION

Any deformations (anatomical or chromosomal) that start during pregnancy and their belongings identified after birth are considered intrinsic oddities (Sekhon et al., 2011). Among them, cleft lip and palate (CLP) is one of the most widely recognized and major inherent craniofacial peculiarities in humans, brought about by strange facial development during embryogenesis that presents during childbirth and portrayed by halfway or complete clefting of the upper lip, with or without clefting of the alveolar edge or the hard or soft palate (Erverdi and Motro, 2015). Cleft can happen along with CLP or independently like a detached cleft lip and or isolated cleft palate. The point when cleft lip and palate emerge together is named as CLP. The highlights of CLP went from the least serious to the most extreme structure with a unilateral or bilateral manner. CLP can be syndromic or non-syndromic. Clinically, when CLP shows up with other deformities (normally at least two or more), for an inconspicuous example, it is delegated syndromic CLP. In the event that it shows up as a secluded deformity or if the disorder cannot be recognized, the term non-syndromic CLP (NSCLP) is utilized (Kohli and Kohli, 2012).

The etiology of CLP is still controversial. According to previous studies, it is to be thought that both genetic and environmental factors are responsible for CLP (Alam et al., 2012; Berkowitz, 2013; Haque et al., 2015; Haque and Alam, 2015a, c). Studies of the etiology of non-syndromic clefts pivot on candidate genes associated with craniofacial development, genes influenced by environmental teratogens or deficiencies, and genes associated with syndromic clefts (Murray, 2002; Haque et al., 2015). CLP shows significant heterogeneity among different ethnic groups.

Numerous strategies for the evaluation of the craniofacial characteristics, dental relationship, and maxillary morphometry measurement of CLP individuals have been depicted already (Alam et al., 2008, 2013, 2019; Kajii et al., 2013; Asif et al., 2016; Arshad et al., 2017a, b, 2018; Haque et al., 2017a, b, 2018). The result of the craniofacial characteristics of CLP can be evaluated from multifacets of factors, for example, dental relationship (Haque et al., 2018), cephalogram (Alam et al., 2013, 2019; Wu et al., 2013; Batwa et al., 2018; Alam and Alfawzan, 2020), cone-beam computed tomography (Parveen et al., 2018), and maxillary morphometry (Haque et al., 2020). Oral clefts show an assortment of clinical inconsistencies (Batwa et al., 2018). Lee et al. (2020) and Kunz et al. (2020) uncovered artificial intelligence (A.I.) into dentistry, particularly in orthodontics ready to break down obscure Late. Ceph. at nearly a similar quality level as the ongoing highest-quality level estimated by a calibrated specialist. Lee et al. (2020) used A.I.-driven profound convolutional neural system-based assessment of Late. Ceph. for the sign of orthognathic surgery cases of differential determination and discovered 95.6% exactness.

This first-in-human study in a Saudi Arabian population, among different types of NSCLP and NC individuals, is yet to be investigated in regard to different dental characteristics (DC). Hence, in the present study an attempt is made to contribute a novel A.I.-driven analysis of different DC in multiple types of NSCLP and to compare the findings with gender- and age-matched NC individuals. Hence, this study aimed to investigate (1) how the DC are different among gender, (2) how the disparities in DC exist in multiple types of NSCLP and NC individuals, and (3) how the disparities exist in gender times multiple types of NSCLP and NC individuals. The hypothesis of this study is as follows: types of DC are different in relation to gender, type of NSCLP, and NC subjects.



MATERIALS AND METHODS

All the records (clinical and demographic details, X-rays) were collected from Saudi Board of dental residents. The research protocol was arranged by one calibrated orthodontist, and the data was stored. The research protocol was presented to the Ethical Committee of Al rass Dental Research Center, Qassim University. Full Ethical approval was obtained with the code #: DRC/009FA/20. The following inclusion and exclusion criteria are followed, non-syndromic cleft subjects with good-quality x-ray images. There was no history of craniofacial surgical treatment besides cleft lip and palate surgery. No orthodontic treatment was done. A match with healthy control without any craniofacial deformity was found.

Digital Late. Ceph. X-rays were used to investigate 14 different DC of 123 NC and cleft subjects based on convenient sampling following inclusion and exclusion criteria. Among them, 31 NC subjects and 92 cleft subjects [29 had BCLP (bilateral cleft lip and palate), 41 had UCLP (unilateral cleft lip and palate), 9 had UCLA (unilateral cleft lip and alveolus), and 13 had UCL (unilateral cleft lip)]. According to gender, male = 14 NC + 19 BCLP + 26 UCLP + 3 UCLA + 7 UCL and female = 17 NC + 10 BCLP + 15 UCLP + 6 UCLA + 6 UCL. Ages of the subjects were 13.29 ± 3.52 NC, 14.07 ± 4.73 BCLP, 14.32 ± 4.46 UCLP, 12.78 ± 4.09 UCLA, and 13.31 ± 4.46 UCL. In this retrospective study, clinical and radiographic details were used. Fourteen (14) different DC were measured by one examiner using automated A.I.-driven Webceph software (South Korea). The angular and linear measurements used in this study are detailed in Table 1 and Figure 1.


TABLE 1. Dental characteristic measured in NSCLP and NC individuals.
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FIGURE 1. Artificial intelligence-driven lateral cephalometric analysis.



Statistical Analyses

To survey the estimation mistake, 20 Late. Ceph. cases were arbitrarily chosen and the means of A.I.-driven investigation were rehashed by one analyst following 2 weeks of first examination. Intra-class correlation coefficients were performed to evaluate the unwavering quality for the two arrangements of estimations. The estimations of coefficients of unwavering quality were seen as more prominent than 0.95 and 0.91 for all linear and angular variables, respectively. Data were analyzed in SPSS (SPSS Inc., Chicago, IL, United States). The Kolmogorov–Smirnov test was utilized to check the normality of the estimations. A two-way ANOVA examination was utilized for gender orientation, types of cleft and gender∗types of cleft. A p-esteem < 0.05 was considered as significant statistically.



RESULTS

Tables 2–8 show the details of the analyzed results of 14 different DC among gender, types of cleft and gender∗types of cleft. Figures 2A–C show the profile plot of estimated marginal means of types of cleft and gender∗types of cleft.


TABLE 2. Dental characteristics – (A) Overjet and (B) Overbite: Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.
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TABLE 3. Dental characteristics – (A) U1 to FH and (B) U1 to SN: Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.
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TABLE 4. Dental characteristics – (A) U1 to UOP and (B) IMPA: Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.
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TABLE 5. Dental characteristics – (A) L1 to LOP and (B) inter-incisor angle: Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.
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TABLE 6. Dental characteristics – (A) Cant of occlusal plane and (B) Upper incisal display: Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.

[image: Table 6]

TABLE 7. Dental characteristics – (A) U1 to NA (mm) and (B) U1 to NA (degree): Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.
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TABLE 8. Dental characteristics – (A) L1 to NB (mm) and (B) L1 to NB (degree): Gender, types of cleft and gender times types of cleft two-way ANOVA analysis results.
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FIGURE 2. (A–C) Profile plot of the estimated marginal means of types of cleft and gender∗types of cleft.


In Table 2A, overjet DC is presented, which shows no significant gender disparities and highly significant disparities among NC and different types of clefts (BCLP p < 0.001, UCLP p < 0.001 and UCL, p = 0.020). UCLP p = 0.015, UCL p < 0.001, and UCLA, p = 0.001, showed a significant difference in comparison with BCLP. In relation to overbite DC, no significant disparities were observed (Table 2B).

Tables 3A,B shows U1 to FH and U1 to SN DC with no significant gender disparities and highly significant disparities among NC and different types of clefts (BCLP p < 0.001 and UCLP p < 0.001) in comparison with NC. UCLP p = 0.015, UCL p < 0.001, and UCLA, p = 0.002, showed significant difference in comparison with BCLP in relation to U1 to FH DC. Moreover, UCLP p = 0.009, UCL p < 0.001, and UCLA, p = 0.001, showed a significant difference in comparison with BCLP in relation to U1 to SN DC.

Tables 4A,B shows U1 to UOP and IMPA DC with significant disparities among NC and different types of clefts (BCLP < 0.001 and p = 0.001 and UCLP < 0.001 and p = 0.009, respectively).

In relation to L1 to LOP DC, no significant disparities were observed (Table 5A). Table 5B shows inter-incisor angle DC with highly significant disparities among NC and different types of clefts (BCLP < 0.001, UCLP < 0.001, and UCLA < 0.001). UCL < 0.001 and UCLA < 0.001 showed a significant difference in comparison with BCLP. UCL p = 0.03 showed a significant difference in comparison with UCLP.

In relation to Cant of occlusal plane, upper incisal display DC, and U1 to NA (mm), no significant disparities were observed (Tables 6A,B, 7A). Table 7B shows U1 to NA (degree) DC with significant disparities among NC and different types of clefts (BCLP p = 0.001 and UCLP p = 0.009).

Table 8A shows L1 to NB (mm) DC, no significant disparities were observed. L1 to NB (degree) DC show significant disparities among NC and different types of clefts (BCLP p = 0.017 and UCLP p = 0.009) (Table 8B).



DISCUSSION

Fourteen (14) distinctive DC of five unique groups of individuals are researched in the present study. As far as we could possibly know, A.I.-driven computerized Late. Ceph. examination in such gatherings and populace is yet to be researched. Irrelevant mistake in the estimations; exact, automated, basic, brisk, savvy, future orthodontic computerized apparatuses; and different types of cleft examples are the novelty of the current examination (Lee et al., 2020; Kunz et al., 2020). The current investigation results may help the clinician in approaching where the impacts of essential CLP medical procedures are on various DC, supporting the restoration procedure in subjects with various sorts of NSCLP in building up a positive administration convention.

Batwa et al. (2018) recommended broadly that analysts in the CLP field should embrace exhaustive activities to survey a wide range of CLP. Longitudinal and extensive examination studies will empower social insurance suppliers to actualize substantial treatment conventions that are suitable for the extraordinary nature and intricacy of the CLP populace. The unilateral complete type of CLP subjects with multiple missing teeth had the significantly smallest overjet (–3.89 ± 2.75 mm) among the three groups (without missing teeth, with only one missing tooth, and with two or more missing teeth). In the current study, overjet in NC = 4.429, BCLP = −7.144, UCLP = −3.635, UCL = 0.071, and UCLA = −0.118 exhibits significant disparities. Maximum alterations are found in the BCLP group. UCLP results almost coincide with the results of Batwa et al. (2018) in which the smallest overjet was found in the unilateral complete type of CLP subjects with multiple missing teeth.

These disparities may be due to multiple-factor relations. When a patient is born with CLP, a number of surgeries take place in the 1st 2 years of life. One study used the presurgical orthopedic feeding plate after birth (Haque and Alam, 2015b); at 3–6 months of age, the patients underwent cheiloplasty (Haque and Alam, 2014), and at 9–18 months of age they underwent palatoplasty (Haque and Alam, 2015c). There was a formation of excessive scar tissues, and the undermining of soft tissue was observed after these surgeries, which may have resulted in maxillary contracture which finally leads to class III malocclusion. Maxillary growth retardation is often observed in patients with repaired unilateral cleft lip and palate (UCLP) (Alam et al., 2008; Kajii et al., 2013). Altered craniofacial morphology was also observed in relation to postnatal treatment factors and congenital factors in the Japanese population (Alam et al., 2013, 2019).

Wu et al. (2013) proposed that further investigations are expected to investigate the skeletal and dental attributes of individuals with CLP in other ethnic gatherings, especially in the Middle Eastern region. They assessed only individuals with unilateral complete CLP among various kinds of CLP. They found various cephalometric characteristics present in Taiwanese people with unilateral complete CLP and found a general decrease in their skeletal vertical measurements and a decrease in the overjet. The current study also revealed a significant alteration in overjet. However, overbite, which determines the vertical dental relationship, shows no significant alterations. Five other DC—L1 to LOP, Cant of occlusal plane, U1 to NA (mm), L1 to NB (mm), and upper incisal display DC—also showed no significant disparities among genders, types of CLP, and NC individuals.

Alam et al. (2019), Alam and Alfawzan (2020) investigated the craniofacial morphology of Japanese UCLP patients and investigated the association with congenital (2019) and postnatal treatment factors (2013). Among congenital factors, gender and DC (U1-SN) showed insignificant disparities, which coincide with the results of the present study. Among postnatal treatment factors, significantly larger U1-SN measurements are found in subjects that underwent preoperative orthopedic treatment with a Hotz plate in comparison with the subjects that underwent no preoperative orthopedic treatment (HOTZ plate) or an active plate. These investigations are researched in UCLP subjects only. The current study compared four types of NSCLP and NC individuals. These disparities may be due to the fact that the management protocol of a patient with cleft is complex and requires a lengthy procedure. The involvement of multi-specialties working in tandem is suggested to bring out physical, psychological, and social rehabilitation. Likewise, maxillary arch constriction (maxillary growth retardation) is a common dental problem of CLP patients, resulting in a concave facial profile (Alam et al., 2019), class III malocclusion (Alam et al., 2013), midfacial growth deficiency (Alam et al., 2013, 2019), and congenitally missing and malformed teeth. Orthodontic anomalies like crowding, rotation, and malposition of teeth are also commonly observed (Haque and Alam, 2015a; Haque et al., 2018; Adetayo et al., 2019). In the current study, maximum alterations in 8 different DC were found to be mostly altered in relation to upper incisors [U1-FH, U1-SN, U1-UOP, IIA, and U1-NA (degree)]. Our results clearly indicate that NSCLP subjects exhibit a class III malocclusion pattern based on investigated multiple DC. Also, the results are more prominent in BCLP individuals.

Batwa et al. (2018) found U1-SN values of 85.04 ± 12.13 and 91.63 ± 10.62 (mean ± SD) in the control and case groups (UCCLP), respectively. Utilizing the mean ± SD values of the two groups, the calculated Cohen’s d and effect-size r were 0.578 and 0.277, respectively. Sample power analysis was done using G∗Power software, and the effect size was calculated (Batwa et al., 2018). Based on this, the total sample in the five groups is required to be 103. In each group, 20 or 21 individuals are required with α err prob and power (1-β err prob) values of 0.05 and 80, respectively. Strict inclusion criteria were followed to recruit the data. A good number of BCLP and UCLP samples and age- and sex-matched NC individuals are recruited; however, the sample size of UCLA and UCL is lacking. To draw any strong conclusion in different CLP problems, a genetic investigation may play a beneficial role. Furthermore, genetic/congenital/postnatal treatment factors may influence or alter the shape/growth of the DC. Future studies involving effects of genetic/congenital/postnatal treatment factors along with a greater number of samples may be beneficial in drawing a strong conclusion. The current study cannot state whether comparative discoveries may have been obtained from different individuals with numerous sorts of NSCLP. It may be helpful to do this type of two-way ANOVA examination in bunches from different hospitals/clinics. Future investigations with bigger example sizes are justified.



CONCLUSION

• The current study investigated 14 different DC. Among 14 different DC, 8 variables showed a significant alteration among different types of NSCLP and NC individuals.

• No significant gender disparities were found in relation to types of different NSCLP and NC individuals.

• Among CLP, BCLP showed maximum alterations in different DC in relation to NC individuals as well as within other types of CLP individuals.
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Meckel’s cartilage was first described by the German anatomist Johann Friedrich Meckel the Younger in 1820 from his analysis of human embryos. Two hundred years after its discovery this paper follows the development and largely transient nature of the mammalian Meckel’s cartilage, and its role in jaw development. Meckel’s cartilage acts as a jaw support during early development, and a template for the later forming jaw bones. In mammals, its anterior domain links the two arms of the dentary together at the symphysis while the posterior domain ossifies to form two of the three ear ossicles of the middle ear. In between, Meckel’s cartilage transforms to a ligament or disappears, subsumed by the growing dentary bone. Several human syndromes have been linked, directly or indirectly, to abnormal Meckel’s cartilage formation. Herein, the evolution, development and fate of the cartilage and its impact on jaw development is mapped. The review focuses on developmental and cellular processes that shed light on the mechanisms behind the different fates of this cartilage, examining the control of Meckel’s cartilage patterning, initiation and maturation. Importantly, human disorders and mouse models with disrupted Meckel’s cartilage development are highlighted, in order to understand how changes in this cartilage impact on later development of the dentary and the craniofacial complex as a whole. Finally, the relative roles of tissue interactions, apoptosis, autophagy, macrophages and clast cells in the removal process are discussed. Meckel’s cartilage is a unique and enigmatic structure, the development and function of which is starting to be understood but many interesting questions still remain.

Keywords: jaw development, craniofacial, mammal evolution, congenital birth defects, chondrogenesis


INTRODUCTION

The developing face is created by a fusion of a number of facial processes, with the lower jaw created by cells largely from the first pharyngeal arch. The structure of the face is first outlined by the cartilaginous chondrocranium, with a single cartilage defining the lower jaw, known as Meckel’s cartilage (MC). MC was first described in mammals by the German anatomist Johann Friedrich Meckel the Younger in the Handbuch der menschlichen Anatomie (Meckel, 1820), 200 years ago. Here Meckel described the relationship between a cartilage rod that ran along the jaw and the forming malleus, and compared this rod to similar structures previously described in fish, amphibians and birds (Meckel, 1820). The cartilage was later named Meckel’s cartilage by his followers (Amano et al., 2010). During development, MC begins life as two rods of cartilage, which meet in the midline to form a V-structure outlining the forming lower jaw (Figures 1A,B). After the first wave of chondrogenesis, the membranous bones form around the cartilaginous templates to create the dermatocranium, with secondary cartilages capping the bones at key points of articulation and mechanical force (Depew et al., 2002). Meckel’s cartilage forms the lower jaw strut in all jawed vertebrates during embryonic development, and as such plays a key conserved role in vertebrate jaw development and evolution (Anthwal et al., 2013). In mammals, the main body of Meckel’s cartilage is largely transient but acts as a template for later formation of the bones of the lower jaw, with defects leading to anomalies in the pattern and size of the jaw in mouse mutants and in human embryos (Bhaskar et al., 1953; Amano et al., 2010). In addition to its role as a jaw support, MC also forms two of the three mammalian middle ear bones (malleus and incus), which sit in the middle ear cavity and, along with the stapes, form a chain of ossicles to transfer sound from the outer to the inner ear. MC function therefore spans both roles in feeding and hearing.


[image: image]

FIGURE 1. Position of Meckel’s cartilage in the mandible and its different developmental fates. Original schematic showing a frontal section of the intermediate part of the murine mandible (A), longitudinal section of the murine mandible (B), sagittal section of the murine mandible (C). Molar/incisor (green), mandibular bone (grey), Meckel’s cartilage (yellow).


In this review the development of the mammalian MC is followed from initiation to final function, highlighting the molecular mechanisms involved in its creation, remodelling and loss, as documented in the research literature. In particular we aim to put into context the recent discoveries in MC development since the last review on this subject (Amano et al., 2010), and highlight the gaps that call for further study of this important cartilage. Over the last ten years, the use of conditional transgenic mice has revealed many of the molecular aspects of MC, providing an understanding of the spatial and temporal dynamics of lower jaw development, and highlighting roles for processes such as autophagy. Likewise the recent use of mammalian models outside mice has shed light on the level of conservation of many of these processes, and the relevance to human development and congenital defects. The fate of different parts of MC in mammals, however, is still unclear, along with the stimuli, both mechanical or molecular, that trigger the changes during ossification, resorption and transformation.



MECKEL’S CARTILAGE: A KEY FEATURE OF JAWED VERTEBRATES

Meckel’s cartilage is present in all jawed vertebrates (gnathostomes), and has been hypothesised to have evolved from the ventral gill support structures of the first pharyngeal arch of jawless fish (agnathians) (Mallat, 2008). However, MC may alternatively have formed de novo from first arch derived crest in jawed vertebrates. The specialisation of the first arch was a key process in the evolution of jaws, and as such the specification of MC was necessary for the emergence of jawed vertebrates (see Donoghue et al., 2006; Brazeau and Friedman, 2015; Maier and Ruf, 2016; Miyashita, 2016; DeLaurier, 2019; Woronowicz and Schneider, 2019 for further information on the history and evolutionary origins of MC and the jaw). Among non-mammalian jawed vertebrates, MC remains largely cartilaginous in the adult, and acts as a permanent scaffold around which the membranous bones of the mandible are positioned. In these non-mammalian jawed vertebrates, the proximal portion of MC ossifies to form the bones that articulate the upper and lower jaw, with the articular and the quadrate part of the palatoquadrate forming from the same type II collagen expressing condensation in the chick (Wilson and Tucker, 2004). The joint marker Bapx1 turns on between the quadrate and articular in the chick, creating distinct alcian blue expressing skeletal elements (Wilson and Tucker, 2004).

Uniquely in extant mammals, instead of forming the bones of the jaw joint, the proximal portion of MC ossifies and forms the malleus and incus, two bones of the mammalian three ossicle middle ear (Figure 1C). The malleus is homologous to the articular, while the incus is homologous to the quadrate, with a Bapx1-expressing joint forming between the two (Tucker et al., 2004). The incus, malleus and MC are initially united as a single type II collagen expressing condensation, with the incus and malleus dividing into two due to the upregulation of joint markers, creating two distinct cartilages, in a similar manner to the situation observed in the chick (Amin and Tucker, 2006; Amin et al., 2007). In the mouse this occurs at E14.5, while the incus and malleus do not fully separate until after birth in some mammals (platypus, echidna, opossum) (Anthwal et al., 2020).

Fossil evidence indicates that Mesozoic mammal-like reptiles had a persistent ossified MCs (Meng et al., 2003, 2011; Luo, 2011; Luo et al., 2015; Anthwal et al., 2017; Mao et al., 2020). Ossification of Meckel’s in these extinct mammaliforms is likely to have provided a support for the malleus and incus as they became integrated in the middle ear while still being physically attached to the mandibular apparatus (Luo, 2011). The loss of the proximal part of MC during mammal evolution allowed for the complete detachment of the middle ear and mandibular units, resulting in enhanced function of the middle ear ossicles, which would then have been able to freely vibrate (Luo, 2011). Loss of MC, therefore, played a key part in the separation of the ear bones from the jaw during the transition from reptiles to mammals (Anthwal et al., 2013).



EARLY DEVELOPMENT OF MAMMALIAN MECKEL’S CARTILAGE

The mandible forms from the first pharyngeal arch and is specified early in development by an absence of Hox gene expression (Hunt et al., 1991). MC forms from within the mandibular mesenchyme, and grafting experiments have indicated it is primarily derived from cranial neural crest cells in birds (CNCCs)(Le Douarin and Dupin, 1993). From mouse lineage labelling studies using the Wnt1cre driver, not all chondrocytes in MC are labelled (Chai et al., 2000; Ito et al., 2002), however, its unclear whether this is due to a substantial non-crest contribution in the mouse or due to the fact that this Cre appears to have different activity in midbrain and hindbrain crest (Chen et al., 2017). Labelling with Mesp1cre, a mesoderm marker, does not label MC or the malleus (Bildsoe et al., 2013). MC has been proposed to be pre-patterned very early on in jaw development, around embryonic day (E) 10 in mice (Ramaesh and Bard, 2003), and initally condenses in the region of the first molar tooth germ at around E11 (Frommer and Margolies, 1971). MC then proceeds to extend anteriorly and posteriorly from this site of initiation (Chai et al., 2000). Formation of MC during mouse development is summarised in Table 1. In human development, condensing mesenchyme cells in the mandible are evident from 32 days (stage 13), with muscular attachments associated with MC observed at 44 days (stage 18) (Wyganowska and Przystanska, 2011). In mice the two rods of MC fuse to create a rostral process (Figure 1B), while in humans the two rods come in close contact but do not appear to fuse (Rodriguez-Vazquez et al., 1997).


TABLE 1. Time schedule of MC development in the mouse (as themost common model of MC investigation).
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At E13.5, the mouse MC is composed of small, round and densely packed pre-chondroblasts (Figure 2C). Earlier stages (E12 or E11) are characterised by condensed mesenchymal cells lacking secreted cartilage matrix (Figures 2A,B). Upon differentiation, the chondroblasts become more loosely packed (Figures 2D,D1) and reside in cartilage lacuna embedded in extracellular matrix, rich in type II collagen (Frommer and Margolies, 1971). Transverselly orientated clones introduce new cells in columns into MC, controlling the diameter of the rod (Kaucka et al., 2017). This transverse addition of cells from the periphery of the cartilage cannot explain the longitudinal extension of MC, which is therefore presumably due to differentiation of chondrogenic mesenchyme on either end of the cartilage, which is then in turn expanded via the transverse proliferation of chondrocytes (Kaucka et al., 2017). Elongation of MC has been proposed to be driven in part by paracrine factors signalling from the vascular network of the mandibular mesenchyme (Wiszniak et al., 2015). Here it appears that insulin growth factor (IGF), secreted by blood vessels, plays a role in directing growth of MC, with loss of IGF from blood vessels leading to a shorter MC and mandible (Marchant et al., 2020).
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FIGURE 2. Histological appearance of Meckel’s cartilage during development. Histological sections of mandible stained with trichrome: sirius red (bone), alcian blue (cartilage), haematoxylin (nuclei). Figures show: frontal section of mandible at E11 (A), 12 (B), 13 (C), 14 (D,D1) and transversal section of mandible at E15 (E), 16 (F), 17 (G), 18 (H), P0 (I,J). * (molar region), ** (incisor). Taken from slides available in Svandova lab.


At E13 the dentary starts to form (Figure 2C), with MC proposed to have a role in initiating and regulating the growth of the primary ossification centre of the mandible (Frommer and Margolies, 1971). The mandibular dentary bone develops around MC and gradually encases the cartilaginous rod as shown in Figures 3A–C (Anthwal et al., 2008). In other mammalian species, such as the marsupial opossum, MC sits within a groove on the medial surface of the mandible bone and is only encased at the rostral most portion (Anthwal et al., 2017). From E15 onwards the different parts of the cartilage undergo divergent fates.
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FIGURE 3. Disappearance of Meckel’s cartilage during development. Murine skeletal elements stained with alizarin red (bone) and alcian blue (cartilage) at stages: E15 (A), 16 (B), 19 (C), P1 (D,D1), P4 (E,E1), P7 (F,F1). In figures (D,E,F) MC has been dissected away from the surrounding tissues, in figures (D1,E1,F1) MC remains in situ surrounded by the cranial skeletal elements of the ear and jaw. Gonial bone (GB), incus (I), malleus (M), Meckel’s cartilage (MC), tympanic ring (TR). Taken from skeletal preps available in Svandova lab.




DIVERSE FATES WITHIN ONE CARTILAGE

In mammals, Meckel’s cartilage can be separated into 3 parts according to the fate of each region: anterior/distal, intermediate/central, and posterior/proximal (Figure 1C). The intermediate part is largely surrounded by the forming dentary bone and is further subdivided into anterior and posterior zones (Bhaskar et al., 1953; Ito et al., 2002; Shimo et al., 2004; Figure 1C).

From E15, the cartilage cells in the intermediate region continue to mature, having acquired a perichondrium, enlarged lacunae, and a thin matrix in the central part of MC. From this point, chondrocytes adjacent to the ossification centres of the mandibular bone show focal hypertrophy, while the rostral process remains less differentiated (Figure 2E). One day later, the process of hypertrophy culminates (Figure 2F), and is accompanied by type X collagen expression in the intermediate region, while expression of ALP (alkaline phosphatase) is detected in the perichondrium, matrix vesicles and hypertrophic chondrocytes of MC (Ishizeki et al., 1999; Shimo et al., 2004). From E16, calcification of the perichondrium and hypertrophic chondrocytes initiates, with subsequent invasion of the calcified matrix by capillaries (Ishizeki et al., 1999). This blood flow provides bone marrow-derived precursors of multinuclear chondroclasts/osteoclasts that can resorb the calcified cartilaginous matrix (Savostin-Asling and Asling, 1975). New osseous islands are evident at E17 (Figure 2G), which express both type I and type II collagens, and Opn (osteopontin), suggesting a potential contribution of MC to the bone of the mandible (Ishizeki et al., 1999).

Degradation of the cartilage matrix starts around the incisors between E15 and 16 in mice (Figures 2F,G), moving posteriorly toward the molar region and beyond but leaving the most rostral cartilage in place (Figures 2I,J, 3A,B). By E19, the more posterior parts of MC are completely disconnected from the most anterior/distal region (Figures 2H, 3C). This rostral part of MC then either undergoes endochondral ossification to form the mandibular symphysis, or remains cartilaginous in a species dependent manner (Bhaskar et al., 1953). In humans, the rostral region remains cartilaginous, forming nodules on the dorsal surface of the symphysis (Rodriguez-Vazquez et al., 1997).

From the perinatal stage, the most posterior part of MC undergoes endochondral ossification (Figures 3D1–F1) to form the middle ear ossicles – malleus (Figures 3D–F) and incus (Bhaskar et al., 1953; Frommer and Margolies, 1971; Amin and Tucker, 2006). In mice, the cartilage connection between the mandible and middle ear is still apparent at birth (Figure 3D), but is disconnected by a second site of resportion next to the malleus, resulting in seperation of the ear from the jaw by P4 (Figure 3E; Anthwal et al., 2013). At P7, other than the rostral region and ear ossicles, MC is almost entirely degraded, except for a small nodule next to the dentary (Figures 3F, F1). The part of MC adjacent to the ossicles, outside of the dentary, is thought to transdifferentiate to become the anterior ligament of the malleus and the sphenomandibular ligament (Anthwal et al., 2013). In this case, it is proposed that the cartilage matrix is removed and the chondrocytes change to a ligamentous fate. This transformation may involve epidermal growth factor (EGF) signalling, as in the absence of EGF in vitro no transformation of MC occured (Ishizeki et al., 2001). From posterior to anterior MC therefore has diverse fates: middle ear bones, ligament, subsumed by the dentary, cartilage.



THE REMOVAL OF THE INTERMEDIATE DOMAIN OF MECKEL’S CARTILAGE

The fate of the intermediate part of MC is unclear. The cells of MC are thought either to contribute to the ossification of the mandible bone, or to undergo cell death (Bhaskar et al., 1953; Richman and Diewert, 1988; Harada and Ishizeki, 1998; Rodriguez-Vazquez et al., 1997; Ishizeki et al., 1999). In either scenario, the matrix of MC is first removed. Meckel’s cartilage extracellular matrix is characteristic of hyaline/hypertrophic cartilage, including the presence of components such as type II and X collagens, aggrecan, versican, decorin, and biglycan (Silbermann and von der Mark, 1990; Shimo et al., 2004; Ababneh and Al-Khateeb, 2009; Tsuzurahara et al., 2011), which provide the mechanical characteristics of cartilage (Shibata et al., 2013). During degeneration of Meckel’s cartilage, metalloproteinases (MMP) Mmp2, Mmp9, Mmp13, and Mmp14 have been detected, with crosstalk among them regulating the degradation of the matrix (Sakakura et al., 2007).

Initially Rank/Opg are expressed at the site of resorption (Sakakura et al., 2005). Then blood vessels, as detected by CD31 expression, bring precursors cells to breakdown the cartilage matrix (Figure 4). These include the precursors of TRAP positive clast cells, as well as macrophages that are observed in the MC perichondrium at E16 and might play a role via stimulation of IL-1β secreted by chondrocytes (Tsuzurahara et al., 2011).
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FIGURE 4. Distribution of factors suspected to be involved in Meckel’s cartilage degradation. Original schematic showing localisation of osteoclasts/osteoclastic precursors (red = TRAP+), endothelial cells (purple = CD31+) and apoptotic cells (blue = TUNEL+) in the mouse at E14, 16 and 18. Based on the published literature (see Harada and Ishizeki, 1998; Sakakura et al., 2005; Yang et al., 2012).


The ossification hypothesis is supported by the apparent calcification of MC, which starts from the perichondrium on the lateral side, with hypertrophy of the chondrocytes and upregulation of type X collagen (Shimo et al., 2004). Transdifferentiation of chondroblasts into osteoblasts/-cytes has previously been identified during endochondral ossification in other skeletal elements (Yang et al., 2014). Importantly, in cell culture experiments, MC chondrocytes have been shown to be able to transdifferentiate into type I collagen, Alp, Ocn (Osteocalcin) or Osx (Osterix) expressing osteogenic cells (Ishizeki et al., 1996, 1999, 2009; Harada and Ishizeki, 1998; Eames et al., 2004; Ishizeki, 2012). However, the evidence for ossification of the main body of MC through transdifferentiation in vivo during normal development is currently limited (Ishizeki et al., 1999). Furthermore, there is no evidence of an ossified MC in species, such as the opossum, where the cartilage is not fully encased by the dentary bone (Urban et al., 2017).

Alternatively MC cells may undergo cell death following degradation of the cartilage matrix. Apoptosis is the most common mechanism of programmed cell death, however, only a few scattered apoptotic cells have been reported in the intermediate part at E16 and E18 (Trichilis and Wroblewski, 1997; Harada and Ishizeki, 1998; Yang et al., 2012) (summarised in Figure 4). Moreover, of those apoptotic cells associated with MC, the majority were located in the perichondrium, where apoptosis may be acting to prevent the lateral growth of MC (Amano et al., 2010). In agreement with these low levels of apoptosis, the heat shock protein (HSP) 25 is strongly expressed in MC in hypertrophic, proliferative and resting cells and is suggested to protect cells from apoptotic death. Interestingly, down-regulation of Hsp25 results in hypoplasia of the anterior and intermediate parts of MC (Shimada et al., 2003). If apoptosis is not responsible for removal of cells, then other cell death processes might be involved, including autophagy, which is supported by the presence of major autophagic markers Beclin1 and LC3 in the central part of MC (Yang et al., 2012). Beclin1 and LC3, were immunolocalised mostly in prehypertrophic and hypertrophic regions of MC. However, in addition to their engagement in cell death (Bohensky et al., 2014), autophagy has been identified also as a survival mechanism in MC (Song et al., 2017; Luo et al., 2019). Notably, caspase-2 and -8 were found to be activated in the Beclin1 positive regions suggesting a role of these two regulators in autophagy (Bilikova et al., 2019) and indicating that these pro-apoptotic caspases may be acting in a non-canonical manner in MC.

In addition to the intermediate zone, MC also breaks down next to the malleus, separating the ear and the jaw. Like the initial breakdown in the rostal MC, this proximal breakdown point is dependent on chondroclast activity (Anthwal et al., 2017). Interestingly, in the absence of removal of this part of MC by clast cells, in the cFos mouse mutant, MC starts to ossify, similar to the situation observed in the mammalian fossil record (Anthwal et al., 2017). Here, ossification appears to be a default state if the cartilage matrix can not be degraded. The loss of Meckel’s cartilage at this point has been recently suggested to be linked to the development of the neighbouring gonial bone, with cartilage cells potentially contributing to the periosteum of this bone (Shibata et al., 2019). No apoptotic cell death has been detected in this region in mice, similar to the situation in the intermediate section, however, there is evidence for apoptosis acting in the disconnection of the middle ear and MC in marsupial opossums (Urban et al., 2017). The exact mechanism for breakdown may therefore be species specific.



HOW DO MECKEL’S CARTILAGE CHONDROCYTES COMPARE WITH THOSE OF OTHER CARTILAGES?

There are conflicting opinions as to the characterisation of MC chondroblasts/-cytes when compared to chondrocytes in other cartilages. MC chondroblasts/-cytes are compared most often to those in the growth plate (GP) of the endochondral bone, in particular the limbs. However, mesenchymal precursors of GP and MC chondroblasts are often of different origin, with the cells of MC being mostly derived from the cranial neural crest (CNC), while limb GP cells are derived from mesoderm (Chai et al., 2000). Despite this, several markers, such as Ihh (Indian hedgehog) (Koyama et al., 1996; Nakamura et al., 1997; Shimo et al., 2004), Vegf (Vascular endothelial growth factor) (Carlevaro et al., 2000; Shimo et al., 2004; Zelzer et al., 2004), Sox9, Bmps (Bone morphogenetic proteins) etc. (Mori-Akiyama et al., 2003; Wang et al., 2013; Michigami, 2014) play an important role in differentiation of both MC and GP chondrocytes. Furthermore, metalloproteinases such as Mmp9, 13, and 14, which are known to play important roles in degradation of the extracellular matrix, are found in both endochondral ossification and MC (Vu et al., 1998; Malemud, 2006; Sakakura et al., 2007).

Moreover, MC was found to be affected by a deficiency in trangenic mice of factors known to play a role in GP growth and maturation, including Fgf3 (Fibroblast growth factor) and Ctgf (Connective tissue growth factor), where proliferation or hypertrophy of MC and GP chondroblasts was disrupted (Shimo et al., 2004).

Molecular signalling proteins do not, however, always have the same distribution and or function in MC and GP cells. For example, Hsp25 (Heat shock protein) is expressed in the GP cartilage in hypertrophic chondrocytes but not in resting and proliferating chondrocytes, however, in MC it was detected from early stage of development in proliferating chondroblasts (Shimada et al., 2003). Specific patterns were observed also for Rankl (Receptor activator of nuclear factor kappa-B ligand), which is expressed exclusively in hypertrophic chondrocytes of GP but is constitutively present in immature and mature MC chondrocytes (Sakakura et al., 2005).



THE MOLECULAR BIOLOGY OF MECKEL’S CARTILAGE

The signalling networks within MC are not yet completely understood. Nevertheless, several molecular networks acting in MC patterning, chondroblastic commitment, expansion, differentiation and survival have been identified (Jeong et al., 2004; Liu et al., 2005; Reid et al., 2011; Bonilla-Claudio et al., 2012; Zhang et al., 2013; Billmyre and Klingensmith, 2015) and are summarised here (Figure 5).


[image: image]

FIGURE 5. Molecular factors involved in development of Meckel’s cartilage. Original schematic shows key factors identified during formation and disappearance of MC. Factors are clustered according to different developmental events.



Patterning of the Mandibular Arch

Patterning of the mandibular arch is regulated by several homeobox containing transcription factors including members of the Msx (Msh homeobox), Dlx (Drosophila distal-less), and Tbx (T-box) families. Msx2 is expressed in CNC progenitors, including those that give rise to MC (Davideau et al., 1999). Msx2 was shown to inhibit the chondrogenic differentiation of progenitor cells until CNCCs migration is completed within the mandibular processes (Takahashi et al., 2001). Dlx genes are involved in establishment of the proximo-distal axis in the mandible and maxilla (Depew et al., 2005), coordinated by the Endothelin signalling pathway (Sato et al., 2008; Ruest and Clouthier, 2009). Tbx1 is expressed in the early pharyngeal arch and influences Fgf8 and Bmp4 expression, with its absence resulting in truncated mandible development (Aggarwal et al., 2010). Signalling molecules also play a role in MC patterning. Shh (Sonic hedgehog), although expressed in epithelial domains (Billmyre and Klingensmith, 2015), regulates formation of the mandibular arch derivatives, including MC, as documented in Shh-null mice (Melnick et al., 2005). In these mice, increased mesenchymal cell death in the first pharyngeal arch after CNCCs migration was observed resulting in a hypoplastic/missing MC. Formation of the lower jaw and MC also requires endothelin signalling, with a “range of MC defects” in mouse mutants with defects in this pathway (Yanagisawa et al., 1998) (see Table 3).



Chondroblastic Commitment and Proliferation

Chondroblastic commitment and proliferation are regulated by secreted factors, including Bmps (Bone morphogenetic proteins) (Denker et al., 1999; Zehentner et al., 1999; Yoon et al., 2005) that appears to be strictly time/site regulated during MC development (Wang et al., 2013). Bmp2 and Bmp7 (but not Bmp4) were expressed in MC at E11.5-12.5 (Wang et al., 2013). Noggin, a negative regulator of Bmp signalling (Zimmerman et al., 1996; Groppe et al., 2002), was expressed in MC during the entire gestation period. In the absence of Noggin, enhanced proliferation was detected with an increased size of MC and a persisting intermediate part (Wang et al., 2013). Proliferation of MC precursors is also regulated by Fgfs (Mina and Havens, 2007; Terao et al., 2011). Fgfr3 is implemented in both, the elongation of MC and the expression of Sox9 during chondrogenic differentiation (Duplan et al., 2016).

Tgfβ (Transforming growth factor beta) stimulates proliferation of CNC−derived chondrocytes and production of chondroblastic extracellular matrix (Chai et al., 1994; Ito et al., 2002; Oka et al., 2007). Tgfβ signalling acts through intracellular SMADs in a dose−dependent manner, with Smad2 and 3 acting positively, and Smad7 acting negatively (Ito et al., 2002). Tgfβ induces the expression of Ctgf, which is expressed along the entire length of MC (and the perichondrium) from E12.5 to E15.5, playing a role in cell condensation followed by chondroblast differentiation and maturation at later stages (Shimo et al., 2004; Parada et al., 2013). The effect of Ctgf was suggested to result from cell-cell interactions and expression of condensation-associated genes (Ivkovic et al., 2003; Arnott et al., 2011).



Differentiation and Maturation of Chondroblasts

Differentiation and maturation of chondroblasts is regulated by three master transcription factors Sox9 (SRY-box 9), Runx2 (Runt-related transcription factor 2), and Osx (Osterix) (Zou et al., 2006; Kaback et al., 2008; Nishimura et al., 2012; Zhang et al., 2013). Sox9 (highlighted in Figure 5) is a crucial factor for determination of the chondrogenic lineage in CNCCs population (Mori-Akiyama et al., 2003), promoting the early stage of chondrocyte differentiation (Mori-Akiyama et al., 2003; Yamashita et al., 2009). When Sox9 was conditionally deleted in CNC-derived cells, differentiation into chondrocytes was blocked, leading to an absence of MC, and instead cells produced osteoblast markers, suggesting their re-specification into an osteoblast lineage (Mori-Akiyama et al., 2003).

Runx2 is a positive regulator (highlighted in Figure 5) of hypertrophic differentiation (Mikasa et al., 2011; Ding et al., 2012), which acts downstream of IHH (Amano et al., 2014). In MC, Runx2 was found in the zone of hypertrophy (Zhang et al., 2013). Runx2-null mice lack all bone and hypertrophic cartilage (Shibata et al., 2004). MC initiates as normal, but has two ectopic cartilaginous processes, which may results from a change in the normal muscle attachment patterns caused by loss of the bone (Shibata et al., 2004). Hypertrophy is also regulated by BMPs (Valcourt et al., 2002; Kobayashi et al., 2005).

Osx plays essential role in osteoblastic differentiation. In MC, Osx was abundantly expressed by hypertrophic chondrocytes and was suggested to be important for conversion of MC chondrocytes into osteoblasts/-cytes (Zhang et al., 2013). In Osx null mice, mandibular bone was absent (except for initial condensations), however, the development of Meckel’s cartilage was undistinguishable from the wild type (Nakashima et al., 2002). Since Osx regulates expression of osteoblastic genes, the enhanced expression of osterix in mature chondrocytes might explain the upregulation of type I collagen in these tissues (Nakashima et al., 2002; Zhang et al., 2013). Molecular expression patterns during MC development are detailed in Table 2.


TABLE 2. Factors engaged in MC development.
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CONSEQUENCES OF DEFECTS IN MECKEL’S CARTILAGE DEVELOPMENT

The more posterior parts of the mammalian MC contribute to the formation of two of the three mammalian ear bones (malleus and incus) and associated ligaments (anterior ligament of malleus, sphenomandibular ligament) of the ear and jaw (Ogutcen-Toller, 1995). Defects in the development of these elements lead to hearing loss, as observed in Treacher Collins syndrome and Branchio-oto-renal syndrome (Pron et al., 1993). The very rostral part of MC, remains cartilaginous and contributes to the symphysis. Although a transient structure, the main body of MC supports the development of the mandibular skeleton that forms around it (Ramaesh and Bard, 2003). A number of different mouse mutants that cause reduction or absence of MC consequently develop a shortening of the mandibular bone. For example in Sox9fl/fl;Wnt1-Cre mouse mutants, the mandibular bones form but are severerly shortened, suggesting that the primary role for the main strut of MC’s is to regulate the length of the mandible (Mori-Akiyama et al., 2003). Other mouse mutants with a reduced MC and shortened mandible include the Fuz−/− mice (Zhang et al., 2011) and mice with a first pharyngeal arch deletion of Shh (Billmyre and Klingensmith, 2015). Activating mutations in Fgfr3 lead to abnormal differentiation of chondrocytes and a reduced zone of hypertrophy resulting in shortened skeletal elements, including a truncated MC (Duplan et al., 2016). In this case the activating mutation mimics patients with achondroplasia. A list of transgenic mouse mutants with defects in MC is shown in Table 3.


TABLE 3. Phenotypic abnormalities of Meckel’s cartilageconnected with abnormal gene expression.
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Several human disorders that are directly or indirectly connected with abnormal MC formation have also been described. Similar to the mouse, defects in MC result in the formation of a smaller, malformed dentary bone, resulting in agnathia, micrognathia, or mandibular hypoplasia. Such mandibular defects are fairly common birth defects, with small jaws leading to additional problems associated with airway obstruction and feeding difficulties (Manocha et al., 2019). Mandible defects can be observed in various syndromes including hemifacial microsomia, campomelic dysplasia, Pierre Robin syndrome/sequence, Treacher Collins syndrome, DiGeorge syndrome, and Goldenhar syndrome (Mckenzie, 1958; Bi et al., 2001; Ricks et al., 2002; Wiszniak et al., 2015; Duplan et al., 2016), or be nonsyndromic (see Manocha et al., 2019 for a systematic review). In the case of campomelic dysplasia, causative mutations have been identified in SOX9, the master cartilage gene, again highlighing that the microagnathia observed in these patients is due to a defect in MC rather than the later developing dentary (Mansour et al., 2002). In such cases, if the primary jaw defects are due to abnormal development of MC, then the problems could be traced back very early in embryonic development (5–7 weeks), prior to development of the dentary. In the case of Pierre-Robin syndrome/sequence, the formation of a small jaw is thought to have knockon consequences for elevation of the palate, leading to a cleft (Ricks et al., 2002). Similarly, the cleft palate observed in transferrin receptor knockout mice, has been attributed to a failure of Meckel’s cartilage to extend (Lei et al., 2016). As MC contributes both to the jaw and to the middle ear during development, it is perhaps unsuprising that many syndromes, such as Treacher Collins syndrome, combine defects in the jaw and in the ear. In rare cases Meckel’s cartilage fails to breakdown, with the consequence that the jaw and ear remain in physical contact and MC can ossify (Keith, 1910; Herring, 1993). The manifestations of these syndromes are devastating in physical but also psychological aspects and highlight the clinical importance of investigating MC. In addition, understanding the developmental origins of the MC derived anterior malleolar ligament helps to explain why temporomandibular joint (TMJ) trauma can be associated with dislocation of the ear bones (Cheynet et al., 2003). The anatomy only makes sense in the light of an understanding of the development and evolution of the structures.



WHAT IS KNOWN AND WHAT REMAINS?

Meckel’s cartilage is an crucial yet transient structure required for the proper formation of the mammalian mandible. The differences in its persistence across jawed animals, and the different fates of the anterior, intermediate, and posterior parts in mammals mean that in understanding the MC we can learn lessons about evolution, skeletal biology, and tissue fate decisions (e.g., Bhaskar et al., 1953; Goret-Nicaise et al., 1984; Ramaesh and Bard, 2003; Amano et al., 2010). Although two hundred years have passed since the discovery of MC, there are still many open questions regarding developmental, cellular and molecular events related to its formation and final fate.

In the mouse model, the timing of the appearance of MC and its propagation and degradation (see Table 1) has been described, the temporospatial pattern of a number genes connected to MC development has been established (see Table 2), and genetic manipulations have pointed to several factors essential for its formation (Sox9, Dlx5/6, Fgf8 or Shh), growth (Alk2, Snail1/2, VegfA) and patterning (Fuz, Noggin, Setdb1) (see Table 3). Both Fgf and Bmp signalling, for example, have been highlighted as involved in non-syndromic lower jaw defects (Manocha et al., 2019).

However, there remain many questions connected with MC. We do not fully understand what induces the formation of MC itself? It is likely that paracrine signals from surrounding tissues play a role, and in line with this a role for Fgf10 has been suggested in early control of MC development (Terao et al., 2011). MC still forms in Fgf10 null mutants (Teshima et al., 2016), however, genetic polymorphisms in Fgf10 have been linked to mandibular prognathism in humans (Cruz et al., 2017). More information is therefore required to understand the identity and location of the signals and how the initiation point for MC is determined. In murine lineage labelling studies the Wnt1cre labelled neural crest cells have been shown to only contribute to a subset of chondrocytes, with the ratios of neural crest and non-neural crest cells changing over time as the cartilage grows (Chai et al., 2000). Whether neural crest cells only form a subset of MC could be tested using a variety of other Cre lines to trace the lineage of cells.

We also do not fully understand the processes by which MC is removed, in particular the intermediate part. In murine culture, isolated MC persists when dissected out at E14 but degrades when dissected out at E17, suggesting that a cue comes from the surrounding tissue in between these time points (Tsuzurahara et al., 2011). This cue might be molecular or mechanical. For example, it has been suggested that tissue interactions between teeth and MC may induce the breakdown of MC (Sakakura et al., 2005), or that muscle interaction might provide the stimulus for break down (Wyganowska and Przystanska, 2011). A signal might arrive from the surrounding tissue, but equally the signal could be generated from MC itself, stimulating the arrival of macrophages and clast cells to initiate matrix removal (Sakakura et al., 2005, 2007; Tsuzurahara et al., 2011).

Although ample evidence, from in vitro studies and mouse mutants, points to MC chondrocytes being able to mineralise (Ishizeki et al., 1999; Anthwal et al., 2017), whether MC ossifies and contributes to the dentary in vivo is debated. Novel lineage tracing experiments following the fate of MC cells will be able to address this in future. Such lineage studies would also help to aid our understanding of the transformation of MC into a ligament, shedding light on which cells are involved (perichondrium, chondrocytes) and the nature of the triggers that confine this transformation to just a small subset of the cartilage.

In addition, a number of questions linked to the evolution of MC remain. For example, while the advantage in auditory function gained from removal of the proximal portion of MC during mammal evolution is apparent, the reason for the resorption of the intermediate portion within the mandible is not as obvious. The tapering seen in the ossified MCs of mammal ancestor fossils such as Liaoconodon (Meng et al., 2011) suggests that the anterior MC either degenerated, similar to modern mammals, or may have been present as a cartilage (which did not fossilize). The former might indicate that the resorption of the intermediate MC is more ancient than the breakdown allowing for the separation of the middle ear from the mandible. Interestingly, a late cretaceous mammal has recently been discovered with a tapered ossified MC alongside a decoupled middle ear (Mao et al., 2020). Therefore, perhaps the separation of the middle ear from the MC evolved before the destruction of the intermediate MC. These and other topics remain open and are challenging for further investigations of this transient organ important for evolutionary, clinical and basic research.



CONCLUDING REMARKS

Here we have charted the evolution, development and clinical aspects of Meckel’s cartilage, highlighting the important role this cartilage plays in the lower jaw. We have detailed the current knowledge but also emphasised the areas where we only have a very basic understanding of the processes involved. With the advent of new lineage tracing techniques, and the availability of conditional mouse mutants, many of these questions are just waiting to be answered.
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MicroRNA-135a Protects Against Ethanol-Induced Apoptosis in Neural Crest Cells and Craniofacial Defects in Zebrafish by Modulating the Siah1/p38/p53 Pathway
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MicroRNAs (miRNAs) are small non-coding RNAs that are involved in various biological processes, including apoptosis, by regulating gene expression. This study was designed to test the hypothesis that ethanol-induced downregulation of miR-135a contributes to ethanol-induced apoptosis in neural crest cells (NCCs) by upregulating Siah1 and activating the p38 mitogen-activated protein kinase (MAPK)/p53 pathway. We found that treatment with ethanol resulted in a significant decrease in miR-135a expression in both NCCs and zebrafish embryos. Ethanol-induced downregulation of miR-135a resulted in the upregulation of Siah1 and the activation of the p38 MAPK/p53 pathway and increased apoptosis in NCCs and zebrafish embryos. Ethanol exposure also resulted in growth retardation and developmental defects that are characteristic of fetal alcohol spectrum disorders (FASD) in zebrafish. Overexpression of miRNA-135a significantly reduced ethanol-induced upregulation of Siah1 and the activation of the p38 MAPK/p53 pathway and decreased ethanol-induced apoptosis in NCCs and zebrafish embryos. In addition, ethanol-induced growth retardation and craniofacial defects in zebrafish larvae were dramatically diminished by the microinjection of miRNA-135a mimics. These results demonstrated that ethanol-induced downregulation of miR-135a contributes to ethanol-induced apoptosis in NCCs by upregulating Siah1 and activating the p38 MAPK/p53 pathway and that the overexpression of miRNA-135a can protect against ethanol-induced apoptosis in NCCs and craniofacial defects in a zebrafish model of FASD.
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INTRODUCTION

Fetal alcohol spectrum disorder (FASD) is an umbrella term used to describe the range of disorders that occur in an individual whose mother drinks alcohol during pregnancy. Individuals with FASD may have abnormal facial features, growth retardation, central nervous system dysfunction, and learning disabilities (Mukherjee et al., 2006; Mantha et al., 2014). Studies have shown that the ethanol-induced apoptosis in neural crest cells (NCCs), a multipotent progenitor cell population that can give rise to a diversity of cell types, including mesenchymal cells that form craniofacial cartilages, bones, and dermis (Smith, 1997; Dash and Trainor, 2020), is one of the major components of the pathogenesis of FASD (Cartwright and Smith, 1995a; Muralidharan et al., 2013). Multiple signaling pathways have been reported to be involved in ethanol-induced apoptosis, including B-cell lymphoma 2 (Bcl-2) (Hong et al., 2002), p53 (Jana et al., 2010), nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (Chen et al., 2013a), p38 mitogen-activated protein kinase (MAPK), and seven in absentia homolog 1 (Siah1) (Yuan et al., 2017).

Seven in absentia homolog 1 is a member of a highly conserved family of E3 ubiquitin ligases (Carthew and Rubin, 1990) that is widely expressed in mouse embryos and adult tissues (Della et al., 1993). Siah plays a critical role in a variety of biological processes, including apoptosis (Nemani et al., 1996). Our previous study has demonstrated that ethanol treatment can significantly increase the expression and nuclear translocation of Siah1 in NCCs and that Siah1 signaling plays a critical role in ethanol-induced apoptosis in NCCs (Sun et al., 2014). We have also shown that ethanol-induced upregulation of Siah1 can induce apoptosis in NCCs through p38 MAPK-mediated activation of the p53 signaling pathway (Yuan et al., 2017). However, the mechanisms by which ethanol upregulates Siah1 in NCCs are not clear.

MicroRNAs are small non-coding RNAs that are involved in various physiological and pathological processes, including apoptosis, by regulating gene expression. MiR-135a, a member of the miR-135 superfamily, has been reported to be involved in the tumorigenesis and act as a tumor suppressor (Wu et al., 2012; Kroiss et al., 2015; Xu et al., 2016). MiR-135a expression in astrocytes has also been linked to brain inflammation and angiogenesis in Alzheimer’s disease (Ko et al., 2015). Studies have also shown that miR-135a can promote proliferation and inhibit apoptosis of astrocytes in the bacterial meningitis rat models (Dong et al., 2019). Overexpression of miR-135a can also protect human umbilical vein endothelial cells against mechanical stretch-induced increases in apoptosis and ventilator-induced lung injury (Yan et al., 2018). In addition, Siah1 has been identified as a target of miR-135a in HeLa cells and mouse zygotes (Pang et al., 2011). It has been reported that miR-135a can upregulate β-catenin in cervical epithelial cells by targeting Siah1 (Leung et al., 2014).

Zebrafish is a well-established animal model for biomedical research, including FASD research (Bilotta et al., 2004) and an excellent animal model to study gene-ethanol interactions (McCarthy et al., 2013). The rapid external development of zebrafish embryos coupled with their transparency allows rapid analysis of structure and function in the intact embryos (Beis and Stainier, 2006). Studies have demonstrated that embryonic exposure to ethanol resulted in dysmorphology and behavioral deficits that parallel those of FASD in zebrafish (Bilotta et al., 2004; Carvan et al., 2004; Fernandes and Gerlai, 2009; Wang et al., 2018) and that the developmental defects induced by embryonic ethanol exposure can be examined in zebrafish larvae by measuring the eye diameter (Bilotta et al., 2004), body length, and craniofacial cartilage (Marrs et al., 2010).

In the present study, an in vitro model of NCCs and a zebrafish model of FASD were used to elucidate the mechanisms by which miR-135a modulates ethanol-induced apoptosis in NCCs and craniofacial defects in zebrafish embryos. We found that ethanol treatment decreased the expression of miR-135a and thereby increased the expression of its direct target, Siah1, which, in turn, activated the p38 MAPK/p53 pathway, increased apoptosis in NCCs and zebrafish embryos and resulted in growth retardation and developmental defects. Overexpression of miR-135a significantly reduced ethanol-induced upregulation of Siah1 and the activation of the p38 MAPK/p53 pathway, decreased ethanol-induced apoptosis in NCCs and zebrafish embryos, and diminished ethanol-induced growth retardation and dysmorphology in zebrafish larvae. These results demonstrate that ethanol-induced downregulation of miR-135a contributes to ethanol-induced apoptosis in NCCs and developmental defects in zebrafish embryos by upregulating Siah1 and activating the p38 MAPK/p53 pathway.



MATERIALS AND METHODS


Cell Culture and Ethanol Treatment

Neural crest cells (JoMa1.3 cells) were cultured as described previously (Maurer et al., 2007; Chen et al., 2013a). Cells were grown on cell culture plates/dishes coated with fibronectin and maintained in Dulbecco’s modified Eagle’s medium (DMEM): Ham’s F12 (1:1) at 37°C in 5% CO2. NCCs were exposed to medium containing 50 mM ethanol for 24 h. The stable ethanol levels were maintained by using the methods described previously (Yan et al., 2010).



Zebrafish Maintenance and Ethanol Treatment

Adult AB zebrafish (Danio rerio) were obtained from the Zebrafish International Resource Center (ZIRC) at the University of Oregon, Eugene, OR, United States and maintained in 14 h:10 h light: dark cycles at 28°C. Fertilized eggs were collected after natural spawning and used for this study. For ethanol treatment, the zebrafish embryos at 3 hours post-fertilization (hpf) were treated with 0, 1, or 1.5% ethanol. At 24 hpf, the embryos were either collected for molecular analysis or transferred to fresh system water. These embryos transferred to fresh system water were collected at 4 or 5 days post-fertilization (dpf) for morphological analysis. This study was approved by the Institutional Animal Care and Use Committee of the University of Louisville.



Microinjection of miRNA Mimics Into Zebrafish Embryos

Zebrafish embryos were microinjected at 1 hpf with 2 nl of synthetic miRNA-135a mimics and control mimics (10 μM) prepared with 1 × Danieau solution [58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES, pH 7.6] by using a PLI-100A Plus Picoinjector (Harvard Apparatus, Holliston, MA, United States), as previously described (Pineda et al., 2005; Bill et al., 2009; Su et al., 2014). Successful injections were monitored via the co-injection with 0.1% Fast Green. After microinjection, embryos were transferred to a petri dish containing ethanol solution or system water for treatment from 3 to 24 hpf, as described above. Zebrafish embryos were collected at 24 hpf for analysis of the expression of miR-135a and Siah1, and the analysis of apoptosis. Zebrafish larvae were collected at 4 and 5 dpf for morphological analysis and craniofacial cartilage defect analysis, respectively.



Analysis of miRNA Expression

The expression of miRNA-135a in NCCs and zebrafish embryos was determined as previously described (Chen et al., 2015). Total RNA was isolated with mirVana miRNA Isolation Kit (Ambion, Austin, TX, United States), and quantitative RT-PCR was performed by using TaqMan MicroRNA assays (Ambion, Austin, TX, United States), following the manufacturer’s instructions. All TaqMan microRNA assays were performed in triplicate. Data were normalized with snoRNA202 (NCCs) or U6 snRNA (zebrafish embryos) as endogenous controls. The relative expression of miR-135a was calculated using the comparative threshold cycle (Ct) method as described previously (Chen et al., 2015).



miRNA Mimics and Inhibitors Transfection

For transient transfection, miRNA-135a mimics, miRNA inhibitors, control mimics, or control inhibitors at a final concentration of 50 nM were transfected into NCCs using Lipofectamine 2000 (Life Technologies, Grand Island, NY, United States), following the manufacturer’s instructions. The cells were harvested 48 h after transfection for additional treatments and analysis.



Construction of Luciferase Reporter Plasmids and Reporter Assays

MiRNA-135a target sites in the 3′-untranslated regions (3′-UTRs) of mouse Siah1 mRNA were predicted by using Target Scan1 and microRNA2, and compared with the target sites reported in the previous study (Leung et al., 2014). The 3′-UTR of Siah1 containing putative miR-135a binding sites was amplified from mouse genomic DNA and cloned into the pMIR-REPORTTM (Ambion, Austin, TX, United States). Primers used to clone the DNA fragments containing the Siah1 3′-UTR were: 5′ gactACTAGTtttcttttaactgacaagccatctgcgtggtcatagAAGCTTgcta 3′; 5′ tagcAAGCTTctatgaccacgcagatggcttgtcagttaaaagaaaACTAGTagtc 3′. The reporter assays were performed as previously described (Chen et al., 2015). In brief, NCCs were co-transfected with 200 ng of constructed plasmids containing miR-135a binding sites, 20 ng Renilla luciferase pRL-TK control reporter vector (Promega, Madison, WI, United States) and 50 nM of miRNA-135a mimics or mimic control (Ambion, Austin, TX, United States) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. Luciferase activity was then measured at 48 h after the transfection using the Dual-Luciferase assay kit (Promega, Madison, WI, United States) with a Lumat LB 9507 Ultra Sensitive Tube Luminometer (Berthold Technologies, Bad Wildbad, Germany). The luciferase activity of each sample was normalized to the pRL/TK-driven Renilla luciferase activity.



Western Blotting

Western blotting was performed by standard protocols as described previously (Chen et al., 2013b; Sun et al., 2014). Proteins were probed with the following antibodies: SIAH1 rabbit pAb (Abcam, Cambridge, MA, United States), β-Actin mouse mAb (Santa Cruz, Santa Cruz, CA, United States), Phospho-p38 MAPK (Thr180/Tyr182) rabbit mAb (Cell Signaling Technology, Inc., Beverly, MA, United States), p38 MAPK rabbit pAb (Cell Signaling Technology, Inc., Beverly, MA, United States), Phospho-p53 (Ser15) rabbit pAb (Cell Signaling Technology, Inc., Beverly, MA, United States), p53 mouse mAb (Abcam, Cambridge, MA, United States), p53 upregulated modulator of apoptosis (PUMA) rabbit pAb (Abcam, Cambridge, MA, United States), Bcl-2 homologous antagonist/killer (Bak) rabbit pAb (Cell Signaling Technology, Inc., Beverly, MA, United States), and cleaved caspase-3 (Asp175) rabbit pAb (Cell Signaling Technology, Inc., Beverly, MA, United States). The membranes were developed on Molecular Imager ChemiDoc XRS + (Bio-Rad, Hercules, CA, United States), and the intensity of the protein band was analyzed by ImageJ software (1.48V, National Institutes of Health, United States). All Western blot analyses were performed in triplicate.



Analysis of Apoptosis

Apoptosis was determined by the analysis of caspase-3 cleavage and activity, as well as the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Caspase-3 cleavage was determined by Western blot as described previously (Dong et al., 2008; Chen et al., 2013a). Caspase-3 activity was determined by using Caspase-Glo® 3/7 Assay Systems (Promega, Madison, WI, United States). TUNEL assay was performed by using a TiterTACS In situ Detection Kit (Trevigen, Inc., Gaithersburg, MD, United States), following the manufacturer’s protocol.



Morphological Analysis and Whole-Mount Skeletal Staining

Morphological analysis of zebrafish larvae at 4 dpf was performed by using a stereoscopic microscope (Olympus SZX16, Tokyo, Japan). Whole-mount skeletal staining of zebrafish larvae at 5 dpf was conducted with Alcian blue staining (Sigma Chemical, Co., St Louis, MO, United States), as described by others (Neuhauss et al., 1996; Walker and Kimmel, 2007), and was visualized by a stereoscopic microscope (Olympus SZX16, Tokyo, Japan) as previously described (Carvan et al., 2004).



Statistical Analysis

Statistical analyses were performed as described previously (Chen et al., 2013b) using GraphPad Prism software (GraphPad Software, San Diego, CA, United States). All data were expressed as means ± SD of three separate experiments. One-way ANOVA was used to compare the difference between groups, and multiple comparison post-tests were conducted by using Bonferroni’s test. Differences between groups were considered significant at p < 0.05.



RESULTS


Ethanol Treatment Significantly Decreased the Expression of miR-135a in NCCs and Zebrafish Embryos

To determine the effect of ethanol treatment on the expression of miRNA-135a in NCCs, NCCs were exposed to 50 mM ethanol for 24 h. MiR-135a expression level was examined by qRT-PCR. As shown in Figure 1A, exposure of NCCs to 50 mM ethanol for 24 h significantly decreased the expression of miR-135a in NCCs, indicating that ethanol treatment can downregulate the expression of miR-135a in NCCs. To determine whether ethanol exposure can also decrease the expression of miR-135a in vivo, zebrafish embryos at 3 hpf were treated with or without 1% ethanol and collected at 24 hpf for analysis of miR-135a expression using the qRT-PCR assay. As shown in Figure 1B, 1% ethanol treatment resulted in a significant reduction of miR-135a expression in zebrafish embryos. These results demonstrate that both in vitro and in vivo ethanol treatment can decrease the expression of miR-135a.
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FIGURE 1. Ethanol exposure decreased the expression of miR-135a in neural crest cells (NCCs) exposed to 50 mM ethanol for 24 h (A) and zebrafish embryos treated with 1% ethanol and collected at 24 h post-fertilization (hpf; B). The expression of miR-135a was determined by qRT-PCR, as described in the section “Materials and Methods”. Data are expressed as fold change over control and represent the mean ± SD of three separate experiments. * p < 0.05 vs. control.




Siah1 Is the Direct Target of miR-135a in NCCs

Bioinformatics prediction indicated that Siah1 is a direct target of miR-135a (Figure 2A). Siah1 has also been validated to be a direct target of miRNA-135a in HeLa cells (Pang et al., 2011). To validate that Siah1 is also a direct target of miR-135a in NCCs, we cloned the 3′-UTR segments of Siah1 into the pMIR-Report vector to create a luciferase reporter system. NCCs were co-transfected with the vector containing pMIR reporter-luciferase fused with or without the 3′-UTR of Siah1 and miR135a mimic or miRNA control mimic. As shown in Figure 2B, co-transfected of the 3′-UTR of Siah1 mRNA and miR135a resulted in a significant reduction in luciferase activity as compared to the NCCs co-transfected with Siah1 3′-UTR and control miRNA mimic. In addition, overexpression of miR-135a by transfecting with miR-135a mimics greatly downregulated the protein expression of Siah1, while downregulation of endogenous miR-135a through transfecting with miR-135a inhibitors significantly elevated the protein expression of Siah1 (Figure 2C), demonstrating that Siah1 is a direct target of miR-135a in NCCs.
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FIGURE 2. Siah1 is the direct target of miR-135a in neural crest cells (NCCs). (A) The predicted binding sites of miR-135a in the 3′-UTR of Siah1 mRNA. (B) Luciferase reporter assays for the binding of miR-135a to the 3′-UTR of Siah1 in NCCs. (C) Western bolt analysis of the protein expression of Siah1 in NCCs transfected with miR-135a mimics or inhibitors for 48 h. Data are expressed as fold change over control and represent the mean ± SD of three separate experiments. * p < 0.05 vs. control.




Over-Expression of miR-135a Diminished Ethanol-Induced Upregulation of Siah1 in NCCs and Zebrafish Embryos

To determine whether the downregulation of miR-135a contributes to ethanol-induced upregulation of Siah1, NCCs transfected with miR-135a mimics or control mimics were exposed to 50 mM ethanol, and the protein expression of Siah1 was analyzed. As shown in Figure 3A, ethanol exposure resulted in a significant increase in the protein expression of Siah1. Overexpression of miR-135a by transfection with miR-135a mimics diminished ethanol-induced upregulation of Siah1 in NCCs, demonstrating that downregulation of miR-135a contributes to ethanol-induced upregulation of Siah1 in NCCs. To determine whether overexpression of miR-135a can also diminish ethanol-induced upregulation of Siah1 in zebrafish embryos, zebrafish embryos microinjected with miR-135a mimics and control mimics were exposed to 1% ethanol, and the protein expression of Siah1 was analyzed by western blot. As shown in Figure 3B, exposure to ethanol significantly increased the expression of Siah1. Microinjection of miR-135a mimics significantly diminished ethanol-induced upregulation of Siah1 in zebrafish embryos, indicating that overexpression of miR-135a can also prevent ethanol-induced upregulation of Siah1 in zebrafish embryos.
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FIGURE 3. Overexpression of miR-135a significantly decreased the ethanol-induced upregulation of Siah1 in neural crest cells (NCCs) and zebrafish embryos. NCCs transfected with control mimics or miR-135a mimics were treated with 50 mM ethanol for 24 h. Zebrafish embryos microinjected with control or miR-135a mimics were treated with 1% ethanol and collected at 24 h post-fertilization (hpf). The protein expression of Siah1 was examined in NCCs (A) and zebrafish embryos (B) by western blot. Data are expressed as fold change over control and represent the mean ± SD of three separate experiments. * p < 0.05 vs. control; # p < 0.05 vs. ethanol.




Overexpression of miR-135a Diminished Ethanol-Induced Activation of the p38 MAPK/p53 Pathway in NCCs

Our previous study has demonstrated that ethanol-induced upregulation of Siah1 triggered apoptosis in NCCs through promoting p38 MAPK-mediated activation of the p53 signaling pathway (Yuan et al., 2017). To determine whether the downregulation of miR-135a contributes to ethanol-induced apoptosis in NCCs through Siah1-mediated activation of the p38 MAPK/p53 pathway, we first examined whether the overexpression of miRNA-135a can inhibit the activation of the p38 MAPK pathway in ethanol-exposed NCCs. As shown in Figure 4A, ethanol treatment resulted in the activation of the p38 MAPK pathway, as indicated by enhanced phosphorylation of p38 MAPK, consisting with our previous studies (Yuan et al., 2017). Overexpression of miR-135a significantly diminished ethanol-induced expression of phosphor-p38 MAPK, indicating that miR-135a can inhibit the p38 MAPK pathway through downregulating Siah1. To determine the role of miRNA-135a on ethanol-induced apoptosis in NCCs, we next examined the p53 apoptotic pathway, which is the downstream targets of the p38 MAPK pathway that has been shown to be regulated tightly by Siah1 in NCCs (Yuan et al., 2017). We found that ethanol exposure increased the total protein levels of p53 and the levels of the phosphorylated p53. Ethanol treatment also significantly increased the expression of p53 downstream targets, PUMA and Bak. Overexpression of miRNA-135a significantly diminished ethanol-induced increases in the phosphorylation and total protein level of p53, and the expression of PUMA and Bak (Figure 4B), indicating that miRNA-135a can modulate the p38 MAPK/p53 apoptotic pathway in NCCs through targeting Siah1.
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FIGURE 4. Overexpression of miR-135a reduced the ethanol-induced activation of the p38 mitogen-activated protein kinase (MAPK)/p53 pathway in neural crest cells (NCCs). NCCs transfected with control mimics or miR-135a mimics were treated with 50 mM ethanol for 24 h. The expression of Siah1, total p38, and phosphorylated p38 (A), and the expression of Siah1, phosphorylated p53, p53, p53 upregulated modulator of apoptosis (PUMA), and Bcl-2 homologous antagonist/killer (Bak; B) were determined by western blot. Data are expressed as fold change over control and represent the mean ± SD of three separate experiments. * p < 0.05 vs. control; # p < 0.05 vs. ethanol.




Overexpression of miR-135a Significantly Reduced Ethanol-Induced Activation of Caspase-3 and Diminished Ethanol-Induced Apoptosis in NCCs and Zebrafish Embryos

To determine whether overexpression of miR-135a can prevent ethanol-induced apoptosis in NCCs, NCCs transfected with miR-135a mimics were exposed to 50 mM ethanol for 24 h. As shown in Figures 5A,B, ethanol exposure resulted in a significant increase in caspase-3 cleavage and activity in NCCs, indicating that ethanol exposure can increase apoptosis in NCCs that was confirmed by the TUNEL assay (Figure 5C). Overexpression of miR-135a significantly diminished ethanol-induced increases in caspase-3 cleavage and activity and reduced apoptosis in ethanol-exposed NCCs (Figures 5A–C). These results demonstrate that overexpression of miR-135a can prevent ethanol-induced apoptosis in NCCs. To determine whether the upregulation of miR-135a can also prevent ethanol-induced apoptosis in zebrafish embryos, zebrafish embryos microinjected with miR-135a mimics and control mimics were exposed to ethanol from 3 to 24 hpf. As shown in Figure 5D, microinjection of miR-135a mimics significantly reduced ethanol-induced increase in caspase-3 activity in zebrafish embryos. Whole-mount TUNEL staining also shown that ethanol-induced apoptosis was significantly attenuated by the microinjection of miR-135a mimics in zebrafish embryos, especially in the brain and eye (Figure 5E).
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FIGURE 5. Overexpression of miR-135a significantly decreased ethanol-induced caspase-3 activation and apoptosis in neural crest cells (NCCs) and zebrafish embryos. NCCs transfected with control mimics or miR-135a mimics were treated with 50 mM ethanol for 24 h. Zebrafish embryos microinjected with control or miR-135a mimics were treated with 1% ethanol and collected at 24 h post-fertilization (hpf). Ethanol-induced apoptosis in NCCs (A-C) and zebrafish embryos (D,E) was determined by analysis of caspase-3 cleavage (A), caspase-3 activity (B,D), and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis (C,E). White arrows in (E) indicate brain (B) and eye (E) in zebrafish embryos. Data are expressed as fold change over control and represent the mean ± SD of three separate experiments. * p < 0.05 vs. control; # p < 0.05 vs. ethanol. Scale bar = 200 μm.




Microinjection of miR-135a Mimics Attenuated Ethanol-Induced Growth Retardation and Dysmorphology in Zebrafish Larvae

It has been reported that ethanol-induced apoptosis in NCCs contributes heavily to the subsequent abnormalities that are characteristics of FASD (Kotch and Sulik, 1992a; Cartwright and Smith, 1995a). To determine whether microinjection of miR-135a mimics can attenuate ethanol-induced growth retardation and dysmorphology in zebrafish, zebrafish embryos microinjected with control or miR-135a mimics were treated with 1.5% ethanol from 3 to 24 hpf and then were allowed to grow in system water without ethanol. Zebrafish larvae from control and treated groups were collected at 4 dpf for morphological analysis. As shown in Figure 6, ethanol treatment resulted in significant growth retardation in zebrafish larvae, as indicated by the dramatically reduced body length. Ethanol exposure also resulted in significant developmental defects, including small eyes, microcephaly, and pericardial edema. Microinjection of miR-135a mimics significantly attenuated the ethanol-induced growth retardation and dysmorphology in zebrafish larvae.
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FIGURE 6. Microinjection of miR-135a mimics diminished ethanol-induced growth retardation and dysmorphology in zebrafish larvae. Embryos microinjected with control or miR-135a mimics were treated with 1.5% ethanol from 3 to 24 h post-fertilization (hpf). Zebrafish larvae were collected at 4 days post-fertilization (dpf) for morphological analysis. Analysis of ethanol-induced growth retardation and dysmorphology was performed by using a stereoscopic microscope. The black arrows indicate the heart and the arrowheads indicate eye. Data represent the mean ± SD of three separate experiments. * p < 0.05 vs. control; # p < 0.05 vs. ethanol.




Microinjection of miR-135a Mimics Significantly Diminished Ethanol-Induced Craniofacial Cartilage Defects in Zebrafish Larvae

To determine whether the microinjection of miR-135a mimics can attenuate the ethanol-induced craniofacial cartilage defects in zebrafish larvae, zebrafish embryos microinjected with control or miRNA-135a mimics were treated with 1.5% ethanol from 3 to 24 hpf. Zebrafish larvae were collected at 5 dpf and stained with Alcian blue. As shown in Figure 7A, ethanol exposure resulted in an overall reduction in head size and micrognathia due to reduced jaw outgrowth in zebrafish larvae. A closer examination of craniofacial cartilage at 5 dpf larvae revealed that the length of the mandibular arch cartilages (lower jaw), including the ventral Meckel’s cartilage (m) and dorsal palatoquadrate (pq), were significantly reduced in ethanol-exposed zebrafish larvae, as compared to control. In addition, exposure to ethanol at the embryonic stage significantly reduced the length of hyosymplectic (hs) and ceratohyal (ch), and the distance between m and pq joint and between the arch of m and basihyal (bh; Figure 7B). Embryonic ethanol treatment also led to the abnormal angulation of the ch cartilage (Figure 7C). Overexpression of miR-135a significantly diminished ethanol-induced reduction in the length of m, pq, hs, and ch and the distance between m and pq joints and between m and bh. Microinjection of miR-135a also attenuated the ethanol-induced abnormal angulation of ch cartilage, indicating that the upregulation of miR-135a can attenuate ethanol-induced craniofacial cartilage defects in zebrafish larvae (Figures 7A–C).
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FIGURE 7. Microinjection of miR-135a mimics attenuated ethanol-induced craniofacial cartilage defects in zebrafish larvae. Embryos microinjected with control or miR-135a mimics were treated with 1.5% ethanol from 3 h post-fertilization (hpf) to 24 hpf. Zebrafish larvae were collected at 5 days post-fertilization (dpf) for skeletal staining with Alcian blue. (A) Lateral and ventral view of Alcian blue-stained craniofacial cartilages in larvae from different treatment groups. (B) Morphometric analysis of the craniofacial cartilages in larvae from different treatment groups. The length of Meckel’s cartilage (m), palatoquadrate (pq), hyosymplectic (hs), ceratohyal (ch), and the distance between m and pq joint, and between the arch of m and basihyal (bh) were measured. (C) Comparisons of ceratohyal cartilage (ch) angle between different treatment groups. Data represent the mean ± SD of three separate experiments. * p < 0.05 vs. control; # p < 0.05 vs. ethanol. e, ethmoid plate; t, trabeculae cranii; cb, ceratobranchial; bh, basihyal. Scale bar = 200 μm.




DISCUSSION

Growing evidence suggests that impairment of differentiation, migration, and survival of NCCs is a major component of the pathogenesis of FASD and that dysregulation of gene expression is a key driver of the ethanol-induced impairment in NCCs (Kotch and Sulik, 1992b; Cartwright and Smith, 1995b; Rovasio and Battiato, 2002; Steventon et al., 2014; Zhang et al., 2017; Yuan et al., 2018; Fan et al., 2019; Li et al., 2019). MicroRNAs have been shown to be involved in the ethanol-induced impairment of NCCs. Our previous studies have shown that miR-125b can protect against ethanol-induced apoptosis in NCCs and mouse embryos by targeting Bak1 and PUMA and that microinjection of miR-125b mimics can prevent ethanol-induced embryotoxicity (Chen et al., 2015). We have also demonstrated that miR-34a can mediate ethanol-induced impairment of neural differentiation of NCCs by targeting autophagy-related gene 9a (Fan et al., 2019). In the present study, we found that ethanol exposure significantly reduced the expression of miR-135a, increased apoptosis in NCCs exposed to 50 mM ethanol and zebrafish embryos exposed to 1.0% ethanol, and resulted in growth retardation and developmental defects in zebrafish larvae exposed to 1.5% ethanol. There is a consensus that the ethanol levels in the zebrafish embryo tissue are approximately 25–35% of the levels of the medium (Flentke et al., 2014; Lovely et al., 2014). Therefore, 1.0 or 1.5% ethanol in the medium is ∼ 300 or 450 mg/dL in the embryo tissue. These ethanol concentrations were chosen because studies have shown that a peak maternal blood alcohol concentration of 400–500 mg/dL (approximately 85–105 mM) is needed to produce major malformations with the characteristics of fetal alcohol syndrome in mouse embryos (Sulik et al., 1981; Kotch and Sulik, 1992a; Dunty et al., 2001). These ethanol concentrations are relatively high but are not beyond that which can be observed in chronic alcoholics (Adachi et al., 1991).

MiR-135a is a member of the miR-135 superfamily. A number of studies have reported that the downregulation of miR-135a was involved in tumorigenesis in a variety of cancers, in which miR-135a exerts tumor-suppressive effects (Yamada et al., 2013; Kroiss et al., 2015; Zhao et al., 2017). In contrast, other studies have shown that miR-135a is an oncogenic miRNA in colorectal carcinomas (Nagel et al., 2008) and that overexpression of miR-135a promoted tumorigenesis of portal vein tumor thrombus (Liu et al., 2012) and enhanced the growth of HeLa- and NC104-E6/E7-derived tumor (Leung et al., 2014). Studies have also shown that miR-135a is involved in brain inflammation and angiogenesis in Alzheimer’s disease (Ko et al., 2015). In addition, it has been reported that miR-135a can promote proliferation and prevent apoptosis. For example, a study by Dong et al., indicated that, by targeting HIF-1α, miR-135a downregulated pro-apoptotic genes Bax and Bad, upregulated anti-apoptotic gene Bcl-2, resulting in increased proliferation and reduced apoptosis of astrocytes in the bacterial meningitis rat models (Dong et al., 2019). Upregulation of miR-135a also protected human umbilical vein endothelial cells against mechanical stretch-induced increases in apoptosis and ventilator-induced lung injury through activating PI3K/Akt signaling pathway by targeting PH domain leucine-rich repeat-containing protein phosphatase 2 (PHLPP2) (Yan et al., 2018). In the present study, we have shown that ethanol-induced downregulation of miR-135a resulted in the upregulation of Siah1 and that overexpression of miR-135a significantly reduced ethanol-induced upregulation of Siah1, indicating that downregulation of miR-135a contributes to ethanol-induced upregulation of Siah1 in NCCs and zebrafish embryos.

Siah is a member of a highly conserved family of E3 ubiquitin ligases (Carthew and Rubin, 1990). Siah ligases are involved in the ubiquitination and proteasomal degradation of several proteins that are essential for a variety of signaling pathways, including membrane receptors (Liani et al., 2004; Winter et al., 2008), a microtubule-associated motor protein (Linares-Cruz et al., 1998) and transcriptional regulators (Zhang et al., 1998; Tiedt et al., 2001). The upregulation of Siah1 has also been found to induce cell-cycle arrest and the induction of apoptosis (Relaix et al., 2000; Matsuzawa and Reed, 2001). We have also demonstrated that ethanol treatment can significantly increase the expression and nuclear translocation of Siah1 in NCCs and that Siah1 signaling plays a critical role in ethanol-induced apoptosis in NCCs (Sun et al., 2014). In addition, we have shown that ethanol-induced up-regulation of Siah1 can induce apoptosis in NCCs through p38 MAPK-mediated activation of the p53 signaling pathway (Yuan et al., 2017). In this study, we found that, in addition to NCCs, ethanol exposure can also increase the expression of Siah1 in zebrafish embryos. We also found that ethanol-induced upregulation of Siah1 resulted in the activation of p38 MAPK/p53 pathway and that overexpression of miR-135a significantly diminished ethanol-induced activation of p38 MAPK/p53 pathway. These results consist of the findings from our previous study and demonstrate that the upregulation of miR-135a can inhibit p38 MAPK-mediated activation of the p53 signaling pathway through downregulating Siah1.

It is well known that p38 MAPK pathway can modulate apoptosis by regulating p53 pathway (Zheng et al., 2005; Gao et al., 2014) and that p53 is a transcription factor that regulates the expression of genes involved in apoptosis (Kho et al., 2004; Schuler and Green, 2005). Previous studies from our laboratory have shown that knockdown of Siah1 by siRNA significantly diminished the ethanol-induced increase in the phosphorylation of p38 MAPK, and significantly decreased ethanol-induced increases in p53 stability and its phosphorylation in NCCs, and that p38 MAPK activation is essential for ethanol-induced Siah1-mediated p53 activation, leading to apoptosis in ethanol-exposed NCCs (Yuan et al., 2017). In this study, we found that ethanol treatment significantly increased the expression of p53 downstream targets, PUMA and Bak, the activation of caspase-3 and apoptosis in NCCs. Overexpression of miRNA-135a significantly diminished ethanol-induced upregulation of PUMA and Bak and apoptosis in NCCs. In addition, microinjection of miR-135a mimics dramatically reduced the apoptosis in zebrafish embryos and diminished ethanol-induced growth retardation and dysmorphology in zebrafish larvae. These results demonstrate that the upregulation of miR-135a can prevent ethanol-induced apoptosis in NCCs and developmental defects in zebrafish embryos by modulating the Siah1-mediated p38 MAPK/p53 pathway.



CONCLUSION

The present study has demonstrated that ethanol treatment decreased the expression of miR-135a and thereby increased the expression of its direct target, Siah1, which, in turn, activated the p38 MAPK/p53 pathway, increased apoptosis in NCCs and zebrafish embryos and resulted in growth retardation and developmental defects. Overexpression of miR-135a significantly reduced ethanol-induced upregulation of Siah1 and the activation of the p38 MAPK/p53 pathway, decreased ethanol-induced apoptosis in NCCs and zebrafish embryos, and diminished ethanol-induced growth retardation and dysmorphology in zebrafish larvae. These results demonstrate that ethanol-induced downregulation of miR-135a contributes to ethanol-induced apoptosis in NCCs and craniofacical defects in zebrafish embryos by upregulating Siah1 and activating the p38 MAPK/p53 pathway. These findings elucidate the mechanisms by which miR-135a modulates ethanol-induced apoptosis in NCCs and craniofacial defects in zebrafish embryos and suggest that miR-135a may represent a novel therapeutic target for the intervention and prevention of FASD.
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Sonic hedgehog (Shh) pathway disruption causes craniofacial malformations including orofacial clefts (OFCs) of the lip and palate. In normal craniofacial morphogenesis, Shh signals to multipotent cranial neural crest cells (cNCCs) and was recently discovered to regulate the angiogenic transcriptome, including expression markers of perivascular cells and pericytes. The mural cells of microvasculature, pericytes in the brain and face differentiate from cNCCs, but their role in facial development is not known. Here, we examined microvascular morphogenesis in a mouse model of Shh pathway antagonist-induced cleft lip and the impact of cNCC-specific Shh pathway activation in a cNCC-endothelial cell co-culture system. During cleft pathogenesis in vivo, disrupted microvascular morphogenesis localized with attenuated tissue outgrowth in the medial nasal processes that form the upper lip. In vitro, we found that human umbilical vein endothelial cell (HUVEC) cord formation was not affected by direct Shh pathway perturbation. However, in a co-culture system in which cNCCs directly interact with endothelial cells, cNCC-autonomous Shh pathway activity significantly prolonged endothelial cord network stability. Taken together, these findings support the premise that Shh pathway activation in cNCCs promotes pericyte-like function and microvascular stability. In addition to suggesting a previously unrecognized role for Shh signaling in facial development, these studies also identify perivascular differentiation and microvascular morphogenesis as new focuses for understanding normal and abnormal craniofacial development.
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INTRODUCTION

Orofacial clefts (OFCs) of the lip and palate are among the most common human birth defects and impose a substantial burden on the health and well-being of affected individuals (Wehby and Cassell, 2010; Watkins et al., 2014). OFCs are etiologically complex, and the cellular processes and molecular mechanisms underlying normal and abnormal craniofacial morphogenesis are incompletely understood, hindering the development of effective prevention strategies. Sonic hedgehog (Shh) signaling is required for normal facial morphogenesis and plays a critical role in the outgrowth of the facial processes that form the upper lip and palate (Bush and Jiang, 2012; Kurosaka, 2015). Disruption of the Shh pathway causes OFCs in animal models and is linked to OFC pathogenesis in humans (Roessler et al., 1996, 2003; Heyne et al., 2015a; Yu et al., 2017). However, a cohesive cellular mechanism explaining the role of Shh signaling in normal and abnormal facial development has yet to be established.

Recently, we found that Shh signaling regulates the angiogenic and perivascular transcriptomes in a mouse model of cleft lip (Everson et al., 2018). While Shh signaling has previously been shown to affect angiogenesis and vascular development, the underlying mechanisms are not well defined (Chapouly et al., 2019). Some studies suggest that Shh signaling acts directly on endothelial cells to promote vascular function (Renault et al., 2010; Alvarez et al., 2011). One of these studies has reported canonical pathway activation in endothelial cells after SHH ligand stimulation (Alvarez et al., 2011), but whether Shh signaling promotes angiogenesis and vascular development directly through endothelial cells remains controversial.

Other lines of investigation have linked Shh signaling to pericytes, the mural cells of the microvasculature, which signal to adjacent endothelial cells to promote proliferation, angiogenesis, and microvascular stability (Armulik et al., 2005, 2011; Chapouly et al., 2019). Pericytes have received resurgent interest as they have been identified to play important roles in development, wound healing, tissue regeneration, and disease pathogenesis (Armulik et al., 2011). Shh signaling has been shown to regulate pericyte biology in the liver and may also promote pericyte recruitment in several organs (Armulik et al., 2011; Machado and Diehl, 2018). Craniofacial pericytes are derived from multipotent cranial neural crest cells (cNCCs), which also form most of the cartilage and bone of the head (Etchevers et al., 2001; Jiang et al., 2002; Stebbins et al., 2019). While cNCC-derived pericytes have been less-studied than the mesoderm-derived pericytes of the trunk, their involvement in blood-brain barrier development and maintenance as well as retina development and disease has received substantial recent attention (Trost et al., 2016; Santos et al., 2018; Brown et al., 2019). In contrast, our understanding of the signaling pathways that drive cNCC-to-pericyte differentiation and the role of pericyte-endothelial cell interactions in normal and abnormal craniofacial and upper lip morphogenesis is extremely limited.

In this study, we use in vivo and in vitro models to investigate the effect of Shh signaling on microvasculature in the developing upper lip. A mouse model of Shh pathway antagonist-induced cleft lip is used to examine microvascular morphogenesis during normal and abnormal upper lip development. We then establish an in vitro co-culture model using cNCC-derived pericytes and endothelial cells to dissect the individual cell-type contributions of Shh pathway perturbation on microvascular stability. Our findings suggest a previously unrecognized role for Shh signaling in facial development and identify perivascular differentiation and microvascular morphogenesis as new focuses for understanding normal and abnormal craniofacial development.



MATERIALS AND METHODS


Animal Studies

All studies were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the University of Wisconsin–Madison, School of Veterinary Medicine Institutional Care and Use Committee (Protocol No. 13–081.0). Male and female C57BL/6J mice (Mus musculus, Jackson Laboratory strain 00664) were housed under specific-pathogen-free conditions in disposable, ventilated cages (Innovive). Rooms were maintained at 22 ± 2°C and 30–70% humidity with a 12-h light, 12-h dark cycle. Mice were fed Irradiated Soy Protein-Free Extruded Rodent Diet (Catalog No. 2920x; Envigo Teklad Global) until day of copulation plug when dams were switched to Irradiated Teklad Global 19% Protein Extruded Rodent Diet (Catalog No. 2919; Envigo Teklad Global).

One to two nulliparous female mice were placed with a single male for 1–2 h and subsequently examined for the presence of copulation plugs. The beginning of the mating period was designated as gestational day (GD)0. Pregnancy was confirmed by assessing weight gain at GD7, as previously described (Heyne et al., 2015b). Pregnant dams were administered 90 or 120 mg/kg/day cyclopamine (LC Laboratories, CAS #4449-51-8) or vehicle alone from GD8.25 to approximately GD9.375 by subcutaneous infusion exposure using ALZET 2001D micro-osmotic pumps (Cupertino, CA, United States) as previously described (Lipinski et al., 2008, 2010; Everson et al., 2017; Ansen-Wilson et al., 2018). Pregnant dams were euthanized by carbon dioxide inhalation followed by cervical dislocation for embryo collection at GD9.25 or GD11 ± 1 h.



Light Imaging

GD11 embryos for light imaging were fixed in Bouin’s solution, and representative images were taken using a MicroPublisher 5.0 camera (QImaging) mounted on an Olympus SZX-10 stereomicroscope. A single litter each of vehicle- and 120 mg/kg/day cyclopamine-exposed embryos was collected for imaging.



PECAM1 Whole-Mount Immunohistochemistry for Quantitative Analysis

GD11 embryos exposed to vehicle or 90 mg/kg/day cyclopamine were fixed in 4% paraformaldehyde (PFA) in PBS for 6 h before dehydration through a graded series into 100% methanol for storage at −20°C. After rehydration, embryos were hemisected, and one half of each embryo was embedded in 4% agarose in PBS. A vibrating microtome was used to make a single 400-μm section of the lambdoidal junction, the rostral-most aspect of the developing facial processes containing the medial nasal, lateral nasal, and maxillary processes (MNP, LNP, and MxP, respectively). Sections were blocked in PBS with 0.3% Triton X, 0.2% BSA, and 5% goat serum for 1 h at room temperature followed by incubation with an antibody against PECAM1 (1:200 dilution, BD Pharmingen 557355) overnight at 4°C. A goat anti-rat secondary antibody conjugated with Alexa Fluor 488 (1:200 dilution, Jackson ImmunoResearch 112-546-003) and 60 nM DAPI were incubated with the sections at room temperature for 2 h. Sections were mounted on microscope slides with Vectashield mounting medium (Vector Laboratories) and imaged using a Leica SP8 confocal microscope. Four vehicle-treated litters and four cyclopamine-treated litters were collected, and 1–4 embryos from each litter were selected for analysis based on phenotype (cleft and non-cleft in the cyclopamine group) and proper staging (total n = 10 vehicle-exposed embryos, n = 12 cyclopamine-exposed embryos).



Image Processing and Microvasculature Analysis

Z-stacks from confocal imaging of PECAM1-stained lambdoidal junction sections were imported into ImageJ, and image stacks for all samples were three-dimensionally rotated for consistent orientation. A maximum projection of the rostral-most 50 μm of each re-oriented stack was used for subsequent analysis. A standard-size square region of interest (ROI) was drawn within the vascularized mesenchymal tissue of the MNP and analyzed using AngioTool software. Lambdoidal sections from embryos exposed to 90 mg/kg/day cyclopamine were classified as having either a non-clefted (NC) or cleft lip (CL) phenotype. Samples were considered NC if the MNP was touching or fused with the MxP, and samples were considered CL if the MNP was not touching the MxP. Analysis was carried out by a single investigator blinded to sample treatment group.



PECAM1 and Laminin Immunohistochemistry

For qualitative in vivo PECAM1 and Laminin co-immunostaining, a PFA-fixed control GD11 embryo was coronally sectioned into 50-μm sections using a vibrating microtome and subsequently immunostained following the above protocol for whole-mount immunohistochemistry. Primary antibodies against PECAM1 (1:200 dilution, BD Pharmingen 557355) and Laminin (1:1000 dilution, Sigma-Aldrich L9393) were used to stain for microvasculature. A goat anti-rat secondary antibody conjugated with Alexa Fluor 488 (1:200 dilution, Jackson ImmunoResearch 112-546-003) and a goat anti-rabbit secondary antibody conjugated with DyLight 594 (1:200 dilution, Thermo Scientific 35560) were used. Sections were imaged on a Keyence BZ-X700 fluorescent microscope.



Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza, cultured in EGM-2 according to manufacturer recommendations, and used for experiments at passage 5. O9-1 cells, a mouse cNCC line, were cultured as described previously (Ishii et al., 2012). O9-1 cNCCs stably expressing a mutated constitutively activated form of Smoothened (SMOM 2) along with GFP (cNCC-SMO), or GFP alone as a control (cNCC-GFP), were generated as previously described (Everson et al., 2017). To differentiate O9-1 cNCCs into pericytes, cells were cultured in E6 media with 10% FBS, following a previously described protocol (Stebbins et al., 2019). Pericyte-differentiated cNCC-GFP and cNCC-SMO were designated as cNCC-GFP-PC and cNCC-SMO-PC, maintained in E6 media with 10% FBS, and used for experiments at passages 8–11. Five biological replicates of cNCC-GFP-PC and cNCC-SMO-PC were collected for gene expression analyses.

For SHH ligand treatment, parent O9-1 cNCCs were plated at 5 × 105 cells/ml (0.4 ml per well in a 24-well plate) and allowed to attach in complete medium for 24 h before media were replaced with DMEM containing 1% FBS and recombinant human SHH ligand (0.4 μg/ml final concentration, R&D Systems 1845-SH), made in a stock solution at 100 μg/ml in sterile-filtered 5 mg/ml bovine serum albumin (BSA) in PBS, or equivalent volume of BSA vehicle. After 48 h, cells were harvested for RNA isolation. Five biological replicates were collected for gene expression analyses.



Matrigel Cord Formation Assay

For cord formation assays, 100 μl of Matrigel (Corning) was added to the wells of a chilled 48-well plate and incubated at 37°C for at least 30 min according to manufacturer recommendations. In the HUVEC-alone experiments, cells were trypsinized, and 1.58 × 104 HUVECs were resuspended in 300 μl EGM-2 per well with 0.4 μg/ml SHH ligand or BSA vehicle and 200 nM vismodegib (dissolved in 100% DMSO) or DMSO vehicle and plated into wells containing Matrigel. A total of 12 biological replicates per treatment group were plated for phase contrast imaging. For RNA extraction, four wells were pooled for each experimental group 12 h after plating, and a total of five biological replicates were plated.

For the cNCC-endothelial cell co-culture experiments, cells were trypsinized, and 1.4 × 104 HUVECs and 0.18 × 104 cNCC-GFP-PC or cNCC-SMO-PC (8:1 ratio, based on not shown preliminary optimization) were resuspended in 300 μl EGM-2 per well and plated into wells containing Matrigel. Pericyte-differentiated cNCCs were switched to EGM-2 media 24 h before plating. A total of 12 biological replicates per treatment group were plated for phase contrast imaging (one well had a tear in the Matrigel within the imaging field; therefore, that replicate was excluded, and a total of 11 biological replicates were used for analysis).



Matrigel Cord Formation Assay Analysis

Phase contrast images were taken with a MicroPublisher 5.0 camera (QImaging) mounted on a Nikon Eclipse TS100 with a 4x objective at 12 and 22 h after cells were plated for cord formation assays. Images were imported into ImageJ and analyzed using the Angiogenesis plugin. ImageJ was used to modify cord network schematics generated by the Angiogenesis plugin for better visibility in representative images.



Immunocytochemistry and Imaging

At 6–8 h after plating, cells in cord formation assays were fixed in 4% PFA in PBS for 15 min at room temperature. Cords were blocked in PBS with 0.3% Triton X, 0.2% BSA, and 5% goat serum for 1 h at room temperature and then incubated overnight at 4°C with primary antibodies against PECAM1 (1:200 dilution, Proteintech 66065-1-Ig) or Laminin (1:1000 dilution, Sigma-Aldrich L9393). Cords were incubated with a goat anti-rabbit or anti-mouse secondary antibody conjugated to DyLight 594 (1:200, Thermo Scientific 35560 and 35511) and 60 nM DAPI for 1 h at room temperature for detection. A Keyence BZ-X700 was used for fluorescent imaging.



RNA Extraction, Reverse Transcription, and qPCR

A GE Illustra RNA spin mini kit was used for RNA extraction according to manufacturer protocols. A total of 100–500 ng of RNA was used for cDNA synthesis using GoScript reverse transcription reaction kits (Promega). Singleplex quantitative real-time PCR (qPCR) was performed on a Bio-Rad CFX96 system using SsoFast EvaGreen Supermix (Bio-Rad), and primers were designed using the IDT PrimerQuest tool. qPCR primer sequences are shown in Table 1. Target gene and species specificity was confirmed using NCBI Primer-BLAST. Mouse Gapdh or human GAPDH was used as the housekeeping gene, and analyses were conducted using the 2–ΔΔCt method.


TABLE 1. Primer sequences used for qPCR.
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Statistics

Graphpad Prism 8 was used for all statistical analysis. Results from in vivo experiments were analyzed using unpaired statistical tests. Two-tailed t-tests were used to analyze the differences between proximal and distal microvasculature. Ordinary one-way analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons was used for analyses of microvasculature between vehicle and cyclopamine-exposed groups. In vitro experiments were run in pairwise manner and paired statistical tests were used. Ordinary one-way ANOVA with Tukey’s post hoc test for multiple comparisons was used for cord formation assays and Shh pathway gene expression in HUVEC-alone experiments. Two-tailed t-tests were used to analyze differences in gene expression in parent cNCCs and pericyte-differentiated cNCCs as well as in co-culture cord formation between groups. An alpha value of 0.05 was maintained for determination of significance for all experiments.



RESULTS


Microvascular Density Is Increased at the Distal Tip of the Medial Nasal Processes

The midface forms through precisely coordinated growth and fusion of three bilaterally paired facial growth centers, the medial nasal, lateral nasal, and maxillary processes (MNP, LNP, and MxP, respectively). We visualized vasculature in these growth centers when the MNP and MxP begin to fuse bilaterally to close the upper lip at gestational day (GD)11.0 in the mouse. Staining for the endothelial marker PECAM1 revealed a network of microvasculature with a dense plexus apparent in the distal aspect of the MNP that extends to make contact and subsequently fuse with the MxP (Figures 1A,A’). AngioTool software was then used to quantitatively compare microvascular characteristics between selected regions of interest (ROIs) representing proximal (Figures 1B,B’) and distal (Figures 1C,C’) regions of the MNP. Vessel area and number of junctions were not significantly different between the proximal and distal regions, but the average vessel length was significantly decreased and the number of endpoints was significantly increased in the distal region, suggesting an increase in the number and therefore density of vessels at the distal tip of the MNP (Figures 1D–G).


[image: image]

FIGURE 1. Microvascular density is increased in the distal medial nasal process. (A) A representative maximum projection of a 180-μm z-stack of the lambdoidal junction stained for PECAM1 of a vehicle-exposed GD11 embryo is shown with the proximal (B) and distal (C) regions of the medial nasal process (MNP) indicated. Scale bar is 200 μm. (A’) Schematic of a GD11 embryo head with the MNP, lateral nasal process (LNP), and maxillary process (MxP) labeled. Representative regions of interest (ROIs) of the microvasculature of the proximal (B) and distal (C) MNP from a maximum projection of the rostral-most 50 μm of each section are shown. Scale bars are 50 μm. The vascular networks identified by AngioTool are shown in (B’) and (C’). Vessel areas are outlined in yellow and the vessels lengths are in red. (D–G) The vessel area, average vessel lengths, number of junctions, and number of endpoints in the microvasculature from 10 vehicle-exposed embryos were analyzed by AngioTool. Measurements for individual embryos are indicated by the icons, and the means ± SEM are shown. *p < 0.05 and ***p < 0.001 between the indicated groups.




Microvascular Patterning Is Disrupted in Cleft Lip Pathogenesis

Next, we tested whether microvascular morphogenesis was altered in animals with cleft lip using a well-characterized model of Shh pathway inhibition via targeted maternal exposure to the Smoothened antagonist cyclopamine (Lipinski et al., 2008; Heyne et al., 2015a). Smoothened is a G protein-coupled receptor that is necessary for Shh signaling transduction. As previously described, cyclopamine exposure resulted in animals with cleft lip (CL) and without cleft lip (no cleft; NC), which were compared against vehicle-treated control embryos (Figures 2A–C) using the same approach described for Figure 1 (Figures 2D–F”). In the proximal region of the MNP, no significant differences were observed between the vehicle- or cyclopamine-exposed groups in all measured parameters (Supplementary Figure 1). In the distal MNP, however, vessel area and number of junctions were significantly lower in cyclopamine-exposed embryos with cleft lip compared to control embryos or cyclopamine-exposed embryos without clefts (Figures 2G,I). No significant differences were observed between vehicle controls and cyclopamine-exposed embryos without clefts in any measured parameter, and no significant differences in average vessel length or total endpoints were detected between any of the groups (Figures 2G–J).
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FIGURE 2. Microvascular patterning is disrupted in cyclopamine-exposed embryos with cleft lip phenotype. (A–C) Representative phenotypes in GD11 embryos transiently exposed to vehicle and cyclopamine (cyc) and fixed in Bouin’s solution were imaged. Cyclopamine-exposed embryos were classified as having a non-clefted (NC) or cleft lip (CL) phenotype for analysis. Scale bars are 500 μm. (D–F) One lambdoidal junction of each vehicle- and cyclopamine-exposed embryo fixed in 4% PFA was sectioned by vibrating microtome at 400-μm thickness and stained for PECAM1 by whole-mount immunohistochemistry (IHC) to visualize the microvasculature. Maximum projections of the rostral-most 50 μm of the resulting 3D confocal images are shown. Scale bars are 200 μm. (D’–F’) Regions of interest (ROIs) were defined at the distal end of the medial nasal process (MNP) as indicated by the boxes in (D–F). Scale bars are 50 μm. (D”–F”) An overlay of vessels identified by AngioTool is shown for each ROI in (D’–F’). The vessel areas are outlined in yellow and the vessels lengths are in red. Images are representative of 5–10 embryos per analysis group. (G–J) Vessel area, average vessel length, total junctions, and total endpoints in the ROIs were measured by AngioTool. Measurements for individual embryos are indicated by the icons, and the means ± SEM for each group are shown. *p < 0.05, **p < 0.01, and ***p < 0.001 between indicated treatment groups.




Shh Pathway Modulation in Endothelial Cells Does Not Affect Cord Formation

To interrogate the mechanism by which Shh signaling regulates microvascular morphogenesis, we cultured HUVECs, which form networks of endothelial cords in vitro. HUVECs plated on Matrigel were treated with SHH ligand and/or the potent Smoothened inhibitor vismodegib, and cord networks imaged at 12 and 22 h (Supplementary Figure 2) were analyzed using the Angiogenesis plugin for ImageJ (Figures 3A–H). While there were significant differences within treatment groups from 12 to 22 h, no treatment-dependent differences were detected at either time point (Figures 3I–L). qPCR analysis of a parallel cohort demonstrated no treatment-dependent differences in expression of the conserved Shh pathway target genes GLI1 and PTCH1 (Figures 3M,N).
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FIGURE 3. Shh pathway perturbation in endothelial cells does not affect cord formation or downstream Shh pathway targets. (A–H) Cord network schematics of HUVECs ± 0.4 μg/ml SHH ligand ± 200 nM vismodegib (vismo) plated on Matrigel were generated from images taken at 12 and 22 h. Blue lines are segments, green lines are branches, red dots are junctions, and filled gray areas are meshes. Images are representative of 12 biological replicates per treatment group. (I–L) Number of segments, number of branches, total mesh area, and mean mesh size as measured by the Angiogenesis plugin for ImageJ are shown for the indicated groups at 12 and 22 h. #p < 0.05 of the indicated treatment group compared to the same group at 12 h. (M,N) Canonical Shh pathway targets GLI1 and PTCH1 were assayed for gene expression by qPCR in HUVEC cords treated with SHH and/or vismodegib and harvested at 12 h. Five biological replicates were harvested for gene expression.




cNCC-Derived Pericytes Interact With Endothelial Cell Cords

While Shh pathway modulation did not impact endothelial cord formation directly, we previously observed that Shh signaling altered the angiogenic transcriptome in cultured multipotent cNCCs (Everson et al., 2018). Among the derivatives of cNCCs are pericytes, the mural cells of microvessels that actively signal with endothelial cells. We therefore sought to establish an in vitro culture in which cNCC-derived pericytes interact with HUVEC cords in a manner that approximates the in vivo pericyte-endothelial relationship. cNCCs were cultured according to a recently described protocol for differentiation of pericytes from human pluripotent stem cell-derived cNCCs (Stebbins et al., 2019), which were then cultured with HUVECs at a 1:8 ratio on Matrigel. By 8 h, cNCC-HUVEC co-cultures formed networks similar to HUVECs alone but with apparently thicker cords (Figures 4A,B). Examination by fluorescent microscopy revealed that GFP-expressing pericyte-differentiated cNCCs approximate and appear to wrap around PECAM1-expressing HUVEC cords (Figures 4C,D). The extracellular matrix protein family of Laminins, an integral component of the basement membrane of vasculature, was found to surround cords formed by HUVECs alone and cNCC-HUVEC co-cultures (Figures 4E,F), resembling the Laminin staining observed in the microvasculature of the MNP in vivo (Figures 4G,G’).


[image: image]

FIGURE 4. cNCC-derived pericytes interact with endothelial cell cords. (A,B) Phase contrast images of HUVECs alone or HUVECs with GFP-expressing pericyte-differentiated cNCCs (cNCC-PC) plated at a ratio of 8:1 on Matrigel for 8 h. Scale bar is 500 μm. (C–F) Cords were stained for PECAM1 to mark endothelial cells or for the extracellular matrix protein Laminin. GFP marks cNCC-PC, and DAPI was used to stain nuclei. Scale bars are 25 μm. (G) A 50-μm coronal section from a control GD11 embryo head was stained for PECAM1 and Laminin to visualize the microvasculature. tv, telencephalic vesicle, * indicates the nasal pit. Scale bar is 100 μm. (G’) A higher magnification image of the field indicated by the box in the medial nasal process in (G). Scale bar is 25 μm.




cNCC-Autonomous Shh Pathway Activation Increases Pericyte-Associated Gene Expression

Having established an in vitro model of direct cNCC-pericyte/HUVEC interaction, we next sought to test the impact of cNCC-specific Shh pathway activation. From parent cNCCs, we generated lines expressing a mutated constitutively active form of Smoothened (SMOM 2) and GFP, or GFP alone for control. qPCR analysis showed increased expression of Shh target genes Gli1 and Ptch1 in SMOM 2-expressing cNCCs that approximated the level of induction achieved by treating parent cells with SHH ligand (Figures 5A,B). Both SHH ligand stimulation and SMOM 2 expression also resulted in increased expression of Foxd1 and Foxf2 (Figures 5C,D), which have been demonstrated to be Shh target genes and required for brain or kidney pericyte differentiation and function (Jeong et al., 2004; Gomez and Duffield, 2014; Reyahi et al., 2015; Everson et al., 2017, 2018; Fink et al., 2018). We next assessed pericyte-differentiated GFP- or SMOM 2-expressing cNCCs by qPCR. Relative to GFP controls, SMOM 2-expressing cNCCs exhibited increased expression of multiple pericyte-associated genes, including Foxc1, Foxd1, Foxf2, Cd248, Cspg4, Lama2, and Tbx18. SMOM 2-expressing pericyte-differentiated cNCCs also exhibited increased expression of pro-angiogenic factor Angpt1 and decreased expression of anti-angiogenic factor Edn1 (Figure 5E).


[image: image]

FIGURE 5. cNCC-autonomous Shh pathway activation increases pericyte-associated gene expression. (A–D) SHH ligand treatment or expression of the constitutively active SMOM 2 (SMO) induces expression of Shh target genes Gli1 and Ptch1 in addition to Shh pathway-regulated Forkhead box transcription factor (Fox) genes. (E) Shh/Fox genes, pericyte/perivascular genes, and angiogenic genes are regulated by cNCC-autonomous Shh pathway activation in pericyte-differentiated cNCCs. Five biological replicates were analyzed for all groups. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to respective control group.




cNCC-Autonomous Shh Pathway Activation Promotes Cord Stability

We next examined whether pericyte-differentiated cNCC-autonomous Shh pathway activation impacts endothelial cord formation or stability. HUVECs were co-cultured on Matrigel with control cNCC-GFP-PC or Shh pathway-activated cNCC-SMO-PC and imaged at 12 and 22 h (Supplementary Figure 3). At 12 h, there was a significant difference in only the number of segments between the two co-cultures (Figure 6E). By 22 h, however, the cord networks in the control co-culture had begun to dissociate while the cord networks in Shh-pathway-activated co-culture remained mostly intact (Figures 6A–D). At 22 h, the number of segments, number of branches, total mesh area, and mean mesh size were significantly greater in co-cultures with cNCC-SMO-PC compared to co-cultures with cNCC-GFP-PC (Figures 6E–H).


[image: image]

FIGURE 6. Cell-autonomous Shh pathway activation in cNCC-derived pericytes promotes endothelial cord stability. (A–D) Cord network schematics of HUVEC and control cNCC-GFP-PC or Shh pathway-activated cNCC-SMO-PC co-cultures were generated from images taken at 12 and 22 h. Blue lines are segments, green lines are branches, red dots are junctions, and filled gray areas are meshes. Images are representative of 11 biological replicates per group. (E–H) Number of segments, number of branches, total mesh area, and mean mesh size were measured by the Angiogenesis plugin for ImageJ for the indicated groups at 12 and 22 h. *p < 0.05 between co-cultures at the same time point, #p < 0.05 of the indicated co-culture at 22 h compared to the same co-culture at 12 h.




DISCUSSION

Attenuated outgrowth of the midfacial primordia has long been recognized as a morphological mechanism of OFCs. However, relatively little attention has been given to understanding the role of angiogenesis and microvascular biology in facial morphogenesis and cleft pathogenesis. Here, we present evidence suggesting that Shh signaling promotes pericyte-like function in cNCCs and that this activity is necessary for microvascular stability and proper facial morphogenesis. We found that outgrowth of the MNPs is accompanied by dense microvasculature and that both microvascular patterning and outgrowth are disrupted by Shh pathway inhibition in a mouse model of cleft lip. In an in vitro co-culture model recapitulating direct interaction of cNCC-derived pericytes and endothelial cells, we found that cNCC-autonomous Shh pathway activation was sufficient to promote cord stability. Together, these findings suggest a previously unrecognized role for Shh signaling in facial development and highlight pericyte-endothelial signaling and microvascular biology as new areas of investigation in OFC etiology and pathogenesis.

Disruption of angiogenesis, which is required for tissue outgrowth by providing oxygen and nutrients, has previously been linked to birth defect pathogenesis. For example, thalidomide-induced limb truncations have been reported to result from direct disruption of angiogenesis, where the perturbation of microvascular morphogenesis was found to precede changes in tissue patterning, cell proliferation, and cell death, during proximal-distal limb outgrowth (Therapontos et al., 2009). More recently, conditional deletion of Vegfa in cNCCs was shown to cause cleft palate in the mouse, supporting the premise that disrupted angiogenesis can specifically cause OFCs (Hill et al., 2015). In addition, angiogenic gene expression has been found to be altered in animal models and in patients with OFCs (François-Fiquet et al., 2014; Francois et al., 2017; Everson et al., 2018). The high frequency of cardiovascular abnormalities in patients with OFCs may also support the relevance of angiogenic and vascular dysfunction as an underlying mechanism (Milerad et al., 1997; Sekhon et al., 2011).

During upper lip morphogenesis, we identified a dense microvascular plexus at the distal end of the MNP, which normally extends to make contact and fuse with the MxP to close the upper lip (Figure 1). Using an inducible lineage tracing model, we found previously that SHH-responsive cells during the critical period for cleft lip (GD8.75) populate this distal aspect of the MNP (Supplementary Figure 4; Ansen-Wilson et al., 2018). Here, we show that the microvasculature in this region of the MNP is also disrupted after Shh pathway inhibition (Figure 2). This effect on the microvasculature appeared specific to the distal aspect of the MNP and exclusive to animals with cleft lip resulting from attenuated outgrowth of the MNP. These observations link Shh signaling to both microvascular morphogenesis and tissue outgrowth during upper lip development. Notably, disrupted microvasculature and tissue deficiency identified at GD11 follow Shh pathway inhibition and disruption of the angiogenic transcriptome previously identified at GD9.25 (Everson et al., 2018). However, elucidating whether microvascular defects are the primary cause of the Shh-mediated craniofacial malformation will require further investigation.

The Shh pathway is known to regulate vasculogenesis, angiogenesis, and vascular stability in various aspects of development, wound healing, and tumor formation (Chapouly et al., 2019). During facial development, we propose that, rather than acting directly on endothelial cells, Shh signals through cNCC-derived pericytes, which interact with endothelial cells and maintain microvascular stability. Our results indicate that HUVECs, a cell type commonly used to model endothelial cell function, do not respond directly to Shh pathway modulation. However, cNCC-autonomous Shh pathway activation led to increased expression of pericyte-associated genes and other pro-angiogenic transcriptional responses (Figure 5) and significantly delayed the degeneration of microvessel-like cords in culture (Figure 6).

Pericytes have been increasingly recognized to play a critical role in regulating endothelial cell biology as well as microvascular morphology and homeostasis (Armulik et al., 2011). Lineage tracing studies have shown that, while trunk pericytes are mesoderm-derived, pericyte populations in the head are derived from cNCCs (Etchevers et al., 2001). Although cNCC-derived pericytes of the blood-brain barrier and retina have received substantial research attention, little is known about the molecular drivers of their differentiation in the facial primordia and the role that pericytes play in facial morphogenesis. Expression of the Forkhead box transcription factor (Fox) family genes Foxc1 and Foxf2 has been found in brain pericytes and has been shown to be critical for pericyte differentiation and function (Siegenthaler et al., 2013; Reyahi et al., 2015), while lineage tracing has found that Foxd1-expressing cells give rise to pericytes in the developing kidney (Gomez and Duffield, 2014). In craniofacial morphogenesis, SHH peptide secreted from the facial ectoderm produces a gradient of target gene expression, including Foxd1 and Foxf2, in the cNCC mesenchyme, with strong and apparent ubiquitous expression nearest the ectoderm (Everson et al., 2017; Fink et al., 2018). Here, we found that Shh pathway activation in cNCCs leads to increased expression of Foxc1, Foxd1, and Foxf2 and promotion of pericyte-like activity. Activation of Fox transcription factors in cNCCs may therefore be common drivers of pericyte differentiation and/or function, though it is likely that they act in concert with additional factors secreted by endothelial cells – a premise supported by recent findings that signaling from the endothelium also drive pericyte differentiation (Brandt et al., 2019; Niimi et al., 2019).

Our limited knowledge of pericyte-endothelial biology in facial development stems, at least in part, from paucity of reliable pericyte markers. Pericytes and pericyte-like cells have been reported to express numerous gene products that are classically associated with vascular homeostasis as well as other genes that may serve as important endothelial-pericyte signals including Pdgfrβ, Cspg4, Tbx18, Rgs5, Nestin, Lama2, and Cd248 (Cho et al., 2003; MacFadyen et al., 2005; Murfee et al., 2005; Armulik et al., 2011; Menezes et al., 2014; De La Fuente et al., 2017; Guimarães-Camboa et al., 2017). However, the most commonly employed marker for pericyte populations, Pdgfrβ, is ubiquitously expressed in cNCCs, and several of these markers are expressed in other cell populations, including vascular smooth muscle and even endothelial cells themselves (Guimarães-Camboa et al., 2017; Stebbins et al., 2019). We show that Shh pathway activation in cNCCs leads to increased expression of several presumptive pericyte markers, including Cspg4, Cd248, Lama2, and Tbx18 (Figure 5). Determining the fidelity and specificity of these genes as markers of cNCC-derived pericytes is an important area of future investigation that could drive new approaches to examining the role of pericytes in craniofacial morphogenesis, tissue healing, and repair.

The study of cleft lip pathogenesis has historically focused on proliferation and apoptosis during tissue outgrowth and fusion. Here, we provide evidence that microvascular morphogenesis may be an underlying OFC mechanism and warrants further investigation. While Shh signaling is known to be crucial in craniofacial morphogenesis, our findings point to a previously unrecognized role for Shh signaling in pericyte-endothelial cell interaction where perivascular Shh signaling promotes microvascular stability. Disruption of Shh signaling may therefore interfere with pericyte differentiation and function, leading to microvascular dysfunction, a lack of tissue outgrowth, and cleft of the upper lip. These findings support microvascular morphogenesis as a novel focus for the role of Shh in birth defects as well as for understanding the etiology of structural birth defects more generally.
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Caspase-12 Is Present During Craniofacial Development and Participates in Regulation of Osteogenic Markers
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Caspases are evolutionary conserved proteases traditionally known as participating in apoptosis and inflammation but recently discovered also in association with other processes such as proliferation or differentiation. This investigation focuses on caspase-12, ranked among inflammatory caspases but displaying other, not yet defined functions. A screening analysis pointed to statistically significant (P < 0.001) increase in expression of caspase-12 in a decisive period of mandibular bone formation when the original mesenchymal condensation turns into vascularized bone tissue. Immunofluorescence analysis confirmed the presence of caspase-12 protein in osteoblasts. Therefore, the osteoblastic cell line MC3T3-E1 was challenged to investigate any impact of caspase-12 on the osteogenic pathways. Pharmacological inhibition of caspase-12 in MC3T3-E1 cells caused a statistically significant decrease in expression of some major osteogenic genes, including those for alkaline phosphatase, osteocalcin and Phex. This downregulation was further confirmed by an alkaline phosphatase activity assay and by a siRNA inhibition approach. Altogether, this study demonstrates caspase-12 expression and points to its unknown physiological engagement in bone cells during the course of craniofacial development.
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INTRODUCTION

Caspases are evolutionary conserved proteases traditionally associated with apoptosis and inflammation (Van Opdenbosch and Lamkanfi, 2019). Recently, particular attention has been paid to their novel roles in other processes, such as differentiation, proliferation or autophagy (Shalini et al., 2015; Nakajima and Kuranaga, 2017; Tsapras and Nezis, 2017). The most common investigated caspases include apical proapoptotic caspase-8 and caspase-9, pro-inflammatory caspase-1, and the executive caspases-3 and -7, while others are rather neglected.

Caspase-12 is usually ranked as an inflammatory caspase (Bolívar et al., 2019), however, its exact effect remains unknown. Early studies have suggested the participation of caspase-12 in endoplasmic reticulum stress-induced apoptosis (Nakagawa et al., 2000; Shiraishi et al., 2006). Later, characterization of Casp12–/– deficient mice described a suppressive effect of caspase-12 on caspase-1, resulting in an enhanced vulnerability to sepsis (Saleh et al., 2006). Recently, these apoptotic or septic-related roles were not confirmed and its functions remain enigmatic (Salvamoser et al., 2019). Caspase-12 expression was previously described in several tissues (Nakagawa and Yuan, 2000; Kalai et al., 2003; Veselá and Matalová, 2015) in relation to development.

The mandibular bone develops from a mesenchymal condensation where osteoblasts differentiate directly from mesenchymal progenitor cells through an intramembranous process, as most craniofacial bones. In the mouse, a vascularized bone containing all three basic cell types (osteoblasts, osteocytes, osteoclasts) begins to form only 2 days after condensation is achieved. This short but critical period is accompanied by dynamic changes in expression of several specific genes as demonstrated recently for osteogenesis and vascularization synchrony (Veselá et al., 2019). Pilot data (presented here) pointed to a significant increase in caspase-12 expression within this period of mandibular bone development.

The purpose of this investigation was to develop this initial finding and to study caspase-12 in the context of mandibular development. The spatio-temporal analysis was performed to investigate caspase-12 expression pattern in forming mandible with a special focus on bone. Since caspase-12 was strongly present in osteoblasts and since a strong impact on osteoblastic differentiation was demonstrated after general inhibition of the caspases (Mogi and Togari, 2003; Kratochvílová et al., 2020), our aim was to determine whether caspase-12 participates in modulation of the osteogenic pathways.



MATERIALS AND METHODS


Samples

Mice (strain CD1) were purchased from the Laboratory Animal Breeding and Experimental Facility, Masaryk University Brno and kept in the facilities of the Institute of Animal Physiology and Genetics, Czech Academy of Sciences, Czech Republic. Mouse heads were taken as fresh post-mortem samples. Embryonic (E) and postnatal (P) stages E13, E15, E18, P1, and P12 were examined. For PCR Array, fresh mandibles at stages E13 and E15 were dissected and cut into 250 μm slices using a McIlwain tissue chopper as described previously (Minaříková et al., 2015). Seven mandibles were used as one biological sample. Tissue slices with region of interest (mandibular bone surrounding the first mouse molar) were selected and the mandibular bone was separated under a stereoscope. The samples were lysed by RLT buffer (Qiagen) for RNA isolation. For immunofluorescence, samples were fixed in 4% paraformaldehyde, dehydrated (ethanol series), treated with xylene, and embedded in paraffin.



Cell Cultures

A cell line of osteoblastic precursors, MC3T3-E1, was purchased from the European Collection of Cell Culture (ECACC 99072810) and differentiated for 21 days as described previously (Kratochvílová et al., 2020). Growth medium was composed of MEM Alpha (Gibco, United States), 10% fetal bovine serum (FBS), penicillin/streptomycin (1,000 U/ml, 100 μg/ml). Osteogenic differentiation was performed in the same medium containing β-glycerolphosphate (10 mM) and ascorbic acid (50 μg/ml). Medium was changed every second day. During differentiation process, cells were passaged on average once a week to avoid the deposition of thick layer of extracellular matrix which prevents efficiency of cell treatments. Cells differentiated in this way created and deposited cell matrix, expressed osteogenic markers at high levels and were prepared for caspase-12 downregulation. MC3T3-E1 cells were examined before differentiation and then every 7 days to measure levels of caspase-12 expression. After 3 weeks of differentiation, cells were seeded at a density of 5,000 cell/cm2. Caspase-12 Inhibitor Z-ATAD-FMK (FMK013, R&D Systems) was used for inhibition of caspase-12 proteolytic activity in cell culture. It was dissolved in DMSO, and applied at a final concentration of 100 μM as recommended by the manufacturer. The control group was treated with the same concentration of DMSO as used for the experimental samples to exclude any side effect of this solvent. Cells were harvested after 6 days of inhibition (protocols previously published e.g., in Kratochvílová et al., 2020) and prepared for RNA isolation, western blot, histological staining, and immunofluorescence.



RNA Isolation, PCR Arrays, Real-Time PCR

RNA was isolated by RNeasy Mini Kit (Qiagen), then mRNA was transcribed into cDNA using SuperScript VILO (Invitrogen). The Apoptosis PCR Array (PAMM-012Z, Qiagen) was used for analysis of gene expression in developing mandibular bone while the Osteogenesis PCR Array (Qiagen, PAMM-024Z) was used for analysis of osteogenic markers in MC3T3-E1 inhibited by caspase-12 inhibitor. The panel of housekeeping genes included: Actb, B2m, Gapdh, Gusb, and Hsp90ab1. The PCR Array format also included positive and negative controls. N = 3 in each group.

Real-time PCR was performed in 10 μl of a final reaction mixture containing the one-step GB Ideal PCR Master Mix (Generi Biotech). Alkaline phosphatase (Mouse Alpl, Mm00475834_m1), Osteocalcin (Mouse Bglap, Mm03413826_mH), Phex (Mouse Phex, Mm00448119_m1) and Dentin matrix protein 1 (Mouse Dmp1, Mm01208363_m1) expression was detected by using a TaqMan Gene Expression Assay (Thermo Fisher Scientific) with normalization based on actin levels (Mouse Actb, Mm02619580_g1).



Immunofluorescence

Frontal sections (5 μm) of mouse heads were used for immunofluorescent detection. Histological sections were de-paraffinized in xylene and rehydrated in a gradient series of ethanol, finishing in water. Sections were pre-treated in citrate buffer (98°C/10 min) for antigen retrieval and then incubated with primary Anti-Caspase-12 antibody (2202, Cell Signaling, Danvers, MA) overnight. For immunofluorescence, cells grown on glass were fixed, pre-treated with 0.1% triton and incubated with the primary antibodies for caspase-12 (see above) or osteocalcin (ab93876, Abcam). Primary antibodies were followed by incubation with secondary anti-rabbit antibody Alexa Fluor 488 (Thermo Fisher Scientific, United States) (1:200) for 40 min at RT. Nuclei were detected by ProLong Gold Antifade reagent with DAPI (Thermo Fisher Scientific, United States). For immunohistochemistry, mandibular slices were treated as described above. Incubation with primary antibodies: osteocalcin, caspase-12 and Runx2 (sc10758, Santa Cruz Biotechnology) was followed by treatment with the peroxidase-conjugated streptavidin-biotin system (Vectastain) and the chromogen substrate diaminobenzidine (DAB, K3466; Dako). Slides were counterstained with hematoxylin. Negative and positive controls for Caspase-12 primary antibody are included in Supplementary Figure 1.



Western Blot

MC3T3-E1 cells were harvested and lysed by boiling in sodium dodecyl sulfate (SDS)-loading buffer containing 0.1 M Tris (pH 6.8), 16% v/v glycerol, 3.2% w/v SDS, 10% v/v β-mercaptoethanol and 0.005% w/v bromophenol blue. Cell lysates were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted to polyvinylidene fluoride (PVDF) membrane (Millipore). The blot was probed with anti-Caspase-12 Antibody (2202, Cell Signaling) and developed with anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase (A4914, Sigma-Aldrich, St. Louis, MI) by standard procedure using Clarity Max Western ECL Substrate (Biorad).



siRNA Gene Silencing

Differentiated MC3T3-E1 cells were seeded at density 7,000 cells/cm2. Next day cells were transfected with 20 nM Silencer Select pre-designed siRNA Casp12 (ID: s63375, Catalog No. 4390771, Ambion) using Lipofectamine RNAiMAX Reagent (13778, Life Technologies) according to the producer’s instructions. Silencer Select Negative Control No. 1 siRNA (Catalog No. 4390843, Ambion) was used as a control. Cells were treated for 3 days; the medium with siRNA-Lipofectamine complexes was changed after 48 h of cultivation. N = 4 in each group.



Staining for Alkaline Phosphatase Activity

Fixed cells were stained with 300 μl of Fast blue mixture containing 4 mg of naphthol AS-TR phosphate disodium salt (Sigma, N6125) in 150 μl of N, N-dimethylformamide (Fluka, 40248) and 12 mg of Fast blue BB Salt hemi(zinc chloride) salt (Sigma, F3378) in 15 ml of 0.1 M Tris-HCl buffer (pH 9.6) for 10 min in the dark. N = 3 in each group.



Statistical Analysis

PCR Arrays data were statistically evaluated by Qiagen Gene Globe as recommended by the manufacturer (available on-line). Statistical significance was determined as P < 0.05, the threshold of fold regulation as ±2. Three biological replicates were evaluated in each group. Real-time PCR expression levels were calculated using the ΔΔCT method and results were analyzed using two-tailed t-test.



RESULTS


Caspase-12 Is Among Apoptosis-Related Genes Expressed During Mandibular Bone Development

To evaluate apoptosis-related gene expression during mouse mandibular bone development, apoptotic PCR Array was used. Among the 84 tested genes, 7 were significantly increased and 11 decreased more than 2-fold between prenatal stages E13 and E15 (Figure 1). The most prominent change in gene expression was detected for caspase-12 (11.4-fold upregulation, P < 0.001). Other significantly upregulated genes included caspase-1 (2.26, P = 0.0047) caspase-14 (3.83, P = 0.0484) Il10 (2.37, P = 0.0216), Tnfrsf11b (gene for osteoprotegerin; 2.03, P = 0.0062), Tnfsf10 (gene for Trail; 5.45, P < 0.001), and Trp73 (3.81, P = 0.0486) while Abl1 (−2.14, P = 0.003), Bcl2 (−3.4, P = 0.0034), Bcl2l10 (−3.46, P = 0.0403), Bid (−2.09, P = 0.0014), Birc5 (−2.03, P < 0.001), Cideb (−2.83, P = 0.0127) Dapk1 (−2.06, P = 0.003), Dffb (−2.5, P = 0.0174), Igf1r (−2.55, P = 0.0033), Tnfrsf10b (gene for DR5; −2.12, P = 0.0026), and Traf3 (−2.02, P = 0.0026) were significantly downregulated.
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FIGURE 1. Apoptosis-related gene expression in the developing mandible. Changes in expression of apoptosis-related genes in developing mandibular bone in the mouse. Analysis shows fold regulations (–2/+2 is used as the threshold) of gene expression between the prenatal/embryonic (E) days 13 and 15 detected by PCR Array. Statistically significant (P < 0.05) changes are displayed.




Caspase-12 Protein Is Present in Developing Mandibular Bone and Adjacent Structures

To ascertain the increase in Casp12 mRNA expression between stages E13 and E15, at the protein level and precise caspase-12 localization, immunofluorescent analyses were performed on the developing mandibular bone at the area surrounding the first molar. At E13, when the mandibular bone starts to develop, caspase-12 protein was observed in the condensed mesenchymal cells (Figure 2A). Moreover, caspase-12 was also detected in adjacent mandibular structures involving the Meckel’s cartilage (Figure 2B), oral epithelium (Figure 2C) and tooth epithelium (Figure 2D). At E15, the mandibular bone contained all three types of bone cells, osteoclast, osteoblasts and osteocytes, and formed calcified extracellular matrix. At this stage, caspase-12 was still expressed in the developing bone, especially by osteoblasts (Figure 2E). Expression of caspase-12 in Meckel’s cartilage was maintained but more pronounced than at E13 (Figure 2F). Oral and tooth epithelium were still positive, moreover some weak signal of caspase-12 was observed in dental pulp (Figures 2G,H). Next, prenatal stage E18 and postnatal stages P1 and P12 were examined to further delineate caspase-12 expression during the mineralized tissue development. At all these stages, caspase-12 was also detected in the mandibular bone, predominantly in osteoblasts (Figures 3A,C,E). In the tooth, caspase-12 was observed in differentiating ameloblasts and odontoblasts with the most evident signal around birth (Figures 3B,D,F).
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FIGURE 2. Caspase-12 protein in prenatal development. Immunofluorescence analysis of caspase-12 (green) in developing mandibular bone and adjacent structures of the lower jaw. Caspase-12 at the stage E13 was localized in the mandibular bone (A), Meckel’s cartilage (B), oral epithelium (C), and first lower molar (D). Caspase-12 positivity at the stage E15 was localized in the mandibular bone (E), Meckel’s cartilage (F), oral epithelium (G), and developing first lower molar (H). Scale bar: 100 μm, counterstained by DAPI (blue). Arrows point to osteoblasts. mb, mandibular bone; mc, Meckel’s cartilage; oe, oral epithelium; de, dental epithelium; oee, outer enamel epithelium; dmes, dental mesenchyme; iee, inner enamel epithelium; sr, stellate reticulum; pek, primary enamel knot.
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FIGURE 3. Caspase-12 protein in perinatal and postnatal development. Immunofluorescence analysis of caspase-12 (green) in mandibular bone and the first lower molar at perinatal stages (E18 and P1) and postnatal stage P12. Caspase-12 was localized in the mandibular bone, predominantly in osteoblasts (A,C,E) at all of these stages. In the developing tooth, caspase-12 was positive mainly in ameloblasts and odontoblasts (B,D,F). Scale bar: 100 μm, counterstained by DAPI (blue). White arrows point to osteoblasts, a red arrow points to osteoclasts. mb, mandibular bone; si, stratum intermedium; sr, stellate reticulum; dp, dental pulp; am, ameloblasts; od, odontoblasts.




Caspase-12 Is Abundantly Present in Osteoblasts

To confirm the presence of the caspase-12 protein in osteoblasts in vivo, serial sections of mandibular bone at stage E15 were used. Expression of caspase-12 (Figure 4A) overlapped with localization of the osteoblastic markers osteocalcin (Figure 4B) and Runx2 (Figure 4C). To get closer insight into caspase-12 function in osteoblasts, expression of caspase-12 was evaluated in MC3T3-E1, an osteoblast cell line derived from calvaria. Casp12 mRNA was expressed at a similar level, both in undifferentiated and MC3T3-E1 cells induced to differentiate toward an osteoblast phenotype (Figure 4D). Casp12 mRNA expression remained stable during all the course of the differentiation process (data not shown). Western blot analysis revealed the presence of both the full length (55 kDa) and cleaved (42 kDa) forms of the caspase-12 protein in MC3T3-E1 cells (Figure 4E). The amount of non-cleaved full length form increased after treatment with caspase-12 inhibitor. Furthermore, caspase-12 protein presence in MC3T3-E1 cells was confirmed by immunofluorescence analysis (Figure 4F).
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FIGURE 4. Expression of caspase-12 in osteoblasts. Comparison of serial sections of the mouse mandibular bone at the prenatal/embryonic (E) day 15 showing co-localization of caspase-12 (A) with osteoblastic markers osteocalcin (B) and Runx2 (C) within the bone. Positive cells are brown, counterstained by hematoxylin (blue). Arrows point to cells in the same region. Scale bar: 50 μm. Expression of caspase-12 in undifferentiated and differentiated MC3T3-E1 cells (D) showing stable expression of Casp12 after 21 days of differentiation. Western blot analysis (E) and immunofluorescence (F) confirmed the presence of caspase-12 protein in MC3T3-E1. E: 55 kDa-full length caspase-12, 42 kDa-cleaved caspase-12, DMSO: caspase-12 forms after DMSO treatment, C12 INH: caspase-12 forms after specific inhibitor treatment. F: Caspase-12 in green, DAPI in blue. Scale bar: 100 μm.




Osteoblastic Markers Are Downregulated After Caspase-12 Inhibition

As caspase-12 is produced by osteoblastic cells, its possible role was explored through inhibition studies. Differentiated MC3T3-E1 were treated for 6 days with the caspase-12 Inhibitor Z-ATAD-FMK and an Osteogenic PCR Array was performed. Analysis revealed a statistically significant downregulation in expression of 3 important osteogenic genes (Figure 5A1): Alpl (alkaline phosphatase) was decreased more than 3-times, Bglap (osteocalcin) decreased more than 2.5-times and expression of Phex (Phosphate-regulating neutral endopeptidase, X-linked) decreased more than 2-times. Downregulation of these genes was further confirmed by real-time PCR. Alpl expression (Figure 5B) decreased to 37% compared to control (P < 0.001), Bglap expression (Figure 5C) decreased to 39% (P = 0.0047) and Phex expression (Figure 5D) decreased to 54% (P = 0.0196) of the normal value. Only one upregulated gene (Col2a1, 3.32-times increased, P < 0.001) was detected after caspase-12 inhibition (A2). The whole osteogenic panel showing gene expression in individual samples is presented in a heatmap (Supplementary Figure 2) At the protein level, a weaker staining for alkaline phosphatase activity and osteocalcin immunofluorescence were observed in caspase-12 inhibited samples as compared to the controls (respectively, Figures 5E–H).
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FIGURE 5. Inhibition of caspase-12 in MC3T3-E1 cells. Changes in gene expression of osteogenesis-related genes (A1,2) in differentiated MC3T3-E1 cells after inhibition of caspase-12 by the specific inhibitor Z-ATAD-FMK, and DMSO-treated cells used as a control. Analysis shows fold regulations (–2/+2 is used as the threshold) of gene expression, statistically significant (P < 0.05) changes are displayed. Real-time PCR confirmed statistically significant decrease of Alpl (B), Bglap (C), and Phex (D) in inhibited MC3T3-E1. Results are presented as means ± standard deviations and were analyzed using two-tailed t-test. Staining for activation of alkaline phosphatase (blue) in MC3T3-E1 cells after caspase-12 inhibition (E) compared to control (F). Immunofluorescence staining of osteocalcin expression (green) in differentiated MC3T3-E1 after inhibition of caspase-12 (G) compared to control (H). Scale bar: 100 μm, counterstained by DAPI (blue).




Osteoblastic Markers Are Downregulated After Casp12 Gene Silencing

To further confirm the involvement of caspase-12 in the regulation of gene expression of the above mentioned genes, a Casp12 gene silencing approach was performed. Silencing was efficient since 3 days after transfection of differentiated MC3T3-E1 cells with a specific siRNA, Casp12 gene expression (Figure 6A) decreased to 14% compared to control (P < 0.001). This efficient silencing was confirmed at the protein level (Figures 6B,C). Similarly, as observed with the caspase-12 inhibitor, expression of Alpl (Figure 6D), Bglap (Figure 6E), and Phex (Figure 6F) were significantly downregulated. Alpl decreased to 37% (P = 0.0011), Bglap to 48% (P < 0.001), and Phex to 23% (P < 0.001). In addition, a temporal silencing effect of Casp12 siRNA, on Bglap gene expression was shown (Supplementary Figure 3). To further support the hypothesis on a novel role of caspase-12 in mineralization, expression of Dmp1, a critical marker for bone and dentin mineralization, not included in the osteogenic array, was analyzed. Expression of Dmp1 dropped to 1% (P < 0.001) after Casp12 gene silencing (Figure 6G).
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FIGURE 6. Gene silencing of Casp12 in MC3T3-E1. Gene silencing of Casp12 in MC3T3-E1 cells using specific siRNA showed statistically significant reduction of Casp12 expression (A). Real-time PCR confirmed statistically significant decrease in expression of Alpl (D), Bglap (E), Phex (F), and Dmp1 (G) after Casp12 silencing. Results are presented as means ± standard deviations and were analyzed using two-tailed t-test. Immunofluorescence detection of caspase-12 (green) protein in MC3T3-E1 after Casp12 gene silencing (B) compared to control (C), DAPI in blue.




DISCUSSION

Caspase-12 is a cysteine protease with yet unclear roles supported by often conflicting results. So far, caspase-12 protein was detected in some organs including heart, lungs, nose and hair follicles (Kalai et al., 2003; Veselá and Matalová, 2015). Several caspases were previously reported also in craniofacial bones (Svandova et al., 2018) but caspase-12 was investigated in this context for the first time. The initial examination related to mandibular bone and based on mRNA expression was focused on the period when the bone initially forms from the original mesenchymal condensation. This is essential also for further tooth-bone interactions heading for a dynamic anchorage of the tooth within the jaw in the context of functional dentition. Therefore, the spatio-temporal caspase-12 analysis was focused on the bone but also on the adjacent tooth developing in synchrony.

Since the strongest expression of caspase-12 in bone was identified within osteoblasts, further analysis was focused on this cell population. Caspase-12 was expressed in osteocalcin and Runx2-positive cells in vivo and both forms, full length procaspase-12 and cleaved active caspase-12, were identified in MC3T3-E1 cells. This osteoblastic cell line has a calvarial origin and is a valuable in vitro model for craniofacial bone research (Sudo et al., 1983). So far, caspase-12 expression in osteoblasts was considered mostly in the context of cell death and pathological conditions. For example, increased activation of caspase-12 was associated with endoplasmic reticulum stress and osteoblast apoptosis caused by fluorosis (Liu et al., 2015). In the present investigation, caspase-12 was observed in osteoblastic cells without a link to apoptosis, therefore other roles of this protease should be considered in the forming bone.

To tackle the question of these possible novel roles of caspase-12 in osteoblasts, functional experiments at the mRNA as well as protein levels were performed using the MC3T3-E1 cells. Notably, pharmacological inhibition of caspase-12 protein caused a significant downregulation of expression of the essential osteoblastic genes Alpl, Bglap and Phex. A similar decrease was previously observed following a general caspase inhibition in MC3T3-E1 cells (Kratochvílová et al., 2020). Therefore, caspase-12 is likely to be at least one of the major contributors to this modulatory effect within the osteogenic pathways. To further support our findings and exclude any non-specificity of the Z-ATAD-FMK inhibitor (Roy et al., 2008), Casp12 gene silencing, using a specific siRNA, was performed and the significant decrease in all three genes was confirmed.

Despite running attempts to understand the mechanism of the caspase-12 effect in development and homeostasis, little information is yet available (Salvamoser et al., 2019). One of the proposed mechanisms of caspase-12 functions was the recruitment of caspase-1 from its activation complexes and thus negative regulation of the inflammasome, but this function was not confirmed (Saleh et al., 2006; Vande Walle et al., 2016). Notably, in our original PCR Array based panel of pro-apoptotic molecules, caspase-1 expression was elevated along with caspase-12 which suggests an involvement of both caspases. Up to now, interactions between caspase-1 and caspase-12 at the protein level were essentially observed in inflammatory processes (Roy et al., 2008).

One of the caspases known to activate caspase-12 is caspase-7 (Rao et al., 2001). It is also expressed during craniofacial development, particularly in the mandibular bone where its lack causes a significant decrease in adult bone volume (Svandova et al., 2014). So far, caspase-7 and caspase-12 interplay was shown as an important step during neuronal death (De La Cadena et al., 2014). Their co-localization within mandibular osteoblasts raises the possibility that caspase 7 could also participate in the non-apoptotic functions of caspase-12 within the bone.

Due to yet undefined roles and mechanisms related to caspase-12, the position of this caspase within the caspase networks is not yet understood. Based on our findings demonstrating a reduction of alkaline phosphatase activity upon caspase-12 inhibition/silencing and on earlier published data reporting a similar effect after inhibition of caspase-2, −3, and −8 (Mogi and Togari, 2003), caspase-12 could therefore be involved in the same caspase cascade.

Adding to the complexity, inter-species differences in caspase-12 functions are expected based on structural findings and activation processing of this caspase (Roy et al., 2008). Indeed, in humans, most people express a truncated form of caspase-12 lacking the catalytic domain and only about 20% of African descent people express the full length protease known to be a risk factor for developing sepsis (Saleh et al., 2004). In contrast in mice, the full length form is always expressed and can thus undergo proteolytic cleavage (Kalai et al., 2003). Until now, caspase-12 substrates have not been fully defined (Van Opdenbosch and Lamkanfi, 2019). One suggested option is caspase-12 autoprocessing (Roy et al., 2008), which is supported by increased amount of full length protein after caspase-12 inhibition observed also in our study.

Despite the complicated understanding of caspase-12 action mechanisms, the present investigation showed a clear-cut effect of its modulation on expression of important osteogenic genes necessary for proper osteogenic regulation. Caspase-12 deficient bone phenotype has not yet been analyzed but alkaline phosphatase deficiency in mice causes hypophosphatasia and impaired mineralization of bone and cartilage (Fedde et al., 1999), osteocalcin-deficient mice develop higher bone mass phenotype with bone defects (Ducy et al., 1996) and Phex mutation is associated with X-linked dominant hypophosphatemic rickets involving impaired bone mineralization (Francis et al., 1997). Therefore, all three caspase-12 regulated markers, alkaline phosphatase, osteocalcin and Phex are molecules associated with the regulation of bone mineralization. In accordance with these data, expression of Dmp1, another important factor in bone mineralization (Lorenz-Depiereux et al., 2006), was affected by Casp12 gene silencing. This finding points to novel functions of caspase-12 in osteoblast differentiation. This conclusion would be in agreement with the latest data coming from analysis of caspase-1/-11/-12 triple mutant mice which did not reveal any critical functions of caspase-12 in apoptosis or inflammatory response (Salvamoser et al., 2019) and other functions thus become highly probable. The present investigation is therefore the first indication of such a novel function in craniofacial bone formation. Further studies should help to unravel the complex interactions between caspase-12 and its partners and understand its apoptosis-independent functions.
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The epithelial and mesenchymal cells involved in early embryonic facial development are guided by complex regulatory mechanisms. Any factor perturbing the growth, approach and fusion of the frontonasal and maxillary processes could result in orofacial clefts that represent the most common craniofacial malformations in humans. The rarest and, probably for this reason, the least studied form of cleft involves only the secondary palate, which is posterior to the incisive foramen. The etiology of cleft palate only is multifactorial and involves both genetic and environmental risk factors. The intention of this review is to give the reader an overview of the efforts made by researchers to shed light on the underlying causes of this birth defect. Most of the scientific papers suggesting potential environmental and genetic causes of non-syndromic cleft palate are summarized in this review, including genome-wide association and gene–environment interaction studies.
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INTRODUCTION

Orofacial clefts are the most common orofacial malformations in humans and include cleft lip (CL), cleft lip with or without cleft palate (CL/P), and cleft palate only (CPO). CPO (MIM 119540) is a birth defect that occurs when only the secondary palate is involved and can affect the hard palate and/or the soft palate, sometimes limited to one cleft uvula. It represents one third of all oral clefts and affects about 1 to 25 per 10.000 newborns worldwide (Mossey et al., 2009). The incidence of CPO is highly influenced by ethnicity and race, with the highest rates observed in non-Hispanic Whites and the lowest in Africans (Mossey and Modell, 2012). Besides, females are more prone to the defect than males (1:1.075) (Mossey and Catilla, 2003).

Cleft palate only is a multifactorial disorder influenced by both genetic and environmental factors that act during palatogenesis (Meng et al., 2009; Dixon et al., 2011). Moreover, the local changes in growth factors, extracellular matrix (ECM), and cell adhesion molecules may also play a part in CPO onset. A variety of signaling pathways are involved in palate development and several mutations on developmental genes that have been found to contribute to CPO will be discussed.

Furthermore, the environmental contribution to CPO by tobacco, alcohol and multivitamin supplementation has been highlighted by epidemiological studies hereinafter detailed.


Classification

Cleft lip with or without cleft palate and CPO are considered as different congenital malformations, having distinct embryologic origins and recurrence risks. Hence, CPO refers to any cleft of the palate which is posterior to the palatine foramen, and which does not involve the alveolar process or lip. A number of different classifications have been proposed since Veau’s version in 1931 (Veau, 1931; Danescu et al., 2015). In Figure 1, a collection of different types of CPO, including the recently introduced submucous microform (Danescu et al., 2015).
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FIGURE 1. Subtypes of cleft palate only. Each sketch illustrates the alveolar process and the palatal rim. (A) Normal palate. (B) Cleft of the hard palate. (C) Cleft of the soft palate. (D) Cleft of the hard and soft palate. (E) Cleft uvula. (F) Submucous cleft palate.


Another kind of classification divides CPO into two major groups: (i) isolated CPO or non-syndromic CPO (NSCPO), when clefting is an isolated defect unassociated with any other additional anomalies, representing 54.8% of the total CPO cases; (ii) syndromic CPO, when clefting is associated with other anomalies in a recognizable (27.2%), or unrecognizable syndrome (18%) (Calzolari et al., 2004).

Although the presence of an evident pattern of anomalies makes the diagnosis easier, some features may not be fully expressed or could represent subclinical phenotypes more difficult to diagnose. Most frequently, the defects associated with CPO affect the heart (31.1%), the encephalon (hydrocephaly 11.2%), the urinary tract (9.7%), or digits (polydactyly 9.2%) (Mossey and Catilla, 2003). The number of syndromes involving cleft palate, among orofacial clefts, is subject to progressive implementation but already in 1978 it was quoted as 77 (Cohen, 1978).

The most common syndromes in which cleft palate deformity represents one of the features are: Apert Syndrome, Crouzon Syndrome, DiGeorge Syndrome, Loeys-Dietz Syndrome, Treacher Collins Syndrome, X-linked cleft palate Syndrome, Ankyloglossia, Bamforth-Lazarus Syndrome1. An exhaustive overview of the syndromes that count cleft palate among their features, as well as the responsible genes, can be found in a paper by Burg et al. (2016).



Palatogenesis

The human palate separates the nasal and oral cavities and consists of a bony hard palate (the anterior two thirds) and a fibromuscular soft palate (the posterior one third). The incisive foramen divides the hard palate into primary and secondary portions. The secondary portion separates the nasal passage from the pharynx and is marked by a median palatine raphe. The soft palate, or velum, is a mobile muscular fold forming a curtain posterior to the hard palate, ending with a conical mass called the uvula. The soft palate separates the nasopharynx from the oropharynx.

Palatal development takes place between the fifth and twelfth embryonic weeks, with the most critical period occurring during the sixth to ninth weeks (Merritt, 2005), when the lateral palatine processes fuse, after the fusion of the secondary palate to the primary palate with a junction marked by the incisive foramen. The palate body is composed by mesenchymal cells, mainly derived from migrating neural crest cells, layered by epithelial cells that surround the mesenchyme (Ito et al., 2003). The correct growth, migration, transition, differentiation, and apoptosis of these cells form the basis of a regular development of the palate. Palatal shelves, initially grown in a vertical position, have to rotate from the sides to the top of the tongue in order to acquire a horizontal position. Then, shelves approach and fuse with each other in an antero-posterior direction in the transient midline epithelial seam (Ferguson, 1988; Meng et al., 2009).

Conceivably, there are several molecular, mechanical and morphological steps, including the key step of epithelial to mesenchymal transition, involved in the orchestra of palate development which could go wrong (Diewert and Lozanoff, 2002). Clefting of the secondary palate may then arise in any one of these critical steps, and may be caused by failure in growth, elevation, adhesion or fusion of the palatal shelves.



Epidemiology

Cleft palate affects newborns with a world prevalence of about 3.1/10,000, which significantly varies depending on the geographical location. According to the Global Burden of Disease (GBD) study, the highest rates of CPO are found in the Oceanic continent, and the lowest in Sub-Saharan Africa, with overall values ranging from 0.4 to 11.3 every 10,000 births (Mossey and Modell, 2012). Nevertheless, there are very few epidemiological studies about OFC in African populations and estimated values of CPO incidence may not be accurate. Moreover, even inside the same continent, CPO prevalence values vary among different geographical areas, as in Europe. In fact, according to the EUROCAT registries Finland and Malta show the highest rates while Portugal and Romania the lowest, with more than three-times difference in rates (EUROCAT).

Besides geographical differences, there is also a disparity in the CPO incidence between genders. In fact, while for isolated CL/P cases the sex ratio was estimated at 1.81 (95% CI, 1.75–1.86), isolated CPO counts more females than males, with a sex ratio of 0.93 (95% CI, 0.89–0.96) in the world (Mossey and Catilla, 2003) and reported as 0.78 in Europe (Calzolari et al., 2004). This discrepancy is probably due to the delay of 1 week in the fusion of the palatal shelves in female embryos compared to males (Burdi and Faist, 1967). Possibly, in this period of time the morphogenesis could be more influenced by teratogens, thus justifying the higher CPO rate in girls.



ETIOLOGY


Environmental Factors

The complex etiology of NSCPO can be explained, beside genetic factors, by the intervention of unmodifiable (e.g., race/ethnicity, sex, family history of clefts) and modifiable factors, acting in the period from 1 month before through 2 months after conception. Fundamentally, maternal factors such as health/disease status, lifestyle, medication, exposure to environmental teratogens can affect/influence the intrauterine environment, more heavily during embryo development, and have been the topic of a number of studies looking at their association with NSCPO risk.

Surprisingly, it is the older age of the father that has been reported to increase the risk of NSCPO in the offspring, rather than that of the mother (Savitz et al., 1991; Bille et al., 2005) as confirmed by a meta-analysis (Herkrath et al., 2012).

Among the maternal behavioral factors, alcohol consumption during the first trimester of pregnancy has been suggested to have a correlation with oral cleft onset (Romitti et al., 2007; DeRoo et al., 2008). However, there are few evidences supporting a role in the CP etiology (DeRoo et al., 2008; Sabbagh et al., 2015). A recent meta-analysis (Yin et al., 2019) concluded that there is no evidence of a correlation between moderate periconceptional alcohol consumption and the risk of both non-syndromic CL/P and CP in infants. However, authors suggest that the potential risk of binge-drinking cannot be excluded, because of the heterogeneity of the threshold level for alcohol consumption in the different investigations and of the limited sample sizes of heavy drinker mother cohorts.

Also maternal tobacco smoking has been deeply investigated as an NSCPO risk factor. The studies were recently considered in two meta-analyses, which concluded by supporting a role for both maternal tobacco smoking (Little et al., 2004) and passive smoking (Sabbagh et al., 2015) in NSCPO etiology. Nevertheless, it should be taken into account that the results of meta-analyses could be biased because the sample size, ethnicity, and consumption levels vary widely from one study to another. Moreover, the alcohol and tobacco teratogenic dose-response effect is still a matter of debate.

A recent study examined the effect of maternal exposure to water disinfection by-products (DBP), a heterogeneous group of compounds that can originate from a combination of chemical disinfectants (e.g., chlorine, chloramine) and organic matter present in water (Kaufman et al., 2018). Studying the association between DBP and the risk of craniofacial malformation, the authors obtained evidence that some DBPs (specifically: DBP9, HAA5, trichloroacetic acid, and dichloroacetic acid) can increase the risk of NSCPO. Similarly, a previous study suggested an increased risk of NSCPO as a result of maternal exposure to total trihalomethanes, but at lower ranges than those of the above-mentioned work (Hwang et al., 2008). Moreover, nitrate intake from drinking water was seen to increase the risk of NSCPO in a large cohort study (OR, 1.9; 95% CI, 1.17–3.09) (Brender et al., 2013).

Since the nutritional status of the embryo is fully dependent on maternal food intake and metabolism, unbalanced maternal nutrition during the first trimester of pregnancy can lead to birth defects. Several essential micronutrients, substances that cannot be synthesized by our body in sufficient amount, are needed for health maintenance, pregnancy progression and normal embryonic development. In case of maternal nutrition deficiencies, supplementation during pregnancy is strongly advised. It is commonly accepted that folic acid-fortified multivitamin supplementation before conception and continuing through the first trimester reduces the overall occurrence of several congenital anomalies. However, only few systematic reviews or meta-analyses regarding orofacial clefts have been conducted and findings on cleft palate are inconclusive. A systematic review analyzed data from five clinical trials in order to evaluate if supplementation with folic acid, alone or in combination with vitamins and minerals, can prevent the occurrence of neural tube defects (NTD) and other birth defects. No evidence of any preventive or negative effects on cleft palate by periconceptional oral folate supplementation was detected (RR, 0.73; 95% CI, 0.05–10.89) (De-Regil et al., 2015). A reduced risk of NSCPO resulted in a meta-analysis of case–control studies for mothers who took multivitamin supplementation starting from before pregnancy (OR, 0.76; 95% CI, 0.62–0.93) (Ingrid Goh et al., 2006). An observational study reported that after food grain fortification with folic acid, the prevalence of NSCPO in United States had a significant 12% reduction (Canfield et al., 2005). On the other hand, Sutton et al. (2011) measured levels of red cell folate (RCF), vitamin B12 and homocysteine (tHcy) in the blood of women who were pregnant with a malformed baby at a time when multivitamin supplementation or food fortification was still rare. They found that the level of B12, which plays a critical role in folate metabolism, was surprisingly higher in mothers expecting a baby with cleft palate than in mothers of unmalformed offspring, with no differences in levels of RCF and tHcy (Sutton et al., 2011).

Retinoic acid (RA), a derivate of Vitamin A, is an important regulator of processes that occur during embryogenesis, such as proliferation, differentiation, and apoptosis (Finnell et al., 2004). Only few epidemiological studies on human maternal intake of Vitamin A are available (Ackermans et al., 2011). Nevertheless, an excess of Vitamin A is considered teratogenic, causing congenital malformations, including cleft palate. On the other hand, Johansen et al. (2008) evidenced a substantial protective association between high (1.91–9.64 mg) maternal intake of Vitamin A and risk of NSCPO (adjusted OR [aOR], 0.47; 95% CI, 0.24–0.94), indicating that a deficit of Vitamin A is also to be considered a risk factor for NSCPO. The need for maternal zinc supplementation during pregnancy is still an unresolved issue with conflicting results from observational data. Higher maternal plasma zinc concentration was seen to be protective against NSCPO in a sample study of Filipino women (Tamura et al., 2005), whereas the same authors did not confirm the association in a sample study from Utah (Munger et al., 2009), probably attributable to the fact that zinc status in US mothers is not compromised to a certain severity as commonly seen in the Philippines.

Medicament intake during the periconceptional/first trimester period has long been generally ascertained to be correlated with an increased risk of adverse maternal outcomes. On the spectrum of congenital anomalies considered, cleft palate showed a significant increase in odd ratio with several treatments, including the use of inhaled β2-agonists as a medical treatment for asthma (OR, 1.63; 95% CI, 1.05–2.52) (Garne et al., 2015); use of valproic acid (OR, 5.8; 95% CI, 3.3–9.5) and carbamazepine (OR, 2.4; 95% CI, 1.1–4.5) as antiepileptic drugs (in the United States) (Gilboa et al., 2011); use of aspirin as analgesic (OR, 1.7; 95% CI, 1.0–2.9) (Hernandez et al., 2012); use of corticosteroids (OR, 5.3; 95% CI, 1.1–26.5) (Carmichael and Shaw, 1999); use of ondansetron to treat hyperemesis gravidarum (RR, 1.29; 95% CI, 1.00–1.65) (Huybrechts et al., 2018); and the use of nitrosatable amides as anti-infectives (aOR, 1.27, 95% CI, 1.00–1.62) (Brender et al., 2012).

Maternal sickness could influence the pregnancy outcome, as hypothesized for influenza, common cold and cystitis by Metneki et al. (2005). These authors highlighted the teratogenic effect of hyperthermia, which was confirmed the following year by Acs et al. (2006), who reported that the fever associated with acute respiratory infections seemed to increase the risk for posterior cleft palate in their Hungarian sample study. In 2020, in a Caucasian population-based case–control study with 751 NSCPO cases, again by Acs et al. (2020), analyzed the role of maternal diseases in the increased risk for developing NSCPO. Specifically, the authors evidenced significantly altered odd ratios for CP when mothers where affected by acute inflammatory diseases such as: influenza (OR, 1.8; 95% CI, 1.3–2.5), acute upper respiratory infections (OR, 2.5; 95% CI, 1.9–3.1), acute lower respiratory infections (OR, 2.4; 95% CI, 1.4–4.2), urogenital infections (OR, 2.0; 95% CI, 1.4–2.8), and unspecified high temperature (OR, 8.1; 95% CI, 2.9–22.6). Besides, they found a strong association with herpes simplex infection (OR, 14.8; CI, 5.7–38.5). The association between chronic maternal diseases and an increased risk for NSCPO in the offspring was observed for: Graves’ disease (OR, 4.3; 95% CI, 1.7–10.6), epilepsy (OR, 4.6; 95% CI, 2.4–8.8), migraine (OR, 2.8; 95% CI, 1.2–6.8), essential hypertension (OR, 1.7; 95% CI, 1.2–2.4) and neuro-musculoskeletal pain syndromes. However, these findings have to be considered along with the teratogenic effect of medicament assumption to alleviate the symptoms of such conditions (Acs et al., 2020). According to Acs et al. (2020) the significantly higher risk observed for anemic mothers to have an NSCPO child (OR, 1.84; 95% CI, 1.25–2.71) could be a consequence of embryonic hypoxia during the critical morphogenetic period.

A meta-analysis carried out to assess the association between maternal obesity and congenital anomalies, evidenced a barely but significantly increased risk of cleft palate (Stothard et al., 2009), a datum that was later confirmed by Block et al. (2013).

Gestational diabetes mellitus has been associated with an increased risk of cleft palate in the offspring (OR, 1.54; 95% CI, 1.01–2.37) of women with a pre-pregnancy BMI ≥ 25 kg/m2, but the authors stress the need to consider the possibility of undiagnosed type 2 diabetes mellitus and the subsequent hyperglycemia as a real cause of the embryo malformation (Correa et al., 2008). With regard to pregestational diabetes, a very large population-based birth defect case–control study, carried out this year in the United States, evidenced an association with cleft palate alone (OR, 4.3; 95% CI, 2.9–6.5), while a smaller increased risk was observed in association with gestational diabetes (OR, 1.4; 95% CI, 1.1–1.8) (Tinker et al., 2020).



Genetic Factors

Increased recurrence risk in relatives indicates a high level of heritability for NSCPO (Grosen et al., 2010). Hence, the evidence of a genetic component in the etiology of this birth defect and the challenge taken up by researchers to obtain a better understanding of the NSCPO molecular bases.

During secondary palate formation, the palatal shelves grow, approach and fuse. The cells need to activate a series of biological mechanisms, including cell migration, epithelial–mesenchymal transition, and apoptosis, necessary to remove epithelial cells from the palatal epithelia medial edge, leading to the continuity of the mesenchyme and to palatal formation. For this reason, it has been hypothesized that many genes that code for proteins involved in the formation of cytoskeleton filaments, for cell adhesion molecules, or for ECM components, may contribute, if altered, to the clefted palate phenotype (Gibbins et al., 1999; Tudela et al., 2002). Here, we browse through the association studies on genes involved in mechanisms crucial for palatal development (Table 1).


TABLE 1. Published association studies between gene polymorphisms and NSCPO.
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Cell–Cell Adhesion

The epithelial adhesion molecule cadherin (CDH1) participates actively in the epithelial–mesenchymal transition, the developmental step when the epithelial cells at the palatal midline disappear, allowing mesenchymal continuity and palatal fusion. Alterations in the CDH1 gene contribute to the complex events that drive orofacial cleft, as demonstrated for the onset of non-syndromic cleft lip with or without cleft palate (NSCL/P) (Letra et al., 2009). Some studies have recently hypothesized that this gene may also represent a risk factor for NSCPO (Song and Zhang, 2011; Rafighdoost et al., 2013; Song et al., 2017).

Another gene involved in cell adhesion and motility that is crucial for craniofacial development is CRISPLD2. It contains an LCCL domain, common to other proteins involved in cellular migration (Chiquet et al., 2007). CRISPLD2 product has also been shown to be important for normal migration and differentiation of neural crest cells during early palate formation (Swindell et al., 2015). A significant association between allelic variants at rs1546124 and rs4783099 in the CRISPLD2 gene and the risk for NSCPO, has been reported in case–control studies (Shen et al., 2011; Gowans et al., 2016; Messetti et al., 2017).

One of the genes that participate in the signaling mechanism required for normal palate development is JAG2, which encodes a ligand for Notch family transmembrane receptors. JAG2 and NOTCH1 are spatio-temporally activated in the oral epithelia during palate development for the correct cell adhesion of the elevated palatal shelves, preventing their premature adhesion to other oral tissues (Casey et al., 2006). Nevertheless, only few studies investigated a possible involvement of JAG2 in the onset of NSCPO, with controversial results. JAG2 collaborates with IRF6 on the same molecular pathway during oral epithelial differentiation. This coordination is essential for the control of palatal adhesion and fusion competence (Richardson et al., 2009). IRF6 plays an important role in the formation and maintenance of the oral periderm, the spatiotemporal regulation of which is essential to ensure appropriate palatal adhesion (Richardson et al., 2009). Mutations in IRF6 cause two common forms of syndromic cleft, known as Van der Woude Syndrome (VWS) and popliteal pterygium syndrome (Kondo et al., 2002). The crucial role of IRF6 in the genesis of NSCL/P has been widely demonstrated in several studies. Zucchero et al. (2004), in a vast NSCL/P sample study from different countries, first demonstrated that genetic variants in IRF6, underlying VWS, might also be involved in the etiology of isolated clefts. However, although a strong association between genetic variants at IRF6 and NSCL/P risk was successively confirmed by independent studies (Blanton et al., 2005; Ghassibe et al., 2005; Scapoli et al., 2005; Srichomthong et al., 2005), the existing results regarding NSCPO are contradictory (Table 1). This could be due to the low power of the studies because of small sample sizes, but also to the widely demonstrated different etiology of NSCPO with respect to NSCL/P.

A number of scientific evidences suggest that FOXE1 is one of the most consistent genetic factors in the NSCPO etiology. Mutations of FOXE1 cause Bamforth-Lazarus, a recessive syndrome characterized by cleft palate and congenital hypothyroidism (Castanet et al., 2002). Mice lacking Foxe1 express a similar phenotype (De Felice et al., 1998). The FOXE1 is a transcription factor expressed in the shelf epithelium of the secondary palate during the fusion and regulates both MSX1 and TGFB3, which are required for proper palate formation (Venza et al., 2011). Various studies reported a strong association between FOXE1 and both NSCL/P or NSCPO (Moreno et al., 2009; Nikopensius et al., 2011; Lammer et al., 2016). No common missense mutations in FOXE1 can explain the association signal evidenced by different authors, suggesting the hypothesis of a common variant in a regulatory region (Lidral et al., 2015). Sequence analysis identified a novel non-coding polymorphism c.-1204C>G in the promoter of FOXE1 in 11 Italian NSCPOs (Venza et al., 2009), while Srichomthong et al. (2013) identified five non-synonymous mutations, none of which was present in the control population.

In craniofacial development, TGFA is expressed during the fusion of the palatine shelves at the level of the medial edge epithelium. Evidence of the involvement of TGFA in NSCPO etiology was found by several authors investigating different populations, but not by others, as detailed in Table 1.



Cell Proliferation

TCOF1 actively participates in the formation of neural crests. Alterations of this gene cause development anomalies that lead to craniofacial malformations (Dixon et al., 2006). Indeed, TCOF1 is a causative gene for Treacher Collins syndrome, characterized by hypoplasia of the facial bones, cleft palate, and middle and external ear defects. Sull et al. (2008) identified the SNP rs15251 variant as a possible risk factor for NSCPO.

The homeobox gene MSX1 actively participates in cell proliferation, differentiation, and apoptosis, all crucial processes for normal embryonic development. This gene plays a critical role in the epithelial–mesenchymal interaction during the formation of craniofacial bones (Satokata and Maas, 1994). Many studies on animal models have amply demonstrated MSX1 involvement in palatal, facial and dental development (Satokata and Maas, 1994; Jumlongras et al., 2001). Genetic studies conducted on humans have ascertained a specific role for MSX1 in the orofacial cleft (Jezewski et al., 2003; Modesto et al., 2006; Tasanarong et al., 2019). However, the association studies specifically dedicated to NSCPO cohorts obtained conflicting evidence, possibly due to the small sample sizes and the different ethnic groups considered (Table 1). A recent meta-analysis performed by Gu et al. (2018) of investigations published till 2017, indicated the SNP rs12532, able to affect mRNA expression and stability of MSX1, as a possible risk factor for NSCPO but not for NSCL/P.

TBX22 encodes a transcription factor important for the mesenchymal proliferation and elevation of palatal shelves before their fusion. Its normal expression is related to a correct development of the palate, while TBX22 mutations cause the hereditary X-linked disorder, cleft palate with ankyloglossia (CPX, OMIM 303400) (Marcano et al., 2004; Stanier and Moore, 2004). Marcano et al. (2004) screened for TBX22 mutations in 238 NSCPOs from the Philippines, North America, and Brazil, and found 15 different variants: five mutations affecting the coding region, as well as several putative splice site mutations. Suphapeetiporn et al. (2007) by sequencing the TBX22 gene in 53 NSCPO cases in the Thai population, found three missense mutations and a deletion in four affected individuals. Fu et al. (2015) reported a functional -73G>A mutation in the promoter of TBX22, in all five affected males of a six-generation Chinese family of NSCPO (Fu et al., 2015). Both TBX22 and MSX1 are post-translationally modified by SUMO1, a regulating factor that participates in the modulation of many other genes, with evidence of a role in human oral clefts (Dobreva et al., 2003; Ghioni et al., 2005; Lee et al., 2006; Andreou et al., 2007).

Shi et al. (2009) identified a de novo deletion on chromosome 2 in a Danish child affected by NSCPO. The estimated size of the deletion is 124.2 kb and contains SUMO1 (Shi et al., 2009). In a large Irish study population composed by 383 NSCPO patients, the SNP rs3769817 located in SUMO1 intron 2 was associated with an increased risk for cleft palate (Carter et al., 2010).

The PAX transcription factors are critical for neural crest induction (Monsoro-Burq, 2015). In particular, Pax7 regulates the cell cycle of embryonic stem cells and mouse embryonic fibroblasts (Czerwinska et al., 2016). The intronic rs742071 PAX7 polymorphism, previously proposed as a risk factor for NSCL/P (Ludwig et al., 2012), was also found significantly associated with NSCPO in a family-based association study carried out with 266 European triads (Bohmer et al., 2013). The association with NSCPO was then confirmed in the Chinese and sub-Saharan African populations (Duan et al., 2017; Butali et al., 2019).

Another transcriptional factor widely involved in the processes of closure of the neural tube and craniofacial development is encoded by GRHL3. In families that do not show mutations at the IRF6 locus, GRHL3 seems to be the second candidate gene in VWS (Peyrard-Janvid et al., 2014). Functional analyses demonstrate that GRHL3 is a target of IRF6 in the processes of periderm differentiation (de la Garza et al., 2013). In a genome-wide association study, Leslie et al. (2016) identified an association between the rs41268753 SNP and NSCPO in two independent populations. The importance of GRHL3 in NSCPO etiology was independently confirmed by Mangold et al. (2016), who collected evidences supporting the non-synonymous polymorphism rs41268753 as a susceptibility factor for NSCPO and described rare mutations of this gene in patients. COL2A1 is a cartilage-specific marker involved in cranial neural crest differentiation by complex mechanisms that involve epithelial–mesenchymal transition, migration, and differentiation (Ghassibe-Sabbagh et al., 2011). Mutations in genes coding for cartilage collagens II cause syndromes that are often associated with cleft palate or micrognathia, such as Pierre-Robin sequence and Stickler syndrome (Kannu et al., 2012). Evidence of an association between COL2A1 alleles and NSCPO risk was found (Nikopensius et al., 2010), though not confirmed by others (Machado et al., 2016).



Cell Migration

The two Rho kinase isoforms (ROCK1 and ROCK2) play essential roles in fundamental cellular processes such as contraction, adhesion, migration, apoptosis, and proliferation. ROCK regulates stress fiber and focal adhesion assembly (Phillips et al., 2012) and modulates cytoskeleton organization by phosphorylating different substrates, mainly myosin light chain and myosin phosphatase, involved in the contractility pathway that leads to normal palate development. A recent family-based association study carried out in two cohorts from Italy and Iran, showed a significant level of association between ROCK1 rs35996865-G and NSCPO (Palmieri et al., 2020). Currently, there are no reports demonstrating the involvement of ROCK2 in the onset of orofacial cleft, however, some studies show that the loss of both chromosome 18q and 2p (where ROCK1 and ROCK2 reside, respectively) determines a series of anomalies including defects of the palate and micrognathia (Suzuki et al., 2016).

FLNB belongs to a family of actin-binding proteins. Filamins are also able to interact with receptors and intracellular proteins involved in cytoskeleton-dependent cell proliferation, differentiation, and migration (Hu et al., 2014). Mutations in this gene cause malformations that include cleft palate as a feature, as reported by Jugessur et al. (2010) who suggest a maternal effect for variants mapping in this gene, in their NSCPO cohort (Jugessur et al., 2010).



Genes Involved in Folate and Homocysteine Metabolism

Vitamin B9 or folate is not synthesized by our organism but is present, for example, in legumes, leafy green vegetables, some fruits, and eggs. Folic acid is the most stable form of folate, synthetically produced and usually used in vitamin supplements and fortified foods (Bailey et al., 2015). Adequate folate intake is essential for cell division and homeostasis. Indeed, the folate pathway plays a crucial role in several strategic biochemical processes such as DNA biosynthesis, methionine regeneration, amino acid metabolism, mitochondrial protein translation, and DNA methylation. Folate deficiency and/or aberrant folate metabolism during embryogenesis were therefore assumed to cause congenital malformations because of the alteration of the precise interplay of cell proliferation and death, migration, and differentiation needed in this delicate moment of development. However, as above documented, there is no strong association between folate supplementation during the periconceptional period and a decreased risk of having an NSCPO baby (Johnson and Little, 2008). Nevertheless, the folate pathway, with its enzymes and substrates, was suspected to have a role in the NSCPO etiology and several studies investigated associations between polymorphisms in genes related to one-carbon metabolism and cleft palate risk. The most investigated gene is MTHFR, with its C677T polymorphism. However, in a meta-analysis based on five studies, with a total of 576 CP cases and 2587 controls, no statistical significances were observed for the risk of NSCPO for heterozygotes, neither for homozygotes (Luo et al., 2012).

Table 2 reports information on folate and homocysteine metabolism gene polymorphisms investigated for their potential association with cleft palate, published until June 2020 in PubMed. Only single studies with data from a cohort or a subset of non-syndromic cleft palate cases have been considered in the table.


TABLE 2. Association studies between polymorphisms of one-carbon metabolism genes and NSCPO.
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Genes Responsible for Syndromic Forms as Candidate for NSCPO

As mentioned above, referring to Burg et al.’s (2016) work, the responsible genes have been identified in a number of syndromes that include cleft palate among their features. Based on the assumption that genes implicated in syndromic forms of cleft could also have a role in non-syndromic phenotypes, the variant association of such genes has been questioned in case control and family based studies on different NSCPO worldwide cohorts.

The attempts of researchers to confirm this hypothesis are summarized in Table 3, where genes already mentioned in a previous section (FLNB) or in Table 1 (TBX22, FOXE1 COL2A1, IRF6, TCOF1) are omitted.


TABLE 3. Genes responsible for syndromic cleft palate, studied in NSCPO cohorts.
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Genome-Wide Analysis

The rapid improvement, in recent years, of technological tools for genotyping and sequencing has allowed researchers to approach whole genome studies. The aim is to identify as many susceptibility genes as possible, while the challenge is to collect and analyze dataset large enough to deliver the required statistical power. The genome-wide association studies (GWAS) approach is an indirect mapping technique, able to identify associated polymorphisms, while exome/genome sequencing (WES/WGS) studies are more focused on rare genetic mutations. Table 4 reports genes and polymorphisms associated with NSCPO detected by GWAS. Besides IRF6, an already known genetic risk factor for orofacial clefts, the list includes several new candidate genes. Among these GRHL3, whose involvement in NSCPO etiology was confirmed in an independent European cohort (Leslie et al., 2016) and by Mangold et al. (2016) in a subsequent investigation in which they evidenced common and rare causative mutations.


TABLE 4. Genome wide association studies in NSCPO cohorts.

[image: Table 4]Whole exome sequencing (WES) searching for NSCPO mutations was performed in affected individuals from multiplex families with NSCPO (Hoebel et al., 2017). A probable deleterious mutation in ARHGAP29, a gene expressed in developing palate, was found in four individuals of a single family affected by cleft of the soft palate (Liu et al., 2017). The WES of 16 individuals from 8 multiplex families allowed Hoebel et al. (2017) to select 26 candidate genes that were sequenced in additional 132 NSCPO cases. The investigation failed to identify genes with recurrent deleterious mutations but produced data that may be useful for subsequent investigations.

The potential role of epigenetic regulation in NSCPO has been recently explored by two groups (Sharp et al., 2017; Xu et al., 2019). In these investigations, epigenome-wide association studies (EWAS) were conducted to test whether DNA methylation of blood, or other relevant tissues, was associated with orofacial clefting. These preliminary investigations suggest differences in methylation profiles of patients and unaffected controls, as well as between different types of clefts. However, future result replications may be difficult because methylation status may consistently vary as a function of kind of investigated tissue, and of patient age at the moment of sampling.



Gene × Gene Interaction

Gene–gene epistatic interaction (GxG) analysis has been successfully adopted for other diseases in order to narrow a critical region (Cox et al., 1999) or to identify additional loci (Pankratz et al., 2003). A small number of researchers tested for GxG in cohorts that do not include syndromic forms of CPO nor patients with CL. In detail, Jugessur et al. (2003a) found a significant 6.3-fold increased risk of NSCPO in patients carrying the TGFA Taq I A2A2 genotype in combination with one or two copies of the T-allele at MTHFR C677T polymorphism. This same gene–gene interaction was investigated by Mossey et al. (2017), evidencing an opposite effect when considering the combination Taq I A2 and one or two copies of MTHFR variant for the child genotype, with a 6 and 12.5-fold reduced risk, respectively. Lastly, Duan et al. (2017) evidenced an epistatic interaction between rs4844913 (43 kb 3′ of DIEXF) and rs11119388 (SYT14) and between rs6072081 (53 kb 3′ of MAFB) and rs6102085 (33 kb 3′ of MAFB).



Gene × Environment Interactions

Orofacial clefts, including NSCPO, are considered as typical complex diseases caused by several genetic and environmental factors. Although many candidate gene studies and GWAS have been performed to reveal genetic factors of NSCPO, the genetic variants identified so far can explain only a small fraction of heritability of this common malformation. This has opened the hypothesis that the effect of genetic factors on a disorder can be modulated by environmental factors and vice versa. Several different models of gene–environment interactions (GxE) were postulated; in some cases it could be easier to detect the effect of genetic factors if the effect of environmental factors is also considered (Ottman, 1996).

The first attempts to investigate GxE interaction in OFC were reviewed by Murray (2002). Most of these studies included NSCL/P cases only, or NSCL/P cases together with a small fraction of NSCPO cases. Some possible GxE interactions were suggested but not confirmed (Murray, 2002).

An interaction between the rs7205289 polymorphism and passive smoking in NSCPO was observed in the Chinese population (Li et al., 2011). The rs7205289 lies in the microRNA-140 gene and can reduce its expression (Li et al., 2011). Interestingly, tobacco smoke had the same effect in cultured mouse palatal mesenchymal cells (Li et al., 2011). This data is particularly relevant because dysregulation of miRNA-140 was found to cause palatal malformations in zebrafish by targeting Pdgfra (Eberhart et al., 2008; Li et al., 2011). The Pdgfra has a critical role in neural crest development, mesenchymal cell migration, and palatogenesis also in mice (McCarthy et al., 2016). Finally, mutations in PDGFRA were found in NSCPO patients (Rattanasopha et al., 2012).

In a GxE study on OFC cases, Shi et al. (2007) investigated the interaction between maternal smoking and 16 candidate genes involved in detoxification. An interaction was found with GSTT1 among OFC, with a higher effect in the NSCPO subgroup. In particular, the combination of fetal GSTT1-null genotype and maternal smoking provided the highest risk of cleft. This finding was important, because it confirmed a previous study involving an OFC sample from The Netherlands (van Rooij et al., 2001).

A GWAS conducted with 550 patient-parents triads supported the importance of a GxE interaction investigation. Indeed, while no individual gene reached the statistical threshold of significance in the test of association with NSCPO, several genes demonstrated an association when their interaction was considered. In particular, polymorphisms of MLLT3 and SMC2 interacted with maternal alcohol consumption; TBK1 and ZNF236 with maternal smoking; and BAALC with multivitamin supplementation (Beaty et al., 2011). Data were further examined by stratifying the sample by European and Asian ancestry (Wu et al., 2014). Several polymorphisms of a chromosome 4 region that includes SLC2A9 and WDR1 genes were associated with NSCPO in Asians when the interaction with environmental tobacco smoke exposure was tested.

The same dataset was investigated with an alternative model that includes the parent of origin (PoO) effect, i.e., the risk in the child varies on whether the allele is inherited from the mother or the father. The hypothesis of interaction between PoO and maternal exposure (PoOxE) provided the evidence for new genes involved in NSCPO etiology. Indeed, several polymorphisms in ICE2 and NAALADL2 showed PoOxSmoke interaction in European families (Haaland et al., 2017).



DISCUSSION

Defects of the closure of the secondary palate only are, among orofacial clefts, the rarest, the least studied, and those with the least obvious nature. CPO can occur as a feature of Mendelian single gene disorders or of several chromosomal syndromes. On the other hand, the isolated form of CPO is considered to have a multifactorial etiology, and in the last decades researchers have attempted to elucidate all the teratogenic and genetic factors causing this common malformation. The identification of causal factors and understanding of the molecular mechanisms of cleft formation would be an invaluable aid for clinicians in optimizing prevention approaches, providing genetic counseling, and planning personalized surgical and medical treatments.

Several evidences have highlighted the fact that NSCPO and NSCL/P are different malformations with different, or slightly overlapping, causes. Scientific research has been mainly focused on NSCL/P, while NSCPO study has been marginal, maybe owing to the lower incidence that makes harder to collect cohorts of comparable size. In recent years, this gap has been reducing, but new insights on CPO are accumulating more slowly than expected, especially with regards GWAS. A possible explanation is a limited contribution of common genetic variants in NSCPO etiology, which lower the success rate of association analyses. Genetic investigations have provided convincing evidences for a limited number of heritable factors that do not account for the high level of hereditability of NSCPO. These include FOXE1, GRHL3, and PAX7, while a number of investigations provided support for transcription and regulatory factors necessary for the normal development of neural crests. If rare variants play a major role in CPO etiology, future large-scale sequencing efforts may represent a promising approach to detect genetic factors. Emerging trends of research regard more complex models, including gene–gene interaction, gene–environment interaction, and epigenetic analyses, which could be more powerful to explain missing heritability, but all of these require larger sample sizes. However, such approaches need a deeper investigation, in order to earlier predict NSCPO risk and to plan healthcare strategies aimed at improving environmental conditions and reducing exposure to potential epigenetic factors.

Considering the long, but not exhaustive, list of potential susceptibility factors for NSCPO, a wide range prevention could appear unrealistic, also because palate closure occurs during a gestation period in which the mother is often unaware she is pregnant. It is in any case crucial to identify exposure risks acting around the conception time (1 month before, 3 months after) that may impact embryonic development. A consistent bulk of data supports an epidemiological role for both active and passive tobacco smoking, while contrasting evidences have been collected for moderate alcohol consumption. On the contrary, folate fortification and multivitamin supplementation seem to decrease the risk of NSCPO.
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The zebrafish is an appealing model organism for investigating the genetic (G) and environmental (E) factors, as well as their interactions (GxE), which contribute to craniofacial malformations. Here, we review zebrafish studies on environmental factors involved in the etiology of craniofacial malformations in humans including maternal smoking, alcohol consumption, nutrition and drug use. As an example, we focus on the (cleft) palate, for which the zebrafish ethmoid plate is a good model. This review highlights the importance of investigating ExE interactions and discusses the variable effects of exposure to environmental factors on craniofacial development depending on dosage, exposure time and developmental stage. Zebrafish also promise to be a good tool to study novel craniofacial teratogens and toxin mixtures. Lastly, we discuss the handful of studies on gene–alcohol interactions using mutant sensitivity screens and reverse genetic techniques. We expect that studies addressing complex interactions (ExE and GxE) in craniofacial malformations will increase in the coming years. These are likely to uncover currently unknown mechanisms with implications for the prevention of craniofacial malformations. The zebrafish appears to be an excellent complementary model with high translational value to study these complex interactions.
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INTRODUCTION

Craniofacial malformations are a heterogenic group of developmental defects of the skull and face, for which no preventive therapies exist. This broad group of over 700 disorders includes debilitating malformations of the skull (craniosynostosis), jaw (micrognathia), face (hemifacial microsomia, deformational plagiocephaly) and teeth (tooth agenesis), (Online Mendelian Inheritance in Man) (OMIM). Heterogeneity is not only a principal feature of craniofacial phenotypes, but also contributes to their etiology, as malformations are often caused by complex interactions of genetic and environmental factors (Gardner et al., 1998; Dixon et al., 2011).

In this review, we focus on clefts of the palate, which oftentimes co-occur with cleft lip. Cleft lip and/or palate (CLP) is the most common congenital craniofacial birth defect. It affects the face uni- or bilaterally, as well as the hard and soft palate (Dixon et al., 2011). Extensive reconstructive surgery and dental treatment are often required until adulthood for the various forms of CLP (Acum et al., 2020; Martin et al., 2020). After surgery, CLP patients may still experience difficulties with speaking and hearing, leading to psychosocial problems (Martin et al., 2020). About 30% of CLP cases arise as part of a syndrome caused by a single genetic mutation. However, the majority of cases are non-syndromic and associated with both genetic (G) and environmental (E) risk factors (Beaty et al., 2011; Dixon et al., 2011; Stuppia et al., 2011).

Candidate genes for CLP are continually identified benefiting from genetic data from individuals, family-and-twin studies, and large-scale GWAS studies (Beaty et al., 2002; Mansilla et al., 2005; Leslie et al., 2015). Often, these genes relate to central regulatory pathways of development including sonic hedgehog (SHH), transforming growth factor (TGF), fibroblast growth factor (FGF), bone morphogenetic protein (BMP), retinoic acid signaling (RA) and Wingless-Int-1 pathway (WNT) signaling (Beaty et al., 2011; Dixon et al., 2011; Reynolds et al., 2019). For example, mutations of the BMP pathway gene MSX1 and multiple canonical (WNT9B) and non-canonical (WNT5A) WNT pathway genes have been associated with non-syndromic CLP (Chiquet et al., 2008). In parallel, environmental factors such as smoking, drinking, drug use, diet and other lifestyle habits during pregnancy have been demonstrated to increase the risk of CLP (van Rooij et al., 2001; DeRoo et al., 2008; Jentink et al., 2010) and other craniofacial malformations (Gardner et al., 1998; Carmichael et al., 2008; Al-Ani et al., 2017). Due to the substantial number of factors involved in craniofacial malformations, the underlying etiology remains largely elusive. Moreover, interactions between genetic and environmental factors (GxE) further complicate the etiology. Since no single animal model can mimic all facets of genetic and environmental influences on craniofacial development in humans, the use of multiple model species is required to elucidate the etiology of craniofacial malformations.

Zebrafish are a promising model to study both genetic and environmental interactions in craniofacial malformations, such as palatal clefts. In the last decade, there has been a rapid increase in zebrafish genetic models for human disease-causing genes including CLP (reviewed by Duncan et al., 2017; Machado and Eames, 2017). Additionally, the growing zebrafish-based research field investigating the role of environmental factors in craniofacial malformations enhances the value of zebrafish in craniofacial research. Zebrafish studies have produced powerful mechanistic insights on both the genetic (variants) and environmental factors which disturb facial development. Up to now, investigations of GxE interactions are published less frequently. However, zebrafish studies in this field are upcoming since there is overwhelming evidence that GxE interactions are the crux of cleft etiology in humans (Wu et al., 2010; Beaty et al., 2011; Dixon et al., 2011; Stuppia et al., 2011).

We have outlined this review as follows: first we discuss zebrafish studies on the effects of maternal smoking, alcohol use, nutrition, drug use and household environmental factors on craniofacial development. We specifically focus on the molecular mechanisms and phenotypic outcomes. Environmental factors with the highest odds ratio (OR) for incidence of craniofacial malformations are discussed first. Secondly, we consider the limited but emerging field of GxE interactions in zebrafish models for craniofacial malformations, and propose strategies for future research.



ZEBRAFISH AS A CRANIOFACIAL MODEL SYSTEM

The teleost fish, the zebrafish has several advantages over the use of other vertebrate animal models for the study of congenital defects. In particular, zebrafish has a rapid, transparent early development and large brood sizes (Schilling and Kimmel, 1997). They develop a detailed and visible craniofacial skeleton as early as 5 days post fertilization (dpf) (Kimmel et al., 2001). Zebrafish embryos can also be directly exposed to environmental factors via the embryo medium. Zebrafish orthologous genes have been identified for 82% of disease-causing genes in humans as reported in OMIM (Howe et al., 2013). These assets make the zebrafish an attractive model for studying early craniofacial development alongside more traditional animal models such as mouse and chicken (Van Otterloo et al., 2016).

In zebrafish, craniofacial development commences with the migration of cells from the rhombomeres and mesencephalon of the neural crest. These cells migrate in tightly regulated lineages toward predetermined destinations in the head region (Dougherty et al., 2012; Rocha et al., 2020). The first lineage of cranial neural crest cells (CNCC) splits and one part migrates between the developing eyes making up the frontonasal CNCCs. The other part migrates ventrally to populate the first of seven pharyngeal arches (Wada et al., 2005; Swartz et al., 2011; Dougherty et al., 2012). Arches 2–7 are subsequently populated by other lineage of CNCCs, where, upon arrival, all CNCCs surround a mesoderm core (Mork and Crump, 2015). Orchestrated by evolutionary conserved intrinsic and extrinsic signaling, the CNCCs condense and undergo chondrogenic differentiation to form the head cartilages. Comprehensive data and resources on craniofacial development can be found at FaceBase1, including “FishFace, an atlas of zebrafish craniofacial development” (Eames et al., 2013).

As mentioned, zebrafish develop a functional craniofacial skeleton within the first 5 days post fertilization (Figure 1). However, the zebrafish craniofacial skeleton is structurally more complex than that of most other vertebrates, and continues to grow throughout the fish’s lifetime (Bruneel and Witten, 2015). The adult zebrafish head contains 73 bones, exceeding the number of bones in the mammalian skull at least three fold (Cubbage and Mabee, 1996). The early cartilage structures consist of only a few chondrocyte and perichondral cell layers (Figure 1A; Kimmel et al., 2001). The first cartilages can be detected as early as 3 dpf, while some intramembranous bone structures also start to form on the cartilage matrix (Aceto et al., 2015). At 5 dpf, a small number of bone structures are already present (detailed in Figure 1B). The cartilages are divided into the dorsally located neurocranial structures (CNCC- and mesoderm- derived) that support the developing brain, and the ventrally located pharyngeal arch-derived structures important for feeding and gill coverage (Kimmel et al., 2010). The cartilages are maintained during early larval stages and are progressively replaced by bone through endochondral ossification (Cubbage and Mabee, 1996; Bruneel and Witten, 2015; Weigele and Franz-Odendaal, 2016). Surprisingly, the zebrafish intramembranous bones are often disregarded in investigations of craniofacial development in the presence of environmental factors, resulting in significant knowledge gaps.
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FIGURE 1. (A) Cartilage structures of the zebrafish neuro- and viscerocranium at 5 dpf (light and dark blue, respectively), ventral perspective. A number of these structures is used as a homolog to human skeletal features: Meckel’s cartilage for the lower jaw, the ethmoid plate for the hard palate and the palatoquadrate for the middle ear. (B) Intramembranous bones of the 5 dpf zebrafish head, dorsal view.


The zebrafish larval head can be used to study various craniofacial malformations. For instance, the cranial sutures of the juvenile (3–12 weeks) zebrafish skull can be manipulated to mimic craniosynostosis, while the Meckel’s cartilage formation can be used study lower jaw defects (Miller et al., 2000; Andreeva et al., 2011; Laue et al., 2011; Cornille et al., 2019). To be concise, we focus on the ethmoid plate and the associated trabecula. These structures are part of the zebrafish neurocranium and are considered homologous to the mammalian palate (Bush and Jiang, 2012).

The ethmoid plate and the mammalian hard palate both derive from bilateral streams of anterior maxillary CNCC (Mork and Crump, 2015). In zebrafish, frontonasal CNCCs migrate below the eyes to the midline, while maxillary CNCCs from the first pharyngeal arch assemble laterally to the midline. Then, both lineages fuse to form the ethmoid plate (Dougherty et al., 2013). In humans, mice and, other mammals, the palate develops during gestational weeks 6–12 (humans) and E10–E16 (mice) (Bush and Jiang, 2012). The palate emanates from the outgrowth, vertical-to-horizontal reorientation and fusion of CNCC-derived maxillary prominences (Bush and Jiang, 2012). Mutations in PDGFRA and genes of the SHH pathway lead to inadequate midline fusion resulting in a cleft palate phenotype in mice, humans and zebrafish (Wada et al., 2005; Swartz et al., 2011; Dougherty et al., 2013; McCarthy et al., 2013). These shared disease etiologies confirm that similar molecular mechanisms are involved in the development of the palate and ethmoid plate. A commonly accepted interpretation hereof is that the ethmoid plate is homologous to the mammalian palate (Mork and Crump, 2015). In zebrafish, the cleft phenotype typically features aberrant chondrocyte morphology and stacking in the ethmoid plate. Also, the anterior border of the ethmoid plate can appear dented instead of smooth. More severe ethmoid phenotypes include two anteriorly unconnected outer rods or only a single rod. The spectrum of ethmoid plate disruptions is broad, but some representative examples taken from the literature on environmental factors are represented in Figure 2.
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FIGURE 2. (A) Wildtype ethmoid plate with associated stacking of chondrocytes. (B) Redrawn examples of ethmoid plate defects observed in zebrafish environmental factor exposure studies (Kuchler et al., 2018; Liu et al., 2020) (Methotrexate 100 μM, Dexamethasone 200 μM, retinoic acid 5 nM and hypoxia). A broad phenotypic range of ethmoid plate defects is observed, indicating that development of the ethmoid plate is affected variously by different compounds. Mild phenotypes include a rough edge to the anterior ethmoid plate, and differential cell morphology (round vs. elongated) and chondrocyte stacking is disordered, drawn from Liu et al. (2020) (scale bar 5 μm). At the other end of the spectrum, phenotypes are observed in which ethmoid plate structures are (partially) missing, indicating effects on migration, differentiation and survival CNCCs. Moreover, some factors affect early as well as late craniofacial development, and various effects can occur though differential exposure times during specific sensitivity windows.


Additional morphological, cellular and molecular parallels between mammals and zebrafish are continually identified in craniofacial research. Virtually every new discovery further supports the translational value of the zebrafish model. We advocate that zebrafish should be used more extensively as an additional tool complementary to established models such as the mouse. In the following sections, we discuss zebrafish models for investigating environmental factors in craniofacial malformations.



SMOKING

In epidemiological studies, maternal smoking before and during early pregnancy is consistently reported as an environmental risk factor for CLP (Stuppia et al., 2011; Sabbagh et al., 2015; Xuan et al., 2016). Despite decades of research, the mechanisms by which smoking affects development are still not fully understood. Since cigarette smoke consists of over 7,000 components, numerous mechanisms are involved (center for disease control) (CDC)2. Abundant components of smoke are polycyclic aromatic hydrocarbons (PAHs), carbon monoxide, tar and nicotine (Kennedy et al., 2017). These compounds can exert direct teratogenic effects when transported across the placenta to the amniotic fluid (Liszewski et al., 2012). Cigarette smoke contains inhibitors (nicotine) and inducers (PAH) of the aryl hydrocarbon receptor (AhR) pathway that activates cytochrome P450 1A (CYP1A). During xenobiotic metabolism, reactive products are formed from PAHs, mediated by CYP1A. These products can cause cell damage if they are not rapidly detoxified by metabolite glutathione-S-transferase (GST). Activity of this enzyme can be reduced by smoke itself or by genetic factors (van Rooij et al., 2001). For instance, a maternal GSTT1-null genotype in humans has been shown to increase the risk of clefting in the offspring of smoking mothers (odds ratio 3.2) (van Rooij et al., 2001). Thus, the toxicity of smoking can be further increased by genetic predisposition for suboptimal function of the enzymes for xenobiotic metabolism.

In studies on the effects of maternal smoking on development, zebrafish were traditionally used as a model to examine effects of single abundant compounds of cigarette smoke. Craniofacial malformations are consistently reported in zebrafish studies on smoke compounds such as PAHs, carbon monoxide (hypoxia) and nicotine (Billiard et al., 2006; Parker and Connaughton, 2007; Geier et al., 2018; Kuchler et al., 2018). Specifically, clefts in the ethmoid plate were observed when zebrafish are exposed to hypoxic conditions during early development. These clefts increased in severity as oxygen levels were reduced (Kuchler et al., 2018). Although single-factor investigations are interesting from a fundamental standpoint, they do not provide clinically relevant insights on the effects of maternal smoking on development, because the combined teratogenic effects of smoke compounds may be additive.

In recent years, there has been an increasing amount of literature on the effects of smoke on zebrafish development by exposure to the total particular matter (TPM) of cigarette smoke. TPM exposure lead to craniofacial malformations from above 6 μg/mL, but craniofacial malformations have not yet been evaluated in depth (Ellis et al., 2014; Massarsky et al., 2015; Palpant et al., 2015). Other reported effects of TPM are increased larval mortality, gross morphological deformities and distorted AhR pathway-related enzyme functions (CYP1A and GST). Cross-talk between the AhR pathway and Wnt/β-catenin signaling in zebrafish embryos was also shown. Wnt/β-catenin signaling is a major pathway in craniofacial development (Zhang et al., 2016; Reynolds et al., 2019). Moreover, AhR activation down-regulated sox9a during cartilage formation in zebrafish (Xiong et al., 2008). Knockdown of the AhR pathway with simultaneous exposure to TPM reduced morphological defects, however knockdown of CYP1A or CYP1B1 increased defects (Massarsky et al., 2016). This confirms that the toxicity of TPM is partly dependent on the genetic factors controlling xenobiotic metabolism. Predictably, the overall teratogenic effects of TPM on zebrafish larvae were not mimicked by nicotine alone (Massarsky et al., 2015). This exemplifies the importance of evaluating compound interactions.

With the emergence of the e-cigarette, new risk factors for congenital malformations were introduced. Studies show that e-cigarettes are regarded by pregnant women as a safer alternative for tobacco during pregnancy (Wagner et al., 2017). The compounds in e-cigarette liquids differ considerably from regular cigarettes as the main components are nicotine, propylene glycerol and vegetable glycerin (the latter two account for ∼90% of the content) (Schober et al., 2014). Upon partial combustion of propylene glycerol and vegetable glycerin, toxins such as formaldehyde, acrolein, benzene and reactive aldehydes form, that may pose a health risk (Schober et al., 2014). Zebrafish exposed to low levels of propylene glycerol (1.25, 2.5, or 5%, at 6–72 hpf) showed disrupted development, including cardiac defects and morphological malformations (Massarsky et al., 2017). It is concerning that such e-cigarette components are new widespread environmental factors that pregnant women are exposed to.

In e-cigarettes, a vast number of chemicals is also used to add optional flavors. Already, over 7,000 different flavors were on the market in 2014 (Zhu et al., 2014). Flavor ingredients are not listed by manufacturers, possibly because this is not required by law (Tierney et al., 2016). Zebrafish have previously been exposed to fruit flavored e-liquids containing the active compounds ethyl vanillin, maltol and vanillin. It was reported that this caused developmental defects including unspecified craniofacial malformations (Tierney et al., 2016; Holden et al., 2020). The combustion of “berry” and “cream” flavors appeared to cause craniofacial malformations more frequently, but the chemical composition of these (and most other) e-cigarette flavors is unknown. In Xenopus, e-cigarette flavors caused craniofacial defects, which were enhanced by co-exposure to nicotine. On its own, nicotine caused only minor malformations (Kennedy et al., 2017). These data confirm interactions between components of e-cigarette liquids and emphasize the need for combined TPM exposure studies. While some e-cigarette flavors have been studied in zebrafish and other animals, considerably more investigations are needed on their interactions and mechanisms of action.



ALCOHOL

Fetal alcohol syndrome (FAS) and fetal alcohol spectrum disorders (FASD) are pressing health conditions resulting from alcohol exposure during the first two trimesters of pregnancy. FAS (0.2–1.5 in 1,000 births) describes a multitude of congenital abnormalities of the nervous system, cardiovascular system and face. FASD (1–5 in 100 births) symptoms are less severe but also include central nervous system disorders and craniofacial malformations3. The variety in symptoms upon alcohol exposure can be attributed to factors including the timing of alcohol exposure, dosage, metabolism and epigenetics (McCarthy and Eberhart, 2014). Described craniofacial malformations include a flat midface (midface hypoplasia), short nose and smooth philtrum, a thin upper lip, microcephaly, micrognathia and, in 7% of FASD cases, cleft palate (Sampson et al., 1997; Li et al., 2007). Ethanol exposure and FAS/FASD etiology have received ample attention in zebrafish studies and other models, and studies are reviewed frequently (McCarthy and Eberhart, 2014; Facciol et al., 2019; Lovely, 2020).

Ethanol can be found in amniotic fluid after alcohol consumption by the mother and can thus impact the fetus directly. Within 1 h after consumption, fetal alcohol levels are equivalent to those in the maternal circulation (Burd et al., 2007). The known mechanisms of ethanol teratogenicity are many fold. Currently, they are known to include increased cell death, reactive oxygen species, altered growth factor signaling, altered retinoic acid signaling, disrupted cholesterol homeostasis and impaired cell adhesion (Li et al., 2007; Marrs et al., 2010; Soares et al., 2012; Sarmah et al., 2013; Muralidharan et al., 2015; Eason et al., 2017). The zebrafish is an established model to study the effects of ethanol on development. Importantly, the chorion, which surrounds the early zebrafish embryo, appears freely permeable for ethanol. Zebrafish embryonic ethanol levels reach approximately 25–35% of the embryo medium level (Blader and Strahle, 1998; Ali et al., 2011; Fernandes et al., 2019). In zebrafish, both short-term and chronic ethanol exposure increase the incidence of craniofacial malformations.

In search of ethanol sensitivity windows for craniofacial development, zebrafish embryos were exposed to a—rather extreme—regime of 10% ethanol during defined developmental stages (Ali et al., 2011). At 25 and 31 hpf (developmental stages prim-6 and prim-16, respectively) embryos were most susceptible to defects of the branchial arches and Meckel’s cartilage (Ali et al., 2011). Furthermore, in the late blastula and early gastrula stages, embryos appeared to be specifically sensitive for the induction of cyclopia after exposure to 2.4% ethanol (Blader and Strahle, 1998). Upon chronic exposure, distinct craniofacial effects have been observed depending on ethanol dosage. Ethmoid plate development and head width were reduced at concentrations as low as 3 mM (0.01%), which can be reached in women upon drinking only one alcoholic beverage (Carvan et al., 2004; Ferdous et al., 2017). Interestingly, with rising concentrations, a sensitivity shift was reported. At 10 mM ethanol (0.04%), neurocranium structures were more severely affected than structures of the viscerocranium, while at 30 mM (0.13%) the opposite was observed (Carvan et al., 2004). Variations in sensitivity to ethanol exposure between zebrafish strains are also reported. Upon exposure, Ekkwill strain zebrafish presented with a severely affected viscerocranium and increased apoptosis, whereas AB strain zebrafish had affected neurocranial cartilages such as the ethmoid plate. In Tübingen strain zebrafish larvae a high mortality rate was observed, but this strain was less prone to craniofacial defects (Loucks and Carvan, 2004). The strain specific sensitivity to ethanol implicates that predisposing genetic factors and GxE interactions are involved.

Most studies in which zebrafish were exposed to ethanol, used the timeframe between 6 and 24 hpf. This is equivalent to binge drinking (4–5 drinks) throughout the entire first trimester of pregnancy in humans. This poorly resembles a clinically relevant situation and, therefore, Zhang et al. transiently exposed zebrafish to alcohol, during early gastrulation (5.25–6.25 hpf) and neurulation (8–10 and 24–27 hpf) (Zhang et al., 2014). These larvae presented with FASD symptoms, including craniofacial malformations and differential expression of SHH pathway genes. Interaction with SHH signaling seems to be a central mechanism of ethanol teratogenicity (Li et al., 2007; Burton et al., 2017). Upon translation, Shh undergoes posttranslational modifications by cholesterol. This mechanism is crucial for craniofacial development, but ethanol (0.7–7 mM) treatment during gastrulation impaired modification of shh by cholesterol (Li et al., 2007). As previously mentioned, SHH pathway gene mutations are also implicated in craniofacial malformations in humans. Later in this review we will discuss evidence of interactions between genetic factors and ethanol, which further complicates the mechanism of action.



VITAMINS AND ExE INTERACTIONS

Proper development requires a delicate balance of micronutrients. Specifically, derivatives of vitamins A and B are crucial for craniofacial development in both fish and mammals. Zebrafish have been used to study the roles of vitamins A and B during development and in craniofacial malformations. Far less is currently known from the zebrafish model about other essential vitamins and trace elements implicated in craniofacial malformations.


Vitamin A

Retinoic acid (RA) is a vitamin A-derived retinol and an essential morphogen in embryonic development. Vitamin A is acquired through products such as meat, milk, eggs and carrots (Metzler and Sandell, 2016). Vitamin A deficiency (serum level < 0.70 μmol/L) is a public health concern in countries in Africa and South East Asia, and was associated with craniofacial malformations including CLP (WHO4) (Ackermans et al., 2011; Mammadova et al., 2014; Metzler and Sandell, 2016; Williams and Bohnsack, 2019). Supplementation with vitamin A was associated with a lower cleft risk (OR = 0.48) (Johansen et al., 2008). Use of acne medication that contains vitamin A derivatives during pregnancy may result in hypervitaminosis A. This increased the risk of craniofacial malformations including cleft lip, cleft palate, micrognathia and midface hypoplasia (Williams and Bohnsack, 2019).

In mammals, RA precursors are delivered to the fetus by the maternal circulation in the form of retinoids and carotenoids. In zebrafish, RA is synthesized by oxidation of all-trans-retinal derived from the yolk (Metzler and Sandell, 2016). RA subsequently acts through the nuclear retinoic acid receptors. These receptors belong to the steroid/thyroid superfamily (Joore et al., 1994; Metzler and Sandell, 2016). Zebrafish have two (α and γ) RA receptors while mammals have three (α, γ, and β). Retinoic acid receptors are widely expressed throughout the embryo and act by dimerization with retinoid x receptors. Active RA is degraded by CYP26A1 and CYP26B1, and a posterior-anterior increasing gradient of RA is maintained during early development (Williams and Bohnsack, 2019).

RA is a key regulator of Hox-family genes, which are essential for pharyngeal arch development (Williams and Bohnsack, 2019). RA targets the endoderm and ectoderm surrounding the CNCCs, which subsequently signal to CNCCs in the pharyngeal arches. In zebrafish, 1 nM of exogenous RA between 10.5 and 12.5 hpf increased expression of the hoxa1 and hoxb2 genes. This resulted in the fusion of structures of the first and second pharyngeal arches, such as fusion of the ceratohyal cartilage with Meckel’s cartilage (Yan et al., 1998). Moreover, transient treatment with 1 μM RA during gastrulation (5.25–10 hpf) resulted in complete loss of expression of the neural crest cell marker dlx in the head at 24 hpf, and the absence of craniofacial cartilages. At 0.1 μM RA, dlx expression was detected in neurocranial structures, but not in the viscerocranium, suggesting specific sensitivity of these structures (Ellies et al., 1997). Embryos treated with 0.1 μM RA during neural crest migration (12–19 hpf) showed impaired Meckel’s cartilage and palatoquadrate formation, which was also associated with reduced dlx4 expression. RA treatment caused only mild effects on Meckel’s cartilage upon treatment at 24 hpf, suggesting RA mainly affected CNCC migration (Ellies et al., 1997). In contrast to these findings, at a much lower concentration (5 nM) and using continual exposure between 4 and 96 hpf, exogenous RA had severe effects on the neurocranium. The ethmoid plate was reportedly severely shortened and resembled a single rod. Cells of the ethmoid plate were also disorderly stacked (Liu et al., 2020). After development, RA retains essential functions in regulating osteoblast and osteoclast activity, maintaining bone mineral density, and promoting cell survival (Williams and Bohnsack, 2019). Exogenous RA treatment (0.1 μM) in adult zebrafish during just 5 days resulted in an acute prognathic jaw. Inhibition of RA synthesis resulted in decreased head height (Chawla et al., 2018). Similarly, craniosynostosis phenotypes were observed in CYP26b (hypomorph)-deficient juvenile zebrafish as a result of disrupted RA degradation (Spoorendonk et al., 2008; Laue et al., 2011). These data support that a tight regulation of RA activity is necessary during and after craniofacial development.

Epidemiological studies showed that the risk of FASD and craniofacial malformation were higher in pregnancies with alcohol exposure in low socioeconomic environments. In these environments, maternal malnutrition and vitamin (A) deficiency are more frequent (Jiang et al., 2020). Ethanol competes with retinol for a dehydrogenase that converts retinol into RA and ethanol into acetaldehyde (Marrs et al., 2010). In zebrafish, RA and ethanol appear to exert opposing effects on ethmoid plate development. Zebrafish larvae treated with 100 mM (0.6%) ethanol showed a reduced ethmoid plate width, which was rescued by a low dose (1 nM) of exogenous RA. In the same study, RA addition without alcohol exposure resulted in a wider ethmoid plate (Marrs et al., 2010). Disruption of RA signaling appears to be a distinct mechanism of alcohol teratogenesis and is an example of an ExE interaction.



Folic Acid

Recommendations are given to pregnant women to commence vitamin B9 or folic acid (FA) supplementation prior to conception (WHO)5. FA is converted to folate in the body and prevents neural tube defects such as spina bifida, anencephaly and craniorachischisis. FA was also shown to reduce CLP risk in a meta-analysis (Wilson et al., 2015; Millacura et al., 2017). Still, findings are contradictory as specific genetic predisposing factors combined with FA supplementation were reported to be detrimental to development (Marean et al., 2011). FA is required for nucleic acid synthesis and for histone and DNA methylation. Zebrafish embryos starved of folate showed defects early in development, which may be caused by cell cycle delay in the S-phase (Lee et al., 2012). Upon alcohol exposure during pregnancy, inefficient maternal-to-fetal FA transport leads to FA deficiency in the fetus. This is thought to result from reduced expression of folate binding and transport proteins under the influence of ethanol (Hutson et al., 2012). In zebrafish, FA supplementation rescued ethanol-induced craniofacial malformations most effectively when administered during early embryogenesis (6 hpf). Upon addition of FA, apoptosis in the embryos was reduced and tbx-1 signaling was partially restored (Jiang et al., 2020). Notably, mutations of TBX-1 have been associated with cleft palate in humans (Herman et al., 2012). The rescue by FA may be mediated by its antioxidant properties and epigenetic restoration of ethanol-induced effects (Muralidharan et al., 2015). The role of FA in birth defect prevention is well-characterized. However, future zebrafish studies may offer more insights into genetic predisposing factors that diminish the efficacy of FA to prevent congenital abnormalities (Marean et al., 2011).



PHARMACEUTICALS AND TERATOGENESIS IN ZEBRAFISH LARVAE

Use of pharmaceuticals during pregnancy can lead to craniofacial malformations. The FDA provides contraindications to pregnant women for the use of drugs associated with teratogenic effects. However, since pregnancies may be unplanned and/or undetected in the first months, it is not always possible to cease use of medication during early pregnancy (Finer and Zolna, 2016). Pharmaceuticals are a prime example of highly controllable environmental factors, as circulating doses in patients are standardized. By using equivalent doses in animal studies, direct comparisons of teratogenic effects can be made between species. In zebrafish, administration of drugs is relatively simple, but care should be taken to minimize effects of embryo medium conditions such as pH, salt concentration and temperature on drug uptake (Weigt et al., 2011).

For example, the widely used anti-epileptic drug and mood stabilizer VPA, prescribed to women of reproductive age, is frequently associated with craniofacial teratogenicity. VPA was reported to cause FVSP, with symptoms such as intellectual disability, facial abnormalities (including CLP) and cardiac defects (Clayton-Smith et al., 2019). VPA acts by inhibition of histone deacetylases, which results in changed expression of genes important for craniofacial development (Phiel et al., 2001; Gurvich et al., 2005). Altered WNT signaling is a known mechanism of VPA teratogenesis. Impaired WNT signaling by genetic or environmental causes is known to result in craniofacial malformations such as CLP in humans. For a comprehensive overview on the involvement of the WNT pathway in craniofacial development we refer to a previous review (Reynolds et al., 2019).

The reported phenotypic effects of VPA on zebrafish vary between studies. However, parallels between human FVSP and zebrafish phenotypes can be drawn. VPA exposure between 4 and 96 hpf (30 μM) resulted in microcephaly, a shortened ethmoid plate with rough anterior edge, and a hypoplastic Meckel’s cartilage with disorganized chondrocyte stacking (Liu et al., 2020). These effects on the ethmoid plate parallel those of the cleft palate phenotype in FVSP. In our lab, early (1–13 hpf) and late (25–37 hpf) embryonic VPA exposure (50 and 100 μM VPA) resulted in a shortened head, reduced bone formation and smaller ceratohyals. Wnt marker axin2 was downregulated, while the Wnt inhibitor dkk1b was upregulated at 5 dpf. This may account for the decreased ossification, as Wnt is essential in initiating ossification (Gebuijs et al., 2020). Martinez and colleagues reported on a dramatic decrease of survival and lack of development of the craniofacial cartilages in embryos exposed to 25, 50, and 100 μM at 4–96 hpf. The long exposure window used in this study may account for the phenotypic discrepancy with the results obtained in our lab.

In addition to VPA, many other drugs may affect craniofacial development. Obviously, the effects depend on the dose as well as on the exposure duration or corresponding developmental stage. A succinct, tabular overview of effects and mechanisms of selected teratogens from major drug classes is provided in Table 1. We systematically compared the effects reported in zebrafish with phenotypes described in humans (or if not available, in mouse models). Zebrafish models largely mimicked the phenotypic effects that were observed in mammals, and especially humans, in six out of eight selected teratogens from various drug classes. The target mechanisms implicated in craniofacial development largely varied, but in three cases a direct etiological link with major developmental pathways could be made. Other mechanisms involved direct effects on transcription or DNA synthesis. The translational value as well as the predictive value of the zebrafish model for the study of craniofacial malformations caused by teratogenic pharmaceuticals is demonstrated.


TABLE 1. Reported effects of pharmaceuticals at various concentrations and exposure times on zebrafish craniofacial development and parallel craniofacial findings in humans or, if not available, in mice.
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ESTROGENS AND CRANIOFACIAL MALFORMATIONS

Endocrine disruption in the embryo can occur by the intake of estrogen-resembling chemicals that disrupt estrogen signaling, such as oral contraceptives. Although no effects on craniofacial development have been reported on continued contraceptive pill use during pregnancy, abundant sources of exogenous estrogens in the (house/work) environment are present, for instance in food (Paterni et al., 2017). Estrogen-like compounds in household items can affect craniofacial development and analyzing such exposures in patients is complex. Zebrafish have been used to study the effects of supraphysiological doses of exogenous (xeno) estrogens on craniofacial development (Cohen et al., 2014).

Estrogens are crucial for development and act through nuclear estrogen receptors (ER) alpha and beta, that (hetero and homo) dimerize to form DNA binding domains (Tanko et al., 2008). Additionally, estrogens act by binding to transmembrane G-protein GPR-30, which induces signaling cascades via phospholipase C activation (Tanko et al., 2008). Endogenously, estrogens are synthesized from androgens by aromatase. Estrogens are pivotal for the maintenance of bone and cartilage. This is illustrated by the presence of ER on mesenchymal stem cells during chondrogenesis and the production of estrogens by chondrocytes to stimulate their proliferation (Chagin et al., 2006; Fushimi et al., 2009; Gao et al., 2013).

Zebrafish larvae exposed to exogenous 17ß-estradiol (E2), show dose and developmental stage-dependent craniofacial malformations with enhanced sensitivity during early chondrogenesis (1–2 dpf) (Fushimi et al., 2009). At E2 concentrations of 3–5 μM, craniofacial cartilages appeared flattened (Cohen et al., 2014). The angles of the Meckel’s and ceratohyal cartilages were widened (Cohen et al., 2014). Below 3 μM, the length and width of craniofacial structures decreased with increasing concentrations (Cohen et al., 2014). Notably, the inhibition of estrogen biosynthesis with aromatase inhibitors phenocopied these results, exemplifying the requirement for tightly controlled estrogen biosynthesis during chondrogenesis (Cohen et al., 2014).

E2 effects on craniofacial development have been partially attributed to indirect inhibition of Shh signaling through estrogen receptor signaling (Fushimi et al., 2009). E2 impaired the migration of CNCCs into the median ethmoid plate, which resulted in a cleft phenotype (Dougherty et al., 2012). In addition to effects on Shh signaling, E2 resulted in differential expression of other skeletogenic pathway genes in an elaborate investigation of estrogen (2–5 μM) effects on zebrafish larval heads (3–7 dpf). Reduced expression of bmp2a was reported at 3 dpf. Bmp2a has a crucial function in cartilage and bone formation. Also, the osteoclast differentiation factor rankl was down-regulated at 3 and 4 dpf. Further, the inhibitor of the WNT pathway sfrp1a was down-regulated at 3 and 4 dpf, and the expression of hedgehog receptors ptch1 and ptch2 as well as the retinoic acid receptor rarab was decreased throughout development (3–7 dpf). Interestingly, many genes in these pathways were affected differently at 2 and 5 μM exposure, while the effects of 2 μM were often more dramatic (Pashay Ahi et al., 2016). When using much lower concentrations of E2 (0.8 μM) cartilage degradation was observed at 4 dpf and collagen genes were down-regulated at 6 and 7 dpf (He et al., 2018). In addition, E2 was reported to upregulate Wnt pathways genes such as wdr62 (implicated in microcephaly: OMIM 613583) and wnt11 which has been associated with non-syndromic CLP. The same study reported upregulation of fstl1a, a regulator of Bmp signaling, and upregulation of the Bmp inhibitor nog1, which is implicated in cleft lip etiology. Moreover, Tgfb receptor 1 expression was downregulated. Variations in this gene cause Loey-Dietz syndrome, which includes craniofacial malformations (He et al., 2018). Overall, exogenous E2 had effects on expression of multiple genes that are involved in craniofacial development.

Recently, a number of zebrafish studies have focused on the effects of bisphenols. Bisphenol A (BPA) is an environmental estrogen-like agent. BPA is found in humans in amniotic fluid, placental tissue and umbilical cord blood (Lee et al., 2018). Pregnant women are exposed to BPA via food packaging, dental fillings and inhalation of house dust (Rudel et al., 2003; Vandenberg et al., 2010; Lofroth et al., 2019). BPA binds to the ER, but it can also bind to the thyroid hormone receptor and to the estrogen-related receptor ERRγ (Saili et al., 2013). BPA is less potent than E2: similar morphological defects were found in zebrafish with 15 μM E2 and 80 μM BPA upon exposure between 8 and 120 hpf (Saili et al., 2013). It should be noted that the concentrations used in these studies exceed environmental concentrations. In zebrafish larvae, BPA induced craniofacial malformations by disrupting chondrocyte organization in the pharyngeal structures and inducing apoptosis (Huang et al., 2020). The BPA-based polymer Bis-GMA used in dental fillers decreased palatoquadral length in zebrafish larvae at 10 nM, while the palatoquadral-ceratohyal angle was decreased at 1 μM (Kramer et al., 2016). It was hypothesized that these effects are caused by ER-mediated altered expression of SHH and BMP pathway genes. Because of emerging evidence of health problems related to bisphenol, the use of BPA was restricted by the European Union.

Upon the reduction of BPA use, products containing alternative bisphenols including BPF, BPS and BPAF have spiked. Because of structural similarities to BPA, concerns also exist about the estrogenic properties of these compounds. BPF, BPS and BPAF are also identified in food products and house dust. In zebrafish, BPF reportedly resulted in severe craniofacial abnormalities at 20 mg/L. BPS caused malformations above 200 mg/L in zebrafish, while BPAF produced severe cardiac defects at 1 mg/L (Moreman et al., 2017). Indeed, the concentrations used in this study also exceed environmental BPA concentrations. Future studies on bisphenols with detailed description of phenotypes and realistic exposure concentrations will provide more insight into the mode of action of various bisphenols on craniofacial development.



EXE INTERACTIONS IN HIGH-THROUGHPUT SCREENINGS

Craniofacial malformations often serve as outcome measures in zebrafish toxicological investigations. This is because the development of craniofacial structures is highly sensitive to perturbation. Many of the environmental factors discussed in this review have also been investigated in toxicological studies, but these studies lacked specific phenotypic and/or mechanistic information. In general, craniofacial abnormalities were regularly reported in compound studies in zebrafish, but without specifically analyzing the affected structures (Weigt et al., 2012; Ellis et al., 2014; Massarsky et al., 2015). Although purely toxicological investigations are beyond the scope of this review, the methodologies employed in this field can also be used in the study of craniofacial malformations.

For example, investigations of the cumulative effects of teratogens (i.e., ExE interactions) within the zebrafish model are increasing in number. Methods to assess the combinatorial effects of two compounds, synergistic or antagonistic, are currently being developed for toxins with effects on skeletal development (Staal et al., 2018; Heusinkveld et al., 2020; Zoupa et al., 2020). For instance, triazoles (fungicides) cause craniofacial malformations through inhibiting RA degradation by CYP26. These toxins with well-known mechanism of action have been used in co-exposure experiments with other agricultural fungicides that target different processes in craniofacial development. Thereby it was shown that binary mixture effects can be predicted using dose addition. This refers to adding up the toxicological effects of two chemicals to predict their effect in a mixture (Zoupa et al., 2020). This method may be helpful in further studies on multifactorial environmental exposures such as TPM of (e-cigarette) smoke.

To unify efforts in craniofacial toxicity screenings, standard outcome measures were optimized by Staal et al. (2018). The Meckel’s-palatoquadrate (M-PQ) angle (Figure 3) offered a limited variability, proved applicable over wide concentration ranges, and was suitable to assess the effects of chemical mixtures (Cohen et al., 2014; Staal et al., 2018; Zoupa et al., 2020). The M-PQ angle can be translated as a measure for head and jaw deformations, which is affected in craniofacial malformations such as microcephaly and micrognathia. This relatively simple to obtain parameter is especially suitable for high-throughput screenings. It was also proposed to use in further studies in order to enhance inter-study data comparisons. Similarly, options for high-throughput phenotyping of craniofacial mutants by microcomputed tomography (microCT) are rapidly expanding, benefiting from improved resolution and software tools (Pardo-Martin et al., 2013; Charles et al., 2017). In pathophysiological investigations of craniofacial malformations using zebrafish, the techniques discussed above may be used to systematically assess, or even predict, the teratogenesis of novel environmental factors.
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FIGURE 3. Meckel’s-palatoquadrate (M-PQ) angle is proposed as a reliable high-throughput standard parameter to assess craniofacial outcomes after single or mixed compound exposures. The measurements can be easily obtained by imaging of cartilage stained larvae and proved to be informative on a broad spectrum of craniofacial malformations. The M-PQ angle is especially affected in craniofacial malformations such as microcephaly and micrognathia.




GENE–ENVIRONMENT INTERACTIONS

It has become increasingly evident that the effects of environmental exposures during development may be different in individuals with different genotypes. Such interactions of genetic and environmental factors are poorly understood up to now (Lovely et al., 2017). A limited number of zebrafish studies have addressed the interactions between genetic risk factors and environmental factors in the etiology of craniofacial malformations. These studies focused on ethanol sensitivity of zebrafish mutants in FASD research. Screens of n-ethyl-n-nitrosourea (ENU)-induced mutants and unbiased screens for new candidate genes have been published. Mutants were generally exposed to 1% ethanol during development. This results in tissue levels between 41 and 51 mM, which correlates to blood-alcohol levels after binge drinking events in humans (Zhang et al., 2014). In search of GxE interactions, McCarthy et al. (2013) exposed Pdgfra zebrafish mutants to 1% ethanol. Loss of PDGFRA in humans has been associated with cleft palate, indicating a direct parallel with zebrafish studies (Rattanasopha et al., 2012). Pdgfra+/– zebrafish mutants only developed craniofacial malformations in the presence of ethanol (10–120 hpf) including clefts of the ethmoid plate and breaks in the trabeculae. Moreover, hypoplasia of Meckel’s cartilage, the palatoquadrate and the hyosympletics were observed. Pdgfra–/– mutants showed enhanced sensitivity to ethanol as the ethmoid plate did not form at all, while the sensitivity window was determined at 10–24 hpf. Wildtype embryos exposed to ethanol developed mostly normal in this study with palatal defects only in less than 20% of the larvae. The protective effect of intact pdgfra against ethanol teratogenesis was shown to be PI3K/mTOR-mediated (McCarthy et al., 2013). This type of in-depth examinations of the mechanisms of action are needed to extrapolate models of gene–environment interactions in craniofacial disorders to clinical use.

Swartz et al. found that mutations of foxi1, hinfp, mars, plk1 and vangl2 also showed increased craniofacial malformations upon exposure to 1% ethanol compared to wildtypes (Swartz et al., 2014). In particular, ethmoid plate defects were observed in both mars and vangl2 mutants exposed to ethanol. Mars is crucial for protein synthesis as it is involved in tRNA amino acylation. In mars mutants a gap in the posterior ethmoid palate was observed upon ethanol exposure. Vangl2 is a regulator of the planar cell polarity Wnt pathway, and is expressed in the pharyngeal arches. In zebrafish mutants for this gene a narrow, single rod replacing the ethmoid plate was reported as a result of ethanol exposure (Swartz et al., 2014). In humans, VANGL2 is implicated in neural tube defects (Kibar et al., 2011). However, based on the zebrafish study, VANGL2 variations may also be a predisposing factor for cleft palate in case of alcohol use during pregnancy.

The screening of a library of unmapped (unknown alleles) ENU mutants recently identified six new ethanol-sensitive zebrafish mutants (Swartz et al., 2020). The observed malformations in these mutants were highly diverse, which suggests a variety of teratogenic effects of ethanol. One of the mutants was mapped by whole genome sequencing and was validated by targeting the same allele using CRISPR/Cas9 mutagenesis (Swartz et al., 2020). Other mutants of this study remain unmapped, but they seem to be new candidate genes for craniofacial malformations as the specific phenotypes were not previously observed (Swartz et al., 2020). This is a prominent example of why both candidate-based approaches and mutant-sensitivity screens are needed in research on GxE interactions. Candidate gene-driven research is focused whereas sensitivity screenings can lead to the discovery of new candidate genes.

The discovery of ethanol-sensitive gene variants in zebrafish shows that the effects of ethanol on craniofacial development may depend on the genetic background. It is highly conceivable this also applies to the teratogenic effect of other compounds. Yet, mechanistic insights into other GxE interactions are still scarce. CLP risks have been associated with genetic sensitivity for specific environmental factors. For instance, TGFA variations may interact with smoking and vitamin deficiency, TGFB3 variations with smoking and alcohol consumption, MTHFR variations with folate intake, RARA with vitamin A intake, and finally GSTT1 and CYP1A variations also with smoking (Stuppia et al., 2011). Zebrafish models are highly suitable to investigate the molecular mechanisms in these gene–environment interactions.

It is likely that zebrafish craniofacial mutants will be used increasingly to analyze the mechanisms of GxE interactions in the coming years. A number of strategies may be appropriate to approach this. The eminent availability of zebrafish mutants from the zebrafish mutation project6 and other sources, will facilitate high-throughput investigations of GxE interactions on craniofacial development. These efforts can be further optimized by using the broad range of available reporter lines for bone and cartilage formation (Hammond and Moro, 2012). Furthermore, advanced genome editing offers unprecedented opportunities for the investigation of GxE interactions of candidate genes. For instance, the first successful attempt to create loss-of-function alleles for all genes on zebrafish chromosome 1 was recently published, illustrating the astonishing strength of CRISPR/Cas9 techniques (Sun et al., 2019). Systematic gene editing to create zebrafish variants of those observed in human patients could be achieved in the future in view of the increasing success rates of knock-in zebrafish models. These models can be used for highly specific GxE interaction analyses, which may provide predictive data to clinicians.



CONCLUDING NOTES

Craniofacial malformations are notorious for their multifactorial etiology including many genetic and environmental factors. CLP and other congenital traits in which GxE interactions play a prominent role, present a problem for the development of adequate preventive measures. Here, evidence from zebrafish studies on the phenotypic outcomes and mechanisms of action of a number of important environmental factors that pregnant women may encounter in daily life is reviewed. It stands out that the mechanisms of action for most of these factors remain incompletely understood, while the phenotypic descriptions vary widely in the amount of details given.

Craniofacial development is a highly sensitive process, which is regulated by major signaling pathways including WNT, BMP, FGF, SHH, and RA. This review substantiates that environmental factors may directly or indirectly affect these pathways and thereby disrupt CNCC formation, survival, migration and differentiation (Figure 4). It is not beyond imagination that multiple environmental factors can be present simultaneously during early pregnancy. Therefore, studies into ExE interactions are highly important.


[image: image]

FIGURE 4. General summary showing the environmental factors smoking, alcohol use, vitamin imbalance, drug use, (xeno) estrogens and pesticides. These factors (represented in the upper part of the figure) differentially affect critical developmental processes such as the formation, survival, delamination, migration, condensation, and differentiation of CNCCs (represented in the lower part of the figure). Evidence of interactions between environmental factors that result in craniofacial malformations has been reported as well, these are indicated by black arrows. Exposure to environmental factors often results in aberrant signaling of essential pathways in craniofacial development including SHH, TGF, FGF, BMP, RA, and WNT. Moreover, gene mutations in these pathways can also interact with environmental factors, complicating the etiology. Known GxE interactions are indicated in this figure with red dotted arrows.


Zebrafish prove to be a valuable translational model for a wide range of craniofacial malformations, and are also highly suited for identifying the mechanisms of action associated with environmental factors and GxE interactions. Moreover, zebrafish research will boost the identification and health risk assessment of new teratogens.

Although many health recommendations to prevent craniofacial and other congenital malformations have already been implemented by healthcare professionals for years, more research should be done to obtain a more extensive picture of the risks. After all, in the field of environmental exposures there is much to gain as—in theory—all of these factors can be eliminated if public health awareness is increased and risks are adequately identified. A better understanding of environmental teratogens and genetic risk factors will allow for routine screening and a personalized approach in the future. Evidence from zebrafish studies will help to translate preclinical data to practice and will support health recommendations to pregnant women to decrease the risks of CLP and other craniofacial malformations.
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ABBREVIATIONS

AhR, Aryl hydrocarbon receptor; BMP, Bone morphogenetic protein; BPA/AF/S/F, Bisphenol A/AF/S/F; CDC, Center for disease control; CLP, Cleft lip and/or palate; CNCC, Cranial neural crest cells; CYP1A, Cytochrome P450 1A; DHODH, Dihydroorotate dehydrogenase; dpf, Days post fertilization; E2, 17ß-estradiol; ENU, N-ethyl -n-nitrosourea; ER, Estrogen receptors; FA, Follic acid; FAS, Fetal alcohol syndrome; FASD, Fetal alcohol spectrum disorders; FDA, Food and drug administration; FGF, Fibroblast growth factor; FVSP, Fetal valproate spectrum disorder; GST, Glutathione-S-transferase; GWAS, Genome wide association studies; hpf, Hours post fertilization; M-PQ, Meckel’s-palatoquadrate; OMIM, Online Mendelian Inheritance in Man; OR, Odds ratio; PAH, Polycyclic aromatic hydrocarbons; RA, Retinoic acid signaling; SHH, Sonic hedgehog; TGF, Transforming growth factor; TPM, Total particular matter; VPA, Valproic acid; WHO, World health organization; WNT, Wingless-Int-1 pathway.
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2https://www.cdc.gov/biomonitoring/tobacco.html

3www.cdc.gov/ncbddd/fasd/data.html

4www.who.int/elena/titles/vitamina_pregnancy/en/

5www.who.int/elena/titles/guidance_summaries/daily_iron_pregnancy/en/
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A Corrigendum on
 Zebrafish Models of Craniofacial Malformations: Interactions of Environmental Factors

by Raterman, S. T., Metz, J. R., Wagener, F. A. D. T. G., and Von den Hoff, J. W. (2020). Front. Cell Dev. Biol. 8:600926. doi: 10.3389/fcell.2020.600926



In the original article, there was an error. The error concerned reported exposure percentages.

A correction has been made to reported percentages in Alcohol, paragraph three:

“In search of ethanol sensitivity windows for craniofacial development, zebrafish embryos were exposed to a—rather extreme—regime of 10% ethanol during defined developmental stages (Ali et al., 2011). At 25 and 31 hpf (developmental stages prim-6 and prim-16, respectively) embryos were most susceptible to defects of the branchial arches and Meckel's cartilage (Ali et al., 2011). Furthermore, in the late blastula and early gastrula stages, embryos appeared to be specifically sensitive for the induction of cyclopia after exposure to 2.4% ethanol (Blader and Strahle, 1998). Upon chronic exposure, distinct craniofacial effects have been observed depending on ethanol dosage. Ethmoid plate development and head width were reduced at concentrations as low as 3 mM (0.01%), which can be reached in women upon drinking only one alcoholic beverage (Carvan et al., 2004; Ferdous et al., 2017). Interestingly, with rising concentrations, a sensitivity shift was reported. At 10 mM ethanol (0.04%), neurocranium structures were more severely affected than structures of the viscerocranium, while at 30 mM (0.13%) the opposite was observed (Carvan et al., 2004). Variations in sensitivity to ethanol exposure between zebrafish strains are also reported. Upon exposure, Ekkwill strain zebrafish presented with a severely affected viscerocranium and increased apoptosis, whereas AB strain zebrafish had affected neurocranial cartilages such as the ethmoid plate. In Tübingen strain zebrafish larvae a high mortality rate was observed, but this strain was less prone to craniofacial defects (Loucks and Carvan, 2004). The strain specific sensitivity to ethanol implicates that predisposing genetic factors and GxE interactions are involved.”

A correction has been made to reported percentages in Vitamins and ExE Interactions, Vitamin A, paragraph four:

“Epidemiological studies showed that the risk of FASD and craniofacial malformation were higher in pregnancies with alcohol exposure in low socioeconomic environments. In these environments, maternal malnutrition and vitamin (A) deficiency are more frequent (Jiang et al., 2020). Ethanol competes with retinol for a dehydrogenase that converts retinol into RA and ethanol into acetaldehyde (Marrs et al., 2010). In zebrafish, RA and ethanol appear to exert opposing effects on ethmoid plate development. Zebrafish larvae treated with 100 mM (0.6%) ethanol showed a reduced ethmoid plate width, which was rescued by a low dose (1 nM) of exogenous RA. In the same study, RA addition without alcohol exposure resulted in a wider ethmoid plate (Marrs et al., 2010). Disruption of RA signaling appears to be a distinct mechanism of alcohol teratogenesis and is an example of an ExE interaction.”

The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.


REFERENCES

 Ali, S., Champagne, D. L., Alia, A., and Richardson, M. K. (2011). Large-scale analysis of acute ethanol exposure in zebrafish development: a critical time window and resilience. PLoS One 6:e20037. doi: 10.1371/journal.pone.0020037

 Blader, P., and Strahle, U. (1998). Ethanol impairs migration of the prechordal plate in the zebrafish embryo. Dev. Biol. 201, 185–201. doi: 10.1006/dbio.1998.8995

 Carvan, M. J. III., Loucks, E., Weber, D. N., and Williams, F. E. (2004). Ethanol effects on the developing zebrafish: neurobehavior and skeletal morphogenesis. Neurotoxicol. Teratol. 26, 757–768. doi: 10.1016/j.ntt.2004.06.016

 Ferdous, J., Mukherjee, R., Ahmed, K. T., and Ali, D. W. (2017). Retinoic acid prevents synaptic deficiencies induced by alcohol exposure during gastrulation in zebrafish embryos. Neurotoxicology 62, 100–110. doi: 10.1016/j.neuro.2017.05.01

 Jiang, Q., Lu, D., Wang, F., Zhang, Y., Cao, L., Gui, Y., et al. (2020). Folic acid supplement rescues ethanol-induced developmental defects in the zebrafish embryos. Acta Biochim. Biophys. Sin. 52, 536–545. doi: 10.1093/abbs/gmaa030

 Loucks, E., and Carvan, M. J. I. I. I. (2004). Strain-dependent effects of developmental ethanol exposure in zebrafish. Neurotoxicol. Teratol. 26, 745–755. doi: 10.1016/j.ntt.2004.06.017

 Marrs, J. A., Clendenon, S. G., Ratcliffe, D. R., Fielding, S. M., Liu, Q., and Bosron, W. F. (2010). Zebrafish fetal alcohol syndrome model: effects of ethanol are rescued by retinoic acid supplement. Alcohol 44, 707–715. doi: 10.1016/j.alcohol.2009.03.004

Copyright © 2021 Raterman, Metz, Wagener and Von den Hoff. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 11 December 2020
doi: 10.3389/fcell.2020.587859





[image: image]

Pattern of Morphological Variability in Unrepaired Unilateral Clefts With and Without Cleft Palate May Suggest Intrinsic Growth Deficiency

Benny S. Latief1, Mette A. R. Kuijpers2, Adam Stebel3,4, Anne Marie Kuijpers-Jagtman5,6,7 and Piotr S. Fudalej7,8,9*

1Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, Universitas Indonesia, Jakarta, Indonesia

2Department of Dentistry – Orthodontics and Craniofacial Biology, Radboud University Medical Center, Radboud Institute for Health Sciences, Nijmegen, Netherlands

3Department of Maxillofacial Surgery, F. D. Roosevelt University Hospital, Banská Bystrica, Slovakia

4Department of Stomatology and Maxillofacial Surgery, Faculty of Medicine, Comenius University, Bratislava, Slovakia

5Faculty of Dentistry, Universitas Indonesia, Jakarta, Indonesia

6Department of Orthodontics, University Medical Center Groningen, Groningen, Netherlands

7Department of Orthodontics and Dentofacial Orthopedics, University of Bern, Bern, Switzerland

8Department of Orthodontics, Jagiellonian University, Kraków, Poland

9Department of Orthodontics, Institute of Dentistry and Oral Sciences, Palacký University Olomouc, Olomouc, Czechia

Edited by:
Rafaela Scariot, Universidade Positivo, Brazil

Reviewed by:
Mohammad Khursheed Alam, Al Jouf University, Saudi Arabia
Aline Sebastiani, Universidade Positivo, Brazil

*Correspondence: Piotr S. Fudalej, piotr.fudalej@uj.edu.pl

Specialty section: This article was submitted to Cell Growth and Division, a section of the journal Frontiers in Cell and Developmental Biology

Received: 27 July 2020
Accepted: 11 November 2020
Published: 11 December 2020

Citation: Latief BS, Kuijpers MAR, Stebel A, Kuijpers-Jagtman AM and Fudalej PS (2020) Pattern of Morphological Variability in Unrepaired Unilateral Clefts With and Without Cleft Palate May Suggest Intrinsic Growth Deficiency. Front. Cell Dev. Biol. 8:587859. doi: 10.3389/fcell.2020.587859

In individuals with cleft lip and palate (CLP) an iatrogenic effect of operations on subsequent maxillary growth is well-known. Much less is known about the association between occurrence of CLP and intrinsic growth deficiency of the maxillofacial complex. The aim of this study was to compare morphological variability in subjects with unilateral cleft lip and alveolus/palate and unaffected controls using geometric morphometric methods. The research hypothesis was that if subjects with unrepaired unilateral CLP have intrinsic growth deficiency, the pattern of their craniofacial growth variation may differ from that in unaffected individuals. Lateral cephalograms were available of three groups of the same ethnic background (Proto-Malayid): (a) non-syndromic unrepaired unilateral complete cleft lip, alveolus, and palate (UCLP), N = 66, mean age 24.5 years (b) non-syndromic unrepaired unilateral complete cleft lip and alveolus (UCLA), N = 177, mean age 23.7 years, and (c) NORM (N = 50), mean age 21.2 years without a cleft. Using geometric morphometrics shape variability in groups and shape differences between groups was analyzed. Principal component analysis (PCA) was used to examine shape variability, while differences between groups and sexes were evaluated with canonical variate analysis. Sexual dimorphism was evaluated with discriminant function analysis (DA). Results showed that in comparison to NORM subjects, shape variability in UCLA and UCLP is more pronounced in the antero-posterior than in vertical direction. Pairwise comparisons of the mean shape configurations (NORM vs. UCLA, NORM vs. UCLP, and UCLA vs. UCLP) revealed significant differences between cleft and non-cleft subjects. The first canonical variate (CV1, 68.2% of variance) demonstrated that differences were associated with maxillary shape and/or position and incisor inclination, while in females, the CV1 (69.2% of variance) showed a combination of differences of “maxillary shape and/or position and incisor inclination” and inclination of the cranial base. Shape variability demonstrated considerable differences in subjects with UCLA, UCLP, and NORM. Moreover, in subjects with a cleft, within-sample variability was more pronounced in the antero-posterior direction, while in non-cleft subjects, within-sample variability was more pronounced in the vertical direction. These findings may suggest that subjects with unilateral clefts have intrinsic growth impairment affecting subsequent facial development.
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INTRODUCTION

Cleft lip with or without cleft palate shows a large phenotypic variation ranging from complete open clefts of the lip, alveolus and palate to microforms and subclinical phenotypes like submucous cleft lip or palate. All of them have their own specific phenotype and the related problems are different for each type of cleft. Surgical rehabilitation of patients with cleft lip and palate aims at restoration of the anatomy, function, and aesthetics of the face, but is associated with growth disturbance of the midface. Identification of factor(s) leading to maxillofacial growth disturbance in individuals with cleft lip and palate (CLP) is critical for improvement of treatment results. To date, numerous animal experiments have shown that scar tissue that develops after the palatal surface has been denuded to close the cleft and the palate, is a strong inhibitor of maxillary growth and the adverse growth effect persists into adulthood (Li et al., 2015).

Much less is known about the association between occurrence of CLP and intrinsic growth deficiency of the maxillofacial complex. The theoretical ground for it is that the processes causing lack of fusion of maxillary/nasal prominences during embryonic life could also lead to impaired growth. One way to assess this would be to compare craniofacial morphology in subjects with unoperated CLP with their non-cleft counterparts. However, for obvious reasons it is difficult to collect a large sample of untreated CLP individuals. Several investigations on untreated clefts produced conflicting results and demonstrated that the maxilla could be smaller (Capelozza et al., 1993; Liao and Mars, 2005), comparable (Shetye and Evans, 2006; Diah et al., 2007), or larger (Ortiz-Monasterio et al., 1974) than in non-cleft controls. Data for unoperated bilateral clefts is even more scarce and comprise mostly case reports (Will, 2000). These inconsistent findings may be due to the error of the method, different ages of evaluation, or the use of samples with mixed cleft types.

An alternative approach is a comparison of variability of craniofacial morphology in subjects with unoperated CLP with non-cleft individuals using geometric morphometry, a statistical method to analyze shape (Halazonetis, 2004; Zelditch et al., 2012). This method has been used in a few studies comparing two- or three-dimensionally craniofacial morphology of patients operated for a cleft, but comparisons between individuals with unoperated clefts and non-cleft controls are scarce (Toro-Ibacache et al., 2014; Liberton et al., 2020). Our recent study (Latif et al., 2020) demonstrated differences in facial variation between subjects with unrepaired bilateral clefts and non-cleft controls. Variability was mainly present in the vertical direction in non-cleft subjects, while in bilateral CLP subjects the anteroposterior component of variation was marked. We suggested that this difference might point to intrinsic growth impairment in bilateral CLP.

The aim of this study was to compare facial morphological variability in subjects with unilateral cleft lip and alveolus/palate and unaffected controls using geometric morphometric methods. The research hypothesis (HR) tested in this study was that the patterns of craniofacial shape variations in subjects with unilateral cleft lip and alveolus/palate and unaffected controls is different.



SUBJECTS AND METHODS


Sample

The study sample consisted of three groups from the same ethnic background (Proto-Malayid): (a) group comprising 66 subjects (37 males, 29 females, mean age 24.5 years, SD 10.5, range 14–61 years) with a non-syndromic unrepaired unilateral complete cleft lip, alveolus, and palate (UCLP group), (b) group comprising 177 subjects (104 males, 73 females, mean age 23.7 years, SD 10.9, range 14–72 years) with a non-syndromic unrepaired unilateral complete cleft lip and alveolus (UCLA group), and (c) group comprising 50 subjects (25 males, 25 females, mean age 21.2 years, SD 3.2, range 15–31 years)—NORM group.

The cleft sample was collected between 1986 and 1997 during nine charity missions in the province of East Nusa Tenggara, Indonesia, as part of a larger study as described earlier (Latief et al., 2010) in cooperation between the University of Brawijaya, Faculty of Medicine (Malang, Indonesia), Universitas Indonesia, Faculty of Dentistry (Jakarta, Indonesia), University Medical Centre Leiden, Department of Oral and Maxillofacial Surgery (Leiden, Netherlands) and the Radboud University Medical Centre (Nijmegen, Netherlands). The inclusion criteria were Proto-Malayid origin, complete unrepaired non-syndromic UCLA or UCLP, non-syndromic cleft as ascertained from medical records and clinical examination; the exclusion criteria were additional submucosal cleft and/or Simonart’s band, earlier surgical repair or orthodontic treatment, lack of adequate contacts between opposing molars, age younger than 14 years.

The NORM group was collected in 1997 and consisted of 50 healthy volunteers from the city of Kupang (capital of the province East Nusa Tenggara). The inclusion criteria were Proto-Malayid origin, no cleft or other craniofacial anomaly, no clefts in the family history, normal occlusal relationship (Angle Class I); The exclusion criteria were earlier orthodontic or surgical treatment in the maxillofacial region, and age younger than 14 years. All study participants (clefts and controls) signed the informed consent.

The Bioethics Committee of the University of Indonesia approved this investigation in 2015 (Ref #: 1/EthEx/FKGUI/II/2015).



Methods

Lateral cephalograms taken prior to surgical closure of the cleft were available for further analysis. The radiographs were taken in a mobile custom-built radiographic setup including a cephalostat with a focus-film distance of 1.70 m. The film cassette was 24 × 30 cm with a high-speed intensifying screen to shorten the exposure time. Considering field conditions during imaging of cleft and non-cleft subjects, it is likely that the radiographic magnification factor could not have been kept constant. Therefore, only facial shape (i.e., without information about the size) was evaluated in this study. The cephalograms were scanned at 300 dpi resolution.

Facial morphology was evaluated on lateral radiographs of the head (cephalograms). Because the contour of the soft tissues was blurred and difficult to identify, the assessment of the facial morphology was limited to bony structures. The geometry of the cranial base, the maxillary complex, the mandible, and the anterior dentition was captured using 18 anatomical landmarks (Figure 1). We used the same landmarks as in the study by Latif et al. (2020), which seemed sufficient to represent key anatomical structures of the craniofacial skeleton.
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FIGURE 1. Drawing of a cephalogram illustrating the anatomical landmarks used in this study.


The landmarks were digitized by one investigator (PF) on the scan of each radiograph with the tpsDig2 program, version 2.181. Two-dimensional landmark coordinates were extracted and exported in TPS format to be used for the geometric morphometric analyses with the MorphoJ software package, version 1.06d (Klingenberg, 2011). The sample was checked for outliers—none was detected.

To assess the intra-observer reliability 28 images were randomly selected and re-digitized by the same investigator (PF) after a minimum of 1 month. Random error was expressed as the Procrustes distance between the redigitizations in shape space in comparison with the total shape variance.



Statistical Analysis

Two areas were analyzed in this investigation: shape variability in the groups and shape differences between the groups. First, principal component analysis (PCA) was used to examine shape variability. The effect of group, age, and sex on the shape was evaluated with multivariate regression analysis, where Procrustes shape coordinates were dependent variables and the group, age, and sex were covariates. Differences between the UCLP, UCLA, and NORM groups, i.e., the Procrustes distances between group means, for males and females were assessed using canonical variate analysis (CVA), which is a method used to find the shape features that best distinguish among multiple groups of subjects (Zelditch et al., 2012). Sexual dimorphism in the UCLA, UCLP, and NORM groups was evaluated with discriminant function analysis (DA; equivalent to CVA but used for comparisons between two groups only). Analogous as in CVA, also in DA the Procrustes distances between males and females were established.

All analyses and statistical tests were performed in MorphoJ and PAST v.3 software (Øyvind Hammer, University of Oslo, Norway). Permutation tests (100,000 permutation runs) with a significance level of 0.05 were used to establish intergroup differences in facial shapes. The visualization of facial shape changes was carried out in MorphoJ and Viewbox 4.1 (dHAL Software, Kifissia, Greece).



RESULTS


Method Error

The measurement error was relatively small in the redigitized subsample—it was equal to 7.29% of the total variation.



Within-Sample Shape Variability

The plot depicting overall shape variability in the sample (Figure 2) implies shape differences between groups. The pattern of scatter of individual shapes with a concentration of NORM shapes in the upper right region of the plot (i.e., PC1 and PC2 are > 0) and few NORM shapes in the lower left region of the plot (i.e., PC1 and PC2 are < 0) suggests that non-cleft subjects differ from subjects with a cleft. The principal components 1 through 5, each accounting for at least 5% of variance, explained in total 60.3% of variance among individuals (Table 1 and Supplementary Table 1 presents variance explained by all principal components). The first major axis of shape variation (PC1, 21.3% of variance) demonstrates shape patterns in the vertical direction, while PC2 (14.1% of variance) depicts mainly anteroposterior shape patterns, particularly of the size and/or position of the mandible relative to the cranial base and maxillary complex. Figure 3 shows shape variability separately in UCLP, UCLA, and NORM groups. In comparison to non-cleft subjects, shape variability in individuals with unilateral clefts is more pronounced in the antero-posterior than in vertical direction. Supplementary Table 2 demonstrates variability for each landmark in x and y directions.
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FIGURE 2. Principal component analysis of shape variables in the whole sample (subjects with and without cleft pooled together). The figure presents the variation in the whole sample along PC axes 1 and 2 (PC1 and PC2). Each “point” represents a single subject. The numbers (1, 2, 3, -1, -2, -3) on the axes denote standard deviation (SD).



TABLE 1. Proportion of variance in a sample comprising subjects with clefts (UCLP and UCLA) (N = 243) and without clefts (N = 50) described by principal components (PCs), explaining at least 5% of variance each, in shape space.
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FIGURE 3. Variation in subjects with unilateral cleft lip and palate (UCLP), unilateral cleft lip and alveolus (UCLA), and in unaffected subjects (NORM) along the first three principal components (PC1–PC3). The black shape is the mean shape, the red shapes correspond with the shape at -3 SD and +3 SD for each axis (PC1–PC3) and each group (UCLP, UCLA, NORM).




Age-Shape Correlation

Regression analysis (Table 2) with group, sex, and age as covariates and PC1–PC5 as dependent variables showed a limited effect of the age on the facial shape variability—the age “weighted” considerably less than group and sex. This indicates that a subject’s age was not a predictor of the facial shape, either in males or in females, or with or without a cleft.


TABLE 2. Multivariate regression analysis with group, sex, and age as covariates (independent variables) and principal components 1–5 (PC1–PC5) as dependent variables.
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Sexual Dimorphism

Sexual dimorphism was detected in UCLA and NORM groups but not in UCLP group (Table 3). The Procrustes distance between mean shapes for males and females was largest for non-cleft subjects (NORM) and smallest for subjects of the UCLP group. The non-cleft males had a shorter anterior facial height and flatter mandibular plane than females (Figure 4), while the males and females with UCLA had subtle differences in vertical proportions.


TABLE 3. Sexual dimorphism in groups assessed with discriminant function analysis (DA).
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FIGURE 4. Visualization of sexual dimorphism in subjects with unilateral cleft lip and palate (UCLP), unilateral cleft lip and alveolus (UCLA), and in unaffected subjects (NORM) based on discriminant function analysis. Black color—males, blue—females.




Differences Between UCLP, UCLA, and NORM Groups

The inter-group differences between the mean shape configurations in each group were analyzed with CVA (Table 4). Pairwise comparisons (NORM vs. UCLA, NORM vs. UCLP, and UCLA vs. UCLP) in males and females revealed statistically significant differences between subjects with and without a cleft. In males, the first canonical variate (CV1, 68.2% of variance) demonstrated that differences were associated with maxillary shape and/or position and incisor inclination, while in females, the CV1 (69.2% of variance) showed a combination of differences of “maxillary shape and/or position and incisor inclination” and inclination of the cranial base (Figure 5).


TABLE 4. Pairwise differences between groups in facial shape configurations assessed with canonical variate analysis (CVA).
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FIGURE 5. Canonical variate analysis of males and females with unilateral cleft lip and palate (UCLP), with unilateral cleft lip and alveolus (UCLA), and in unaffected individuals (NORM).




DISCUSSION

In the current study we used geometric morphometrics (GM) to evaluate craniofacial shape. This novel method has been commonly used in anatomy and anthropology. We are aware that the vast majority of studies evaluating craniofacial shape in cleft and non-cleft population has used conventional cephalometrics as a shape descriptor. However, cephalometric analysis has inherent problems regarding its applicability as shape measure; it provides only a partial and localized description of shape and is confounded by our biases regarding the reference structures. As a result (a) the measurements are often conflicting, (b) many measurements are needed for a comprehensive shape description, (c) it is not trivial to compare the craniofacial pattern between different individuals, and (d) classification of shape is based on a limited subset of all possible measurements and might therefore be biased by that particular selection. In comparison to conventional cephalometrics, GM allows for (a) comprehensive description of the overall craniofacial shape with measurements, which are not conflicting because they are unrelated statistically; (b) easy assessment of the degree of variation from the mean; (c) it is relative insensitive to errors in landmark identification (Halazonetis, 2004). These advantages make GM an interesting alternative in studies of the craniofacial shape (Wellens et al., 2013; Urbanova et al., 2016; Jaklová et al., 2020; Segna et al., 2020). Unfortunately, the “non-intuitive” mathematical methods of GM can present a challenge in interpretation of results.

Studies exploring the craniofacial shape in humans without congenital malformations (Rosas et al., 2008; Wellens and Kuijpers-Jagtman, 2016; Katsadouris and Halazonetis, 2017; Paoloni et al., 2017) demonstrated that the largest variability of the shape concerned the vertical direction (i.e., dolichocephalic vs. brachycephalic shape) irrespective of the ethnic background or population origin. Although contemporary populations from Europe are more dolichocephalic than those coming from Asia (African populations are relatively most brachycephalic), vertical variability (i.e., different degree of dolichocephalic/brachycephalic facial pattern) prevails over variability in antero-posterior direction (Rosas et al., 2008). Thus, our research hypothesis was that if subjects with unilateral cleft lip and palate do have intrinsic growth deficiency, the pattern of their craniofacial growth variation may differ from the pattern of variation in unaffected individuals.

In our previous study on individuals with bilateral orofacial clefts, we found evidence that subjects with unrepaired bilateral CLA and bilateral CLP did demonstrate a disparate pattern of craniofacial variation. Unaffected subjects and individuals with a bilateral cleft differed mostly in respect to the position of the (pre)maxilla, which was more protruded in the BCLA and BCLP groups than in controls (Latif et al., 2020). The aim of the current study was to test whether the difference in craniofacial shape variation between subjects with unrepaired unilateral orofacial clefts and their non-affected counterparts is comparable to the disparity between subjects with bilateral orofacial clefts and unaffected ones.

In the present study we found that subjects with a unilateral cleft had a considerably different pattern of craniofacial variation. In UCLA and UCLP groups PC1 through PC3 (cumulative variance: 47.2%) depicted a variation in both vertical and anteroposterior direction. Both directions of variation are easily discernible in Figure 3, with a possible exception of PC3 in the UCLP group, where anteroposterior variation of the maxilla was limited. In the NORM group, in contrast, variation in anteroposterior direction along the axes for PC1 and PC2 was limited, particularly for the maxilla (Figure 3). Furthermore, comparison of patterns of variation between subjects with different cleft types (UCLA and UCLP groups) demonstrates a lack of significant differences between the groups. PC1 shows an almost identical pattern of variation in the UCLA and UCLP groups, while PC2 indicates more anteroposterior variation in UCLP than in the UCLA group. The similarity of patterns of variation for subjects with a different type of the cleft on one side and the difference in patterns of variation between subjects with and without a cleft on the other side are visualized by clear separation of groups with and without a cleft along Canonical Variate 1 axis (Figure 5). Therefore, our findings imply that the orofacial cleft may be associated with intrinsic deficiency of growth of the structures affected by the cleft.

In exploratory studies such as the present one it is impossible to identify mechanisms responsible for growth deficiency in the cleft anomaly. Instead they serve as a tool to corroborate that such growth deficiency is possible. It is particularly important in subjects with unilateral cleft lip and alveolus/palate because there is an ongoing controversy encompassing the problem of the impact of intrinsic growth deficiency vs. surgical iatrogenesis on subsequent craniofacial development. As discussed in our previous paper (Latif et al., 2020) “In theory, if facial growth deficiency is exclusively the result of treatment of the cleft deformity, one could expect that the pattern of variations of the shape of the face in untreated clefts is comparable with the pattern of variations in subjects without an orofacial cleft. If the opposite is true, the pattern of facial shape variations in untreated and treated clefts should be different.” Publications to date demonstrated somewhat contradictory results—Lambrecht et al. (2000) reviewed studies assessing craniofacial morphology in unrepaired unilateral cleft lip and palate in comparison with non-cleft individuals and found that the maxillary complex in the cleft anomaly can be retruded (one study found retrusion), normal (three studies), or protruded (six studies). Later publications (Shetye and Evans, 2006; Chen et al., 2012) implied that in unrepaired unilateral cleft lip and palate although the length of the maxilla appears to be somewhat shorter in many patients, sagittal growth does not seem to be significantly disturbed. Our findings seem to disagree with the results of these studies assessing craniofacial morphology as we found evidence for an intrinsic growth deficiency within the craniofacial complex, while most clinical studies revealed little maxillofacial growth disturbance in adults with unrepaired cleft lip and palate. There may be several explanations for this discrepancy.

First, the investigations mentioned above had rather small sample sizes which increases uncertainty for generalizability of findings. Second, the spatial position of the maxilla is typically assessed by measuring the angle between the point A and cranial base (or Frankfurt horizontal plane). The larger the angle, the more protruded the maxilla. However, in unrepaired cleft lip and palate when there is discontinuity of the orbicularis muscle and a wide cleft, the anterior part of the larger segment (on which point A is located) can be rotated forward. The repair of the cleft can result in maxillary remodeling and posterior dislocation of point A. In other words, location of point A in the unrepaired cleft and non-cleft maxilla is not completely homologous. Finally, conventional cephalometric analysis as used in earlier studies has significant limitations such as the use of many inter-related landmarks and angles to characterize morphology of the anatomical structure (Moyers and Bookstein, 1979; Bookstein, 2016). In effect the change of a given angle (e.g., sella-nasion-point A) cannot be precisely ascribed to the change of a structure (e.g., position of point A on the surface of maxilla) because the change of reference line (e.g., sella-nasion, dependent on position of both sella and nasion landmarks) might well be responsible for it (Halazonetis, 2004). Therefore the use of geometric morphometrics to analyze shape is a better choice.

The pattern of shape variation in subjects with unrepaired unilateral clefts is similar to that found in bilateral clefts (Latif et al., 2020). The variation along the PC1 axis in UCLA, UCLP, and pooled bilateral cleft lip and alveolus (BCLA)—bilateral cleft lip, alveolus, and palate (BCLP) groups is a combination of variation in vertical and anteroposterior direction. Both components (directions) are easily recognizable on the plots. A subtle difference is that the anteroposterior component in the BCLA-BCLP group is more pronounced than in UCLA and UCLP groups. This may reflect a more variable position of the pre-maxilla in subjects with bilateral clefts but could also be due to a significantly smaller sample size in the BCLA-BCLP group. The variation along the PC2 axis is also a combination of variation in the vertical and anteroposterior direction. However, in the BCLA-BCLP group the vertical component is stronger than along PC1 axis; in UCLA and UCLP groups the vertical component is weaker than the anteroposterior component, especially in subjects with UCLP. A comparison with the control group (in both studies the same group of non-cleft subjects was used) demonstrates that cleft vs. non-cleft differences are considerably larger than discrepancies between groups with different cleft types. To understand the effect of treatment and intrinsic growth deficiency it would be interesting to be able to compare a treated group with the same ethnicity and a control group.

The strengths of this investigation are a large sample size, the use of controls derived from the same ethnic group, and the use of geometric morphometrics for characterization of craniofacial variability. Nevertheless, this study has several limitations mentioned previously (Latif et al., 2020). In summary, some subjects were relatively young (i.e., 14–18 years of age) when the cephalogram was collected. The age of subjects should be viewed in the context of achievement of relative stability of craniofacial structures. Indonesian populations, as other from equatorial regions, start and finish their maturation phase earlier.

Nevertheless, the literature on unoperated cleft uses the age of 13 years to pinpoint the start of the adulthood stage (Latief et al., 2010). Certainly, the aging affects facial soft tissues; however, its effect on the skeleton is limited, when assessed with geometric morphometrics, provided a subject has adequate occlusal contacts between opposing teeth (otherwise a loss of opposing teeth can result in loss of occlusal support and decrease of facial height). In our study we excluded subjects who had missing occlusal contacts between opposing teeth. We used 2D cephalograms, although 3D imaging is currently the method of choice, but this is not a feasible option in a low-income country and an isolated population. The soft tissue profile was difficult to identify so we were restricted to analysis of the hard tissues only. In future research the presently available handheld 3D cameras may facilitate soft tissue analysis of patients and controls in remote areas. Finally, the lack of information on magnification of facial structures on cephalograms prevented us from analyzing the size and allometry in subjects with and without a cleft.



CONCLUSION

Shape variability demonstrates considerable differences in subjects with unrepaired complete unilateral cleft lip and alveolus (UCLA) and complete unilateral cleft lip, alveolus and palate (UCLP) and non-cleft subjects (NORM). Moreover, in subjects with a cleft, within-sample variability was more pronounced in the antero-posterior direction, while in non-cleft subjects, within-sample variability was more pronounced in the vertical direction. These findings may suggest that subjects with unilateral clefts have intrinsic growth impairment affecting subsequent facial development.
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The mammalian ear is made up of three parts (the outer, middle, and inner ear), which work together to transmit sound waves into neuronal signals perceived by our auditory cortex as sound. This review focuses on the often-neglected outer ear, specifically the external auditory meatus (EAM), or ear canal. Within our complex hearing pathway, the ear canal is responsible for funneling sound waves toward the tympanic membrane (ear drum) and into the middle ear, and as such is a physical link between the tympanic membrane and the outside world. Unique anatomical adaptations, such as its migrating epithelium and cerumen glands, equip the ear canal for its function as both a conduit and a cul-de-sac. Defects in development, or later blockages in the canal, lead to congenital or acquired conductive hearing loss. Recent studies have built on decades-old knowledge of ear canal development and suggest a novel multi-stage, complex and integrated system of development, helping to explain the mechanisms underlying congenital canal atresia and stenosis. Here we review our current understanding of ear canal development; how this biological lumen is made; what determines its location; and how its structure is maintained throughout life. Together this knowledge allows clinical questions to be approached from a developmental biology perspective.
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INTRODUCTION

Hearing places us within our external environment, allowing us to experience a multi-dimensional world, to listen and to communicate. Sound is essentially a series of pressure waves in our airborne environment. That we can “hear” these waveforms involves a complex array of neurophysiological mechanisms which begin at the outer ear and end at the auditory cortex. The mammalian ear is a crucial and fascinating sensory organ formed from the integration of three parts (Figure 1). The pinna or auricle directs sound waves into the external auditory Meatus (EAM), which then funnels sound waves toward the ear drum or tympanic membrane (TM), causing it to displace and move the ossicular chain of bones in the air-filled middle ear. The middle ear ossicles connect the TM to the much smaller oval window of the inner ear. This intricate leverage mechanism corrects the impedance mismatch between gas and liquid allowing airborne sound waves to move hair cells in the fluid-filled cochlea, generating neural signals that are transmitted to the auditory cortex via the cochlear nerve.
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FIGURE 1. Schematic diagram of the three-part ear; the external ear, which includes the pinna and ear canal; the middle ear which includes the tympanic membrane (TM), middle ear cavity (MEC), and the ossicles. The malleus inserts into the TM at the umbo. The middle ear connects to the nasopharynx via the eustachian tube (ET). The inner ear (IE) includes the cochlea and semi-circular canals. The ear canal is enclosed in its inner two-thirds by a bony wall and its outer third by a cartilaginous wall, which is lined by hair-bearing skin. The ear canal lumen varies in shape but typically has a pretympanic recess and meatal opening. Inset shows anterior, posterior, superior, and inferior axes as referred to in the text.


Hearing loss is most commonly caused due to pathology in the inner ear, referred to as sensorineural hearing loss, which consequently receives the lion’s share of scientific research (Cunningham and Tucci, 2017). However, there are limited options for treating sensorineural hearing loss with many potential treatments in the experimental phase (Devare et al., 2018). Currently, the clinician’s arsenal is best equipped to treat middle ear disease, which consequently receives the lion’s share of clinical attention (Cunningham and Tucci, 2017). This leaves the outer ear, which is also indispensable for hearing, but is comparatively overlooked. Pathologies of the ear canal can cause hearing loss, recurrent infection, and complications including cranial nerve palsy and intracranial sepsis (Ostrowski and Wiet, 1996). Management of hearing loss in this part of the ear may be particularly challenging, as the interaction between the anatomy and physiology of the canal, and the pathologies that affect it, may complicate the two most commonly used techniques of hearing rehabilitation – hearing aids and hearing restoration surgery.

In this review we focus in on the ear canal or EAM. We discuss the anatomy of the canal and the epithelial dynamics involved in canal homeostasis. We then turn to the congenital and acquired defects of the canal, and how they are currently treated, before investigating canal development. As anatomical and molecular details are added to our understanding of ear development, compelling questions are beginning to emerge. What factors determine the development of the ear canal’s specialized epithelium? And how does the canal integrate with the middle ear to form a functioning structure?



EAR CANAL ANATOMY AND FUNCTION

With certain exceptions, the EAM is similar across all mammals; a deep-set structure on either side of the skull ending in an ear drum cul-de-sac medially and opening to a pinna laterally (Figure 1). In adult humans, the EAM is typically 25 mm in length and 8 mm in diameter (Areias et al., 2016). Rather than a horizontal tube its shape is that of a soft sigmoid, tilted to face downward and inward as it projects medially (van Spronsen et al., 2014). This curved path varies between individuals (van Spronsen et al., 2014). Finite element modeling of the ear has highlighted the importance of a patent EAM in hearing higher frequency sound (which is crucial for speech recognition) (Areias et al., 2016). Lower frequencies with wavelengths larger than the canal itself are not affected by variations in canal diameter, however, as sound waves concertina at higher frequency, variations in canal dimension have a discernible effect on sound transmission. In particular, the segment of canal closest to the TM plays an important part in high frequency sound transmission (Areias et al., 2016). Variation in this pretympanic area, namely a deeper pretympanic recess, therefore can influence acquisition of high frequency sound, and has also been linked to increased susceptibility to chronic otitis externa (van Spronsen et al., 2014). Such biomechanical modeling at a patient-level would provide valuable information in understanding stenotic canal disease and measuring treatment outcomes.

In contrast to the deep canal observed in most mammals, in sauropsids (reptiles and birds) and amphibia, the ear canal is typically shallow or non-existent (Figures 2A,B). Indeed, we can consider a deep canal to be a specific mammalian trait. It has been proposed that a cavitated middle ear and tympanic membrane evolved multiple times in land vertebrates (tetrapods), therefore the deep mammalian ear is not homologous to the shallow ear canal of other land vertebrates (Tucker, 2017). A deep canal is observed in both therian mammals (placentals and marsupials) and monotremes (egg laying platypus and echidna), however, monotremes do not have pinna, suggesting that this was a later therian adaptation as monotremes diverged from other mammals relatively early in evolutionary time (Figures 2C,F; Manger et al., 1998). The deep canal means that the mammalian tympanic membrane is protected within the head and therefore potentially at less risk of damage. Despite this, damage to the mammalian tympanic membrane is fairly common, with perforations being caused by loud noises, bangs to the head and from middle ear infections (Mozaffari et al., 2020). A deep canal also provides a means for funneling and thereby focusing sound waves, as discussed above.
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FIGURE 2. Variations in the non-mammalian ear canal. (A) Bearded dragon (Pogona vitticeps) with superficial tympanic membrane outlined by arrow. (B–F) Histology sections. (B) Sagittal trichrome section of gecko ear showing a shallow ear canal (star) and superficial tympanic membrane (arrow). (C,D) Developing platypus (Ornithorhynchus anatinus) EAM (C) Frontal section of platypus ear at 2 days post hatching (2 p.h.). The developing ear canal (arrows) is long extending from extending form the top of the head to the malleus. There is no pinna at the canal opening (marked by *). (D) Frontal section of developing ear canal in 10 p.h. day platypus. The EAM develops in a sheath of condensed mesenchyme (arrows). (E,F) Developing echidna (Tachyglossus aculeatus) EAM (E) Horizontal section through the EAM of 55–65 p.h. (arrows) days echidna demonstrating cartilage support (arrows) around the developing EAM. (F) Horizontal trichrome section through EAM of an echidna at 18 p.h. days showing a tortuous path to the opening (star). P, Pinna; MEC, middle ear cavity; IE, inner ear; EAM, external auditory meatus.


Depending on the position of the middle ear with respect to the exit position of the canal, the relative length of the canal can vary across mammals. For example, in the platypus the ear canal exits high on the head, next to the eye, so that both the eye and ear are not submerged while the animal is swimming (Manger et al., 1998). This results in the development of a very long canal (Figure 2C). How the developing ear canal reaches the middle ear, finding its way to varying exit sites in different species, remains a largely unanswered question.

A deep-set lumen requires structural support. In humans, the inner two-thirds of the EAM is bony (typically 16 mm in length in the human adult) and the outer third is cartilaginous (around 8 mm in length), encasing the canal with a semi-rigid wall (Standrig et al., 2016). How the mammalian ear canal evolved remains an intriguing question. Did pinna cartilage elongate inward to meet the bony canal or did the cartilaginous canal evolve separately from the pinna? The latter appears more likely as monotremes have no pinna but still have a cartilaginous support that forms around the developing EAM (Figures 2D,E; Anthwal et al., 2020). Cartilage support for the EAM, therefore, likely predates pinna evolution.

The newborn human ear canal is soft and rudimentary along its length (Abdel-Aziz, 2013). The osseous canal is not evident during embryonic development so appears to develop postnatally (Ikari et al., 2013). The specifics of its development, however, remain vague. It is not yet known whether the tympanic ring, which is a membranous bone, extends posterolaterally to take part in creation of the osseous canal, or whether the osseous canal forms by endochondral ossification of an initially fibrocartilaginous scaffold. Both scenarios are described in textbooks and articles, however, there are as yet no published studies demonstrating the process (Abdel-Aziz, 2013; Standrig et al., 2016). The cartilaginous canal appears prior to and apparently independent of the osseous canal (Ikari et al., 2013). From around 15 gestational weeks, a chain of bar like cartilages form inferiorly between the tragus and helix. The anterior cartilage of the tragus and the posterior cartilage of the helix develop early and are consistent in shape; ring and plate-like, respectively (Ikari et al., 2013). Rather than fibrocartilage, glial fibrillary acid protein (GFAP) positive elastic cartilage makes up the outer cartilaginous canal (Ikari et al., 2013). The cartilages transform morphology via intermediate circular and triangle shapes to become H-shaped cartilage wrapping their arms upward around the developing EAM epithelium (Ikari et al., 2013). Interestingly, these bars of cartilage appear to develop along a fascial condensation linking Reichert’s cartilage and the tragus (Ikari et al., 2013). No evidence of a corresponding fascial plane extending out from Meckel’s cartilage has been described that would potentially precede a superior wall (Figure 1 insert). Unlike the anterior canal, the posterosuperior canal is usually deficient of cartilage in the adult (Standrig et al., 2016). There is significant individual variation in canal shape, which is perhaps not surprising given the complex of irregular shaped cartilages that interlink to form the cartilaginous ear canal (Bartel-Friedrich and Wulke, 2007). Clinically, this variability appears to be of little consequence. Inevitable gaps between the jigsaw of connecting cartilages does, however, provide a likely explanation for the etiology of congenital auricular pseudocysts that can occur in multiples between the perichondrium and the skin of the external ear, requiring drainage and pinna reconstruction (Secor et al., 1999).

The lining of the ear canal is continuous with skin covering the pinna laterally and the outer layer of the tympanic membrane medially (Mallo, 2000). Being an anatomical cul-de-sac ending at the TM, the ear canal is lined with specialized skin capable of migrating, such that it can self-clean with the epidermal layer sloughing off and moving outward – as opposed to upward in skin elsewhere (Alberti, 1964; Fuchs and Horsley, 2008). A failure of this self-cleaning mechanism leads to the build-up of sloughed off keratinocytes in the canal, causing hearing impairment from blockage and localized tissue damage from chronic inflammation (Naiberg et al., 1984). Indeed, failure to remove ear canal skin is also observed in keratosis obturans and ear canal cholesteatoma, which are uncommon but well recognized diseases of the external ear discussed further below (Naiberg et al., 1984; Persaud et al., 2004).

Experiments tracing the movement of ink-tattooed ear canal skin cells in mammals (including humans) show these labeled cells moving laterally, out of the canal over time (Alberti, 1964; Michaels and Soucek, 1991). This movement occurs roughly at the rate of fingernail growth with anterior canal skin demonstrating the fastest migration (Alberti, 1964). Does this migratory pattern have an epicenter at the tympanic membrane? Dated dye experiments suggest a radial pattern of epidermal cell migration spoking away from the umbo, at the center of the TM (Michaels and Soucek, 1990). More recent experiments using BrdU to chase and label proliferating cells suggest a more involved and dynamic source of stem and progenitor cells that migrate in different directions in different parts of the TM (Knutsson et al., 2011; Chari et al., 2018). Frumm et al. add further detail to the migratory nature of the keratinocytes in the tympanic membrane’s outer layer. Using a combination of lineage tracing, live imaging and single cell sequencing, they demonstrate that the TM epidermis has distinct stem cell and committed progenitor regions, located close to supporting mesenchyme (the manubrium and annulus respectively). The progeny of these cells migrate out across the TM, maintaining a thin vibratory surface (Frumm et al., 2020).

There are distinctions in the morphology of the skin that covers the bony canal versus the skin that covers the cartilaginous canal in humans. The former is thin and flush against the canal wall bone, whilst the latter is thickened with a spongey subcutaneous layer possessing modified sebaceous glands called cerumen glands. The bony canal skin, does not possess ceruminous glands or hair follicles (Standrig et al., 2016). Our observations of human cranial skin verses ear canal skin development suggest the latter develops precociously in relation to skin (Fons et al., 2020). This has interesting implications for experimental comparisons drawn between ear canal skin and skin elsewhere, as well as clinical implications, where skin from the limbs is used to reconstruct the canal lumen. If a different developmental timeline leads to different skin biology, transplanting skin into a reconstructed ear canal may not be the ideal graft tissue.

The cerumen glands are responsible for the production of ear wax. Serous secretions and sebum from the cerumen glands mix with sloughed keratinized squames. A natural lubricant, ear wax aids the self-cleaning function of the ear canal, and is thought to have antimicrobial properties (Shokry and Filho, 2017). Interestingly, a little like tongue rolling ability, ear wax type is a dimorphic trait. Whether your wax is wet or dry is determined by one single-nucleotide polymorphism (SNP) of a single gene (ABCC11) (Toyoda et al., 2009). Patients with dry wax, which lacks oily components, are at higher risk of suffering from cerumen impaction. Impacted ear wax is the single most common ear canal ailment to affect patients and may require regular removal, especially in those using hearing aids (Schwartz et al., 2017). The human ABCC11 gene has no orthologous gene in mammals, except for primates. In mice, cerumen production is from a single large gland, the glandula ceruminosa, which opens into a single duct near the TM (Gruneberg, 1971). Layout of glands and secretion type is likely to be species specific and relate to size and position of the canal. In mice, this gland is present from E15 (Gruneberg, 1971). Human ceruminous glands are noted at around 19 gestational weeks in published literature (Perry and Shelley, 1955). It is likely that ceruminous glands evolved from modified sebaceous glands, as like sebaceous glands these are holocrine glands, were the cells burst to release their content (Niemann and Horsley, 2012). Sebaceous glands fail to develop normally in patients with hypohidrotic ectodermal dysplasia (XLHED), suggesting involvement of the ectodysplasin (EDA) receptor signaling pathway in the development of sebaceous glands (del-Pozo et al., 2019). Similarly, Eda mutant mice have defects in sebaceous glands, with addition of Eda stimulants able to rescue the defect (Kowalczyk-Quintas and Schneider, 2014). Meibomian glands, another example of a modified sebaceous gland, also fail to develop in rodent models carrying hypomorphic mutations in the Edar signaling pathway consistent with an XLHED phenotype, with increased Edar signaling leading to larger meibomian glands (Chang et al., 2009). Recently Edar has been shown to be expressed in developing rat cerumen glands, highlighting a conserved role for this pathway in these holocrine glands (del-Pozo et al., 2019). In addition to the Eda pathway, Wnt and hedgehog signaling have been shown to play a role in skin sebaceous gland development and therefore may have a role also in cerumen gland development (Allen et al., 2003; Niemann et al., 2003). Further study into the developmental mechanisms of these unique glands would certainly be revealing.



DEVELOPMENT OF THE EAR CANAL AND HOW IT REACHES ITS TARGET

The ear canal develops in two parts, the outer part or primary canal, and the inner part or meatal plug (Fons et al., 2020; Figure 3). At around Carnegie stage 17 (6 weeks post conception and equivalent to E12.0 in mice), the primary canal begins to form either by the first cleft deepening or as a new invagination within the 1st arch. Supporting the latter scenario is a recent study unexpectedly suggesting the murine ear canal forms entirely within the first arch (Minoux et al., 2013). This is unexpected because it had previously been assumed that the ear canal forms within the first cleft (Grevellec and Tucker, 2010). The meatal plug then forms as a plug of cells adjacent to this cleft. (Michaels and Soucek, 1991). This plug of cells will continue to extend inward into the surrounding mesenchyme becoming a finger-like projection pointing to the developing middle ear cavity (MEC) (Figure 3B; Nishimura and Kumoi, 2017). Temporal and situational differences in cell proliferation appear to influence the extension and directional growth of the meatal plug as it begins to develop (Fons et al., 2020). Both human and mouse display a distinctive duality in EAM development: the outer, primary canal (which will become the cartilaginous canal) develops differently to the inner, meatal plug (which will become the osseous canal) (Fons et al., 2020). Initially open, the primary canal closes for some time before opening again along with the meatal plug, to form one long lumen (Fons et al., 2020) (Figures 3C,E). This closure has been linked to the removal of periderm (Fons et al., 2020). In mouse embryos, a superficial layer of periderm, denoted by keratin 8 staining, acts as a non-stick Teflon layer to keep the primary canal open in early development (Fons et al., 2020).
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FIGURE 3. Schematic of mammalian ear canal development. (A) Invagination of the primary canal (marked by *) with a meatal plug at its tip. (B) Extension of the meatus toward the forming middle ear, driven by a potential signal from the tympanic ring. At the same time selective loss of periderm is observed in the primary canal caused by apoptosis. (C) Closure of the primary canal (following loss of periderm layer) and further extension of the meatal plug to reach the tympanic ring. (D) Loricrin expression (red dashed line) marks the site of opening of the canal. (E) Following keratinocyte differentiation, the whole external ear canal opens, with the upper/rostral wall of the meatal plate forming the outer surface of the tympanic membrane. Vertical black dashed lines in C and D between brown and blue regions represent the two distinct parts of the ear canal. Schematic taken from Fons et al. (2020).


Programmed cell death, or apoptosis, is a ubiquitous event in development. Its role in ear canal development has been previously alluded to in experiments noting the emergence of TUNEL-positive cells at E15.5 in mice with the surprising lack of them around the time of canal opening, up to 12 days postnatally (Nishizaki et al., 1998). Inhibiting apoptosis in culture and staining K8 positive peridermal cells demonstrated that it is the apoptotic death of the periderm that allows the primary canal to close at around E15.5 in mice (Fons et al., 2020). Indeed, in Grhl3 null mice with deficient periderm, the primary canal closed prematurely, providing a hopeful avenue for further research into the etiopathology of congenital aural atresia (CAA) (Fons et al., 2020).

The canal finally opens by the creation of a central lumen (Figure 3E). This occurs at around 16 weeks in human fetal samples, and is preceded by a precocious program of differentiation, ahead of developing skin elsewhere, and involves the apoptotic cell death of the cornified loricrin-positive layer of squamous epithelium (Figure 3D). The complex and multistage development of the ear canal may account for the variability, both in form and occurrence, of CAA.

As with much of craniofacial development, the EAC is in essence an epithelial structure taking shape in relation to, and influenced by, its surrounding structures. How does the developing ear canal find its path to the middle ear cavity? Current knowledge tells us some detail about these relative relations and signaling pathways, putting the tympanic ring in a lead role. When tympanic ring formation is disrupted using retinoic acid, the EAC also fails to form (Mallo and Gridley, 1996). And when the tympanic ring is duplicated in Hoxa2 null mutant mice, a duplication of the EAC is also noted, as the second arch transforms to a first arch fate (Rijli et al., 1993). In keeping with this phenotype, overexpression of Hoxa2 in the first arch neural crest leads to a duplication of the pinna and loss of the EAM (Minoux et al., 2013). Additionally, Prx1, Gas1, Tshirt (Tsh), and Goosecoid (Gsc) have all been shown to cause EAC defects in the presence of hypoplastic or absent tympanic rings (Rivera-Perez et al., 1995; Mallo, 2001; Seppala et al., 2007; Feenstra et al., 2011). Whilst EAC defects are observed in mouse mutants of Prx1 and Gas1, TSH, and GSC have been corroborated in human genome wide sequencing studies also (Feenstra et al., 2007). Interestingly, mutations in Gsc and Prx1 also cause hypomorphism of the malleal manubrium - an essential link in sound transduction from outside world to cochlea. Experiments in knock out mice as well as associative data corroborating human CT scans and intra-operative findings, indicate an essential role for the EAC in the induction and proper positioning of the manubrium within the eardrum (Mallo, 2000; Ishimoto et al., 2004). Not unlike an anatomical love triangle, these findings indicate that formation of the EAM depends on formation of the tympanic ring. In turn formation of the manubrium depends on formation of the EAM.



CONGENITAL DISEASE OF THE EXTERNAL AUDITORY MEATUS

Congenital aural atresia is a spectrum of defects affecting the EAM at birth. The EAM may fail to form partially, completely or be narrowed. Occurring in around 1 in 10,000 to 20,000 live births, CAA affects males more than females and is typically unilateral, involving the right side more commonly than the left (Abdel-Aziz, 2013). Over the years, a number of systems for classifying CAA have been proposed (Altmann, 1955; Schuknecht, 1989; Jahrsdoerfer et al., 1992). More typically, clinicians group CAA patients into complete atresia (complete obliteration of the canal usually in combination with a bony atretic plate), stenosis (in which there is a continuous lumen to an at least partial tympanic membrane) or partial atresia (variable presence of a canal lumen lateral to an atretic plate) (Figure 4; Tian-Yu and Bulstrode, 2019). Complete atresia and stenosis are much more common than partial atresia, which is rare (Nicholas and Kesser, 2013). Severity of canal atresia has been linked with an early arrest in EAM development, although this does not account for the striking difference in the incidence of complete verses partial atresia (Abdel-Aziz, 2013; Nicholas and Kesser, 2013). Recent studies described above, examining EAM development at a range of timepoints and using molecular cues suggest a more involved etiology at play, which may, for example, begin to explain the surprising rarity of partial in comparison to complete atresia (Fons et al., 2020).
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FIGURE 4. Patient photograph and scans of congenital aural atresia. (A) Congenital aural stenosis. Coronal CT scan shows a normal, patent right ear canal and a stenotic left ear canal marked by *. (B) Complete congenital aural atresia. Coronal CT scan shows a normal ear canal on the right and an atretic plate on the left with no ear canal. (C) Congenital aural stenosis and cholesteatoma. Axial CT scan of a patient with congenital aural stenosis and left-sided cholesteatoma. The bony ear canal has been widened and remodeled by the collecting keratin (marked by *). (D) Photograph of a patient with Treacher-Collins syndrome and complete aural atresia of the left ear canal. The patient has been fitted with an osseointegrated hearing device visible behind the pinna. (E) Example of an osseointegrated device. Computer-generated image of a BAHA Connect (Image courtesy of Cochlear Bone Anchored Solutions AB, ©2020). EAM, external auditory meatus; IE, inner ear; MAC, mastoid air cells.




GENETIC BASIS OF CAA

Congenital atresia is often associated with pinna and middle ear defects (Kountakis et al., 1995). Less frequently inner ear deformities and deformities of the stapes footplate are also present (Vrabec and Lin, 2010). Associations with other craniofacial abnormalities such as facial asymmetry and cleft lip/palate are also common (Abdel-Aziz, 2013). In some patients, these craniofacial defects are part of syndromic conditions such as Treacher-Collins, de Grouchy (chromosome 18q deletion), and Branchio-Oto-Renal syndrome (Figure 4D; Abdel-Aziz, 2013). Genetic analysis of syndromic patients can provide valuable genetic background to the etiology of both monogenic and syndromic CAA. For example, Genotype-phenotype mapping of chromosome 18q deletions (responsible for de Grouchy syndrome) has consistently shown the critical region for CAA in these patients to be 18q22.3 (Feenstra et al., 2007). Further delineating critical regions have highlighted candidate genes to investigate, with a loss of function mutation in the gene TSHZ1, known to be essential for murine middle ear development, being responsible for CAA both in isolated cases and in 18q deletion syndrome (Feenstra et al., 2011). A similar approach in a cohort of patients with the syndrome SAMS (short stature, auditory atresia, mandibular hypoplasia, and skeletal abnormalities) has identified mutations in the Goosecoid (GSC) gene as a causative factor (Parry et al., 2013). GSC is an important regulator of neural crest/mesoderm cell fate and has been shown to modulate tympanic ring development (Rivera-Perez et al., 1995). A canal defect in these patients may therefore be secondary to a tympanic ring defect, assigning a key signaling role to the tympanic ring (Mallo and Gridley, 1996).

Mutations in HOXA2 have been characterized in a number of families with microtia (Alasti et al., 2008). Only one of these families, however, were noted to have additional EAM defects, with shortened and stenotic canals (Alasti et al., 2008). Mouse studies analyzing hypomorphic Hoxa2 mutants with 45% the normal level of Hoxa2, and conditional mice, where loss was activated relatively late at E12.5, did not show any defects other than stapes and pinna deformity, respectively (Mallo and Gridley, 1996; Minoux et al., 2013). This is consistent with observations that Hoxa2 requirement in craniofacial development is temporal (Santagati et al., 2005). It may be that low Hoxa2 levels only effect EAM development in the early embryonic period by affecting arch fate, converting second arch to a first arch fate. That Alasti et al. report stenotic and shorted canals rather than completely atretic canals is interesting because it contradicts previous thinking that earlier mutations in EAM development lead to more severe anatomical defects (Abdel-Aziz, 2013; Nicholas and Kesser, 2013). It is likely that a more complex molecular basis is at play.

Genes discussed thus far play an indirect role in ear canal development, presumably due to their effect on the tympanic ring. Foxi3, in contrast, is likely involved in the development of the ear canal epithelium itself, making it a particularly interesting gene in the study of outer ear embryology (Tassano et al., 2015). Famously identified in hairless dogs, the Foxi family of genes are expressed in the ectoderm and play important roles in early arch patterning and thus early craniofacial development (Mukherjee et al., 2018). To date, mutations in Foxi3 have been implicated in ear canal defects in mice, dog, and human, suggesting it plays a role in cases of canal atresia (Tassano et al., 2015). What is currently known about the role of Foxi3 in EAC development is limited and associational. Unfortunately, Foxi3 homozygous null mutants do not survive postnatally, and heterozygous mutants do not show a phenotype. A conditional mouse model would provide an intriguing avenue for further research, in particular into the mechanisms underlying the initiation of a meatal plug in early EAM development.

Given that CAA is a phenotype observed in multiple syndromes, it is not surprising that multiple genes have been associated with its etiopathology. The exciting next step will be to harness this information, using conditional knock outs or culture setups, to answer questions such as, what are the signaling pathways allowing the tympanic ring, ear canal, and manubrium to communicate?



TREATMENT OF CONGENITAL EAR CANAL DISEASE

Dividing canal atresia into complete, partial and stenotic is important to the clinician as it maps patients to key treatment considerations: hearing outcome, likelihood of cholesteatoma (erosive keratin-filled cysts that form when EAM skin cannot migrate out as normal) and the feasibility of achieving a self-cleaning ear should atresiaplasty be considered (Edfeldt and Strömbäck, 2015).

Esthetics aside, hearing loss is the main problem in complete atresia, as the absence of a lumen precludes the possibility of cholesteatoma forming. Despite significant advances in surgical technique and patient selection, atresiaplasty remains a difficult operation with typically poor outcomes and risk to the facial nerve, which is characteristically laterally placed, and therefore unexpectedly closer to the surgeon’s drill (Edfeldt and Strömbäck, 2015). Surgical atresiaplasty predates the use of bone anchored hearing aids (BAHAs), and it is still performed in healthcare settings with limited access to audiological services (Yellon, 2011). Complications include restenosis, recurrent keratinous debris build up, poor hearing outcomes (in one study as many as 93% of patients still required a hearing aid post-op) and facial palsy resulting from altered and variable anatomy of the facial nerve in CAA (Bauer et al., 1994). Once the neo-lumen is created, it is covered with skin grafts taken from elsewhere or pedicled from postauricular skin. Restenosis is prevented by performing a wide canalplasty, although this may have cosmetic implications. As there is no native canal skin to use, the neo-lumen has no capacity to clear desquamated debris, requiring regular aural microsuction (Li et al., 2016). Hearing outcomes are typically poor despite the opening of the canal and patients may still need a hearing augmentation device as well. Meatoplasty, where the stenotic canal is widened, is more frequently considered in cases of congenital aural stenosis. These patients carry a much greater risk of cholesteatoma to the presence of a narrow canal, which may inhibit epithelial migration (Cole and Jahrsdoerfer, 1990). Furthermore, native canal skin is often available for canal reconstruction reducing chances of post-operative complications, making surgery a more straightforward decision (Cole and Jahrsdoerfer, 1990).

Given the difficulties relating to surgical correction of ear canal atresia, bone conduction devices and auditory implants are often considered instead of atresiaplasty (Nadaraja et al., 2013). Bone conduction devices bypass the outer and middle ear by transmitting sound vibrations to the cochlea via the skull. Their connection to the skull may be temporary, using methods such as a headband or adhesive; or it may involve the placement of an auditory implant (Figure 4E). Auditory implants can be classified into percutaneous devices, active and passive transcutaneous devices, and middle ear implants. Patient factors, middle ear anatomy and clinician preference determines which devices can be offered (Kohan and Ghossaini, 2019). The option of implantable hearing aids is attractive, however, they require near to normal middle ear anatomy and thus are not suitable for many CAA patients.

In reality, in Europe and the United States, the majority of patients receive bone anchored hearing aids (Yellon, 2011). Whilst these provide good hearing rehab, they are visible, can cause skin irritation and infection and of course do not create a continuous hearing response (they are taken on and off), which is particularly important for spontaneous learning in young patients (Yellon, 2011). Therefore, a surgical approach which reconstructs the ear canal with few complications and without the need for further device-assisted hearing, is attractive. Recent research investigating epithelial dynamics in the developing ear canal may provide new avenues to explore the biological basis of atresiaplasty complications (Fons et al., 2020). For example, surgeons note the greater frequency of restenosis in the lateral reconstructed canal, which is cartilage-lined (Moon et al., 2012). As the bony and cartilaginous parts of the canal develop in different ways (primary canal verses an extending meatal plate), the development may explain these differences in response after surgery. It would therefore be interesting to study whether there is an inbuilt signaling difference in the outer and inner parts of the EAM that influences their response to injury. A better understanding of EAM development would also further clarify the variable anatomy in CAA, e.g., the route of the facial nerve, easing technical challenges faced by surgeons.



ACQUIRED DISEASE OF THE EXTERNAL AUDITORY MEATUS

Acquired disease of the EAM includes of course the breadth of traumatic, infective and rarely neoplastic disease and its comprehensive review is beyond the scope of this review. These can all lead to a post-inflammatory canal atresia, sometimes referred to as stenosing otitis externa (Lavy and Fagan, 2000). Current treatment involves regular aural hygiene or meatoplasty to expand the canal opening. There is experimental evidence in Guinea pigs for the use of Mitomycin C (an inhibitor of fibroblastic activity) in preventing post-inflammatory canal stenosis (Yoon et al., 2010). Human studies, however, have had contradictory results and further controlled trials are needed to evaluate its potential role in preventing restenosis (Banthia and Selesnick, 2003; Battelino et al., 2005). Here, we focus on ear canal diseases that may be further understood through the lens of developmental biology.

Specific to the specialized biology of ear canal skin and its ability to migrate are two distinct diseases: keratosis obturans (KO) and ear canal cholesteatoma. KO is a rare disease in which squamous debris builds up in the ear canal, often leading to an expansion of canal diameter before presenting with acute pain. Current treatment is regular microsuction to maintain a patent ear canal (Persaud et al., 2004). As with healthy patients, the TM of individuals diagnosed with KO can be labeled with dye to observe the migration of the epidermal layer. One such study suggests that either delayed or disrupted epidermal migration may be the cause of KO (Corbridge et al., 1996). External ear canal cholesteatoma (EECC) is also rare and was for a long time grouped together with keratosis obturans as the same disease (Persaud et al., 2018). Whilst ear canal skin in KO is intact with layers of squames building up above it, in EECC there are focal ulcerations in canal skin and the organization of keratinous squames is random. Importantly there is bony necrosis with focal areas of deep sequestered bone (Persaud et al., 2018). As such, drawing a diagnostic distinction is important, as whilst KO can be managed conservatively, EECC typically requires surgical removal of all the cholesteatoma and reconstruction of the ear canal (Persaud et al., 2018). The etiopathology of EECC remains uncertain with disordered epithelial migration and/or cerumen gland dysfunction thought to play a role (Jackler et al., 2015). Localized differences in epithelial cell migration in the tympanic membrane have recently been proposed to underly propensity to middle ear cholesteatoma formation and may provide clues to the etiology of canal cholesteatoma also (Frumm et al., 2020). The underlying pathology of another category of cholesteatoma, congenital cholesteatoma of the middle ear, also remains controversial. Whilst current consensus rests with an epidermoid formation origin within the middle ear, another proposed theory suggests that an errant developing EAC extending beyond the tympanic ring and into the mastoid cavity may be at fault (Aimi, 1983). What determines epithelial behavior in the ear canal, driving it to focal erosion in EECC rather than circumferential upward layering into the lumen as in KO? Further understanding the epithelial dynamics that bestow EAM skin its migratory potential and its regenerative capacity will certainly begin to answer this question.



FUTURE QUESTIONS

Of the three-part mammalian ear, the external auditory canal receives arguably the least attention. Although this has not always been the case. Until the mid-twentieth century and the advent of hearing aids, an exaggerated external ear in the form of an ear trumpet was the most commonly used hearing device, emphasizing the valuable role of the external ear in hearing. Congenital disease of the EAM is thankfully rare but crucially important. Infancy is an irretrievable period in which to develop speech and language, which can determine the rest of a child’s life. Clarity and spontaneity of hearing, as well as decibels gained, at this age is critical. Thus, current treatment options, BAHAs or complication-prone canalplasties, leave room for improvement. Better understanding the mechanisms underlying EAM development will provide valuable knowledge toward improving treatment options both for congenital canal atresia and also treatment of acquired canal disease that involves epithelial dysfunction, such as keratosis obturans or canal cholesteatoma.

Recent research has pushed forward valuable but dated, largely histology-based, knowledge of EAC development and created new questions. How exactly does the ear canal open along its length, creating innermost a single-cell layer thin tympanic membrane, a thinly lined osseous canal and a spongier outer cartilaginous canal? What determines the different behavior of epithelium along the canal postnatally? During development, how do the different part of the complex mammalian ear communicate and eventually integrate? Answering these questions will pave the way to answering the clinical quandaries that affect patients’ lives. How to create a self-cleaning ear? How to recreate the external ear epithelium? Which pathways can be modified in the face of congenital ear disease? Looking to developmental biology for the answers will be key.
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Background: Bisphosphonates are drugs widely used to reduce bone resorption, increase bone mineral density and control age-related bone loss. Although there are studies reporting differences in bone structure between young and old adults, it is still difficult to predict changes related to bone aging. The aim of this study was to evaluate the effect of age and sodium alendronate on bone repair of femoral fractures in rats.

Methods: Wistar rats (n = 40) were allocated into groups: O (control old-rats), Y (control young-rats), OA (alendronate old-rats) and YA (alendronate young-rats). All animals underwent linear fracture surgery followed by fixation. Groups OA and YA received 1 mg/kg alendronate three times a week until euthanasia. Biochemical analysis of calcium and alkaline phosphatase was done. After euthanasia, femurs were evaluated in relation to cross-section and flexural strength, with three-point bending test. Data were submitted to statistical analysis with significance level of 0.05.

Results: There was no difference in calcium and alkaline phosphatase levels (p > 0.05). Young animals presented lower cross-section than older animals (p < 0.05). Only fractured side, young animals presented major flexural strength than older animals (p < 0.05). There was no difference between the animals that used or not alendronate in relation to cross-section and flexural strength (p > 0.05). When compared fractured and non-fractured femurs, major cross-section on fractured side was observed (p < 0.05). Flexural strength presented higher values in femurs on non-fractured side (p < 0.05). There was correlation of weight and cross-section (R = +0.91) and weight with flexural strength of fractured and non-fractured side, respectively (R = −0.97 and −0.71).

Conclusion: In short, there was no difference of calcium and alkaline phosphatase during the bone repair process. Age has influence in cross-section and flexural strength. Alendronate showed no association with these factors.

Keywords: fracture, femur, bisphosphonates, rats, bone regeneration


INTRODUCTION

Mineralized bone matrix is an important reservoir of calcium and phosphate ions (Redmond et al., 2014). Alkaline phosphatase is produced in high concentration during bone formation and is, therefore, a good indicator of bone regeneration activity (Christenson, 1997). During bone regeneration after fracture, hematopoietic precursor cells migrate to the area and differentiate into osteoclasts to digest the necrotic bone, while mesenchymal stromal cells differentiate into bone-forming osteoblasts. During the remodeling of the bone callus, catabolic and anabolic activities interact, a balance that can be modulated by different molecules (Bosemark et al., 2014). The process of bone healing and remodeling are known to occur more rapidly in young individuals (Wendeberg, 1961). Although there are studies reporting differences in bone structure between young and old adults (Akkus et al., 2004), it is still difficult to predict changes related to bone aging. Bone aging is associated with a decrease in collagen content and bone mineral density (Bailey et al., 1999). Consequently, there is a decrease in elastic capacity of bone with age and a greater difficulty in bone healing.

Several molecules have shown potential to stimulate osteogenic activity or reduce bone resorption in vitro and in vivo (Greiner et al., 2008). Bisphosphonates are examples of drugs that increase bone mineral density and control age-related bone loss (Naruse et al., 2015). There is a decrease in the osteoclastic activity, without direct effect on bone formation (Greiner et al., 2008). Bisphosphonates bind to hydroxyapatite and can remain in bone matrix for years (Silva et al., 2010). Studies indicated that a single systemic dose of alendronate significantly increased the volume of bone callus during fracture repair and increased the bone mechanical strength. When administered in the perioperative period, it induced 30% greater mechanical resistance, compared to controls. Administration of the systemic dose within one or 2 weeks after fracture increased the mechanical strength in the regenerate by 44 and 50%, respectively, confirming the effect of the drug on bone healing (Amanat et al., 2007).

The objective of this study was to evaluate the effect of age and systemic application of alendronate on the fracture resistance of bone regenerate after controlled femoral fracture. We hypothesized that fracture resistance of the regenerate will decrease with age and that alendronate treatment would, at least partially, correct such negative effect.



MATERIALS AND METHODS


Ethical Aspects

The research was carried out in the Vivarium and in the Research Laboratory at Universidade Positivo, after approval in the Ethics Committee on the Use of Animals (ECUA 393). The animals experiments were conducted in accordance to the ARRIVE guidelines, as well as the National Institutes of Health guide for the care and use of Laboratory animals.



Experimental Design

In this study, forty male Wistar rats (Rattus norvegicus) were used: 20 middle-aged rats with 1 year and 5 months of age, with approximately 500 grams and 20 young rats with 5 months of age weighing approximately 200 grams (Andreollo et al., 2012). The rats were divided into four groups: Group O (control) and Group OA (systemic alendronate application), using rats with 1 year and 5 months of age, Group Y (control) and Group YA (systemic alendronate application), using the rats with 5 months old. The dosage used of alendronate for group OA and YA was 1 mg/kg, with three times a week applications, in intraperitoneal region, until euthanasia, starting immediately after the fracture induction. The dose of choice is based on preliminary works of our team (de Oliveira et al., 2019). Subcutaneous applications were performed on the dorsal region of the rats, introducing the needle parallel to the fold of body tissue formed by digital pressure.

Considering the importance of the regulation of calcium and alkaline phosphatase for bone metabolism, blood samples were taken at three different times for biochemical analysis. From the total of 40 animals, 20% had material collected and distributed equally among the groups.

Throughout the experiment, the ambient conditions of light, temperature and humidity of the rooms were controlled in a digital panel in order to maintain the photoperiod of 12 h, with the temperature ranging from 18 to 22°C and relative humidity of 65%.



Surgical Procedure

The rats were sedated with isoflurane 3% (Cristália, Itapira, SP, Brazil), then anesthetized with 10% ketamine hydrochloride (75 mg/kg) (Vetbrands, Paulínia, SP, Brazil) with 2% (10 mg/kg) xylazine hydrochloride (Vetbrands, Paulínia, SP, Brazil), by intraperitoneal injection.

After the anesthesia, the rats were positioned in left lateral decubitus position; and the right femur trichotomy was performed with vigorous antisepsis using iodopovidone. A straight incision along the axis of the femur was made, approximately 3 cm long, with a 15C scalpel blade. With blunt scissors, the tissues were dissected into muscular planes. Next, the periosteum was incised with a scalpel and elevated with a delicate syndesmotom, thus accessing the cortical surface of the femur. A 4-hole titanium plate of 2.0 mm system with four screws of 2.0 mm system being 5 mm long, was adapted to the bone surface prior to osteotomy in order to avoid the poor positioning of the bone segments. The fracture was then performed using a reciprocating saw (NSK, Shinagawa, Tokyo, Japan) under constant irrigation. The stability of titanium plate and screws, hemostasis and abundant wound washing with saline solution were reviewed (Figure 1). The suture was performed in planes with isolated stitches using Vycril 4–0 (Ethicon, Johnson & Johnson, São José dos Campos, SP, Brazil) for the muscles, and nylon 4–0 (Ethicon, Johnson & Johnson, São José dos Campos, SP, Brazil) for the skin.
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FIGURE 1. 4-hole titanium plate of 2.0 mm system with four screws of 2.0 mm and fracture performed using a reciprocating saw.


To avoid postoperative infections, we used 10 mg/kg of broad-spectrum antibiotic (Kinolox 2.5%, World Animal Laboratory, Pindamonhangaba—Brazil) intraperitoneally every 24 h for 14 days. ketoprofen 50 mg/ml, at 5 mg/kg, was given intraperitoneally every 24 h for 5 days to control post-operative inflammation. For analgesia, tramadol hydrochloride 100 mg/2 ml was given intraperitoneally at the end of surgery and was maintained for 5 days, with a dosage of 7 mg/kg (União Química, Jabaquara, SP, Brazil). For gastric protection, ranitidine 15 mg/ml with a dose of 5 mg/kg, was orally administrated, every 24 h for 3 days.

In the postoperative period the animals were kept in their own cages and fed daily with heavy ration for appetite control (100 mg/day) and water at will. The surgical wound was cleaned with sterile gauze and iodopovidone, once a day, for 5 days. At the seventh day, the animals were evaluated for the presence of suture and when present was removed.

Seven days after the surgical procedure, the rats were sedated with isoflurane in order to perform the digital radiographs (Kodak x-ray sensor, Rochester, New York, United States), which were used to evaluate the positioning of the bone stumps as well as the plates and screws. After the rats were euthanized and the plates and screws removed, another digital radiograph was performed to observe the bone repair in the fracture site. Based on this exam (complete bone repair), femurs were submitted to mechanical tests.



Medication Applications

In the OA and YA groups, immediately after surgery, the application of alendronate was initiated until the day of euthanasia. The drug was administered three times a week with 1 mg/kg dosage. Groups O and Y, at the same time, received applications of saline solution at 0.9%.



Euthanasia

The animals were euthanized 90 days after the procedure, with inhalation of 3% isoflurane until complete absence of vital signs and then the fractured and non-fractured femurs were removed, clinically evaluated and stored in bottles.



Biochemical Analysis

Blood samples were collected (1 ml) by cardiac puncture, under sedation with isoflurane in three different times: after the fracture induction, after 45 days and after 90 days from the surgical procedure. Samples were sent to biochemical analysis for levels of calcium and alkaline phosphatase (VP veterinary biochemical laboratory—Curitiba—Paraná—Brazil) of groups O, Y, OA, and YA.



Mechanical Test

Three-point bending flexural tests were performed in a universal testing machine (DL2000, EMIC, São José dos Pinhais, PR, Brazil) at a crosshead speed of 1 mm/min. The distance between the supports was 16 mm. Before testing, specimens’ dimensions were determined using a digital caliper with 0.01 mm accuracy. Cross-section (in mm2) was calculated using the formula CS = hb, where h corresponds to height (in mm) and b corresponds to width (in mm). Flexural strength (S, in MPa) was calculated using the following formula: S = 3Fl/2bh2, where F is the failure load (in Newtons), l is the distance between the supports, b is the width and h is the height of the specimen (all in mm).



Statistical Analysis

The variables were subjected to statistical analysis. To evaluate the association of calcium and alkaline phosphatase between groups was used the One-Way ANOVA test and to evaluate the association between serum dosages of the same group between the times was used the One-Way ANOVA of repeated measures, using the mean and standard deviation to represent the sample. To evaluate the association between cross-section of the femurs and flexural strength with the factors age and group, as well as their interactions, was used the Two-Way ANOVA test with Tukey’s Posttest. To compare the cross-section and flexural strength between fractured and non-fractured femurs in animals treated with alendronate or not, was used the paired student T test. To evaluate the correlation of weight with cross-section and the weight with flexural strength, in femurs with and without fracture, the Pearson’s correlation test was used. The statistical analysis was performed using the Statistical Packager Social Science program (SPSS, version 21.0, SPSS inc., Chicago, IL, United States), with a significance level of 0.05.



RESULTS

Tables 1, 2 outline the calcium and alkaline phosphatase levels at different time points in different groups. There were no significant differences in serum calcium and alkaline phosphatase levels evaluated at the same time and over time between the groups (p > 0.05).


TABLE 1. Serum levels of calcium at different times.

[image: Table 1]
TABLE 2. Serum levels of alkaline phosphatase in the groups at different times.

[image: Table 2]Table 3 demonstrate the cross-sectional area and flexural strength of middle aged and young rats with and without alendronate applications. Regarding the cross-section on the fracture side, middle aged animals had higher values than young animals (53.52 versus 32.42 mm2, respectively; p < 0.05). Regarding the effect of alendronate treatment, there was no difference between treated (47.50 mm2) and untreated animals (42.32 mm2). The variables alendronate and age/alendronate did not present statistically significant difference (p > 0.05).


TABLE 3. Evaluation for cross-section and flexural strength related to age and presence or not of alendronate.

[image: Table 3]Regarding the cross-section on the contralateral side, middle aged animals presented higher cross-sectional area (20.09 mm2) that young animals (15.09 mm2; p < 0.05). For the alendronate factor, there was no difference between treated (18.48 mm2) and untreated animals (17.64 mm2). Cross-sectional area values in old animals that were treated (19.89 mm2) or untreated (20.30 mm2) tended to be higher than those in young animals without the drug treatment (12.87 mm2). However, the factors alendronate and age/alendronate did not present a statistically significant difference (p > 0.05).

Regarding the flexural strength on the fracture side, young animals presented higher flexural strength value (26.17 MPa) than middle aged animals (8.94 MPa; p < 0.05). However, there were no differences between alendronate-treated (19.66 MPa) and untreated (11.45 MPa) animals. The factors alendronate and age/alendronate did not present a statistically significant difference (p > 0.05).

Analyzing the flexural strength on the non-fracture side, there was no difference between young and middle aged animals p > 0.05). For the alendronate administration, there was no difference between treated (77.23 MPa) and untreated animals (91.73 MPa). The factors alendronate and age/alendronate did not present a statistically significant difference (p > 0.05).

Table 4 demonstrates the cross-sectional area and flexural strength comparison between femurs within the same animal. The fracture side had higher values of cross-sectional area compared to the non-fracture side (p < 0.05). However, flexural strength, were higher on the values non-fractured side, whether with or without alendronate treatment (p < 0.05).


TABLE 4. Comparison of cross-section and flexural strength in animals with and without alendronate treatment between the femurs on the fractured and non-fractured side.

[image: Table 4]In flowchart 1, we summarize the main findings of the study.
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FLOWCHART 1. Main findings of the study.


Correlations between weight and cross-section, and between weight and flexural strength were evaluated. Positive correlation was observed (R = +0.91) between cross-sectional area and weight, both on the fracture and contralateral sides (Figure 2). On the other hand, a negative correlation (R = −0.91 and R = −0.97) between flexural strength and weight, both for the fracture and contralateral sides (Figure 3).
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FIGURE 2. Person’s correlation test between weight and cross-section, with and without fracture.
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FIGURE 3. Person’s correlation test between weight and flexural strength, with and without fracture.




DISCUSSION

This study examined the effect of aging on the healing of controlled femoral fracture, and whether alendronate treatment will play a role in modifying the effect of age. We found important findings related to age. Young animals presented lower cross-section than older animals. Besides, on fractured side, young animals presented major flexural strength than older animals. Related to the use of alendronate, there was no difference in relation to cross-section and flexural strength.

Cross-sectional area of bone was tested as a factor of change in animal size with age. We observed that Younger animals had a smaller cross-section than middle aged animals. According to the study by Kang et al. (2016), bone mineral density is widely used in the assessment of bone strength, but it is not enough to predict the risk of fractures in an individual. Studies have reported that bone geometry is one of the major determinants of the mechanical strength and flexural strength along the cortical surfaces of the bone (Faulkner et al., 2006; Kaptoge et al., 2008; LaCroix et al., 2010). Some factors, including age, have substantial effects on bone. The velocity of bone resorption exceeds bone apposition with aging. Besides that, the weight of the animals influenced in the cross-section, as shown in the study by Ong et al. (2014), which affirms that a greater weight is associated to a higher bone density and greater bone geometry, but this do not influence in a lower risk of fracture. This was demonstrated in the present study, where there was a positive correlation of the weight with the cross-section, showing that middle aged animals, with a higher weight (mean 499.16g) presented greater cross-section and young animals with, lower weight (mean 262.50g) presented lower cross-section.

Although the non-fracture side showed smaller cross-sectional area in young versus middle aged animals, there was no difference in flexural strength in any of the groups on that side. On the other hand, the fractured side showed a difference in flexural strength, where young animals presented greater resistance than middle aged animals. Regarding the fractured side, there was no difference in flexural strength between treated and untreated animals, whether old or young Beck et al. (2001), reported that lower weight may improve the bone strength though the mechanical tensions capable of stimulating the beneficial response of the bone. Greater weight can directly influence the bone through gravitational load (Zhao et al., 2007). In addition, other studies have shown that the negative impact of greater weight on the bone may be due to increase of parathyroid hormone concentration (Pitroda et al., 2009), reduction of inflammatory cytokines (Braun and Schett, 2012) and involvement of mesenchymal stem cells in osteoblastogenic cells (Ilich et al., 2014). This affirmation corroborates with the findings of this study, that there was a negative correlation of the weight with the resistance to flexion, in which, with the increase of the weight of the animal the resistance of flexion of the femur decreases.

The process of bone healing in young and old individuals work differently. In order to this process to occur, it is necessary to balance the reabsorption of the initial callus by osteoclasts and the deposition of lamellar bone by osteoblasts, which begins around three to 4 weeks after the trauma, both in animal models and humans. This process can take years to achieve a regenerated bone structure and can occur faster in young individuals because they present a more active metabolism (Wendeberg, 1961). In addition, according to Manalagas and Parfitt, in 2010, the aging process is related to hormonal changes, such as reduction of antioxidant capacity, sexual hormone deficiency and excess glucocorticoids, which may have influence in the healing process of tissues (Kaptoge et al., 2008).

Relate to age, it is known that in childhood and adolescence, bone formation overcomes bone resorption, reaching peak bone mass around 30 years of age. After this process, bone resorption slowly begins to overcome bone formation (Dean, 2003), in other words, aging is associated with an accelerated loss of bone mass. With this increase in bone resorption, serum calcium is reduced, and this explains the importance of correct nutrition and supplementation of calcium and vitamin D in the elderly (Bonjour et al., 2008; Reid et al., 2008). In addition to calcium, alkaline phosphatase is highly studied in research with postmenopausal women, in which the accelerated bone loss process occurs, and the serum level of alkaline phosphatase increases as a result of bone remodeling (Bhattarai et al., 2014; LeKhi et al., 2012). For these reasons, we tested serum levels of calcium and alkaline phosphatase, knowing that both markers act in the process of bone formation and remodeling.

Authors, in 2015, reported that serum calcium slightly decreased during treatment with alendronate, due to a reduction in the flow of calcium from the bone, causing an increase in parathyroid secretion, which increases bone turnover (Sakai et al., 2015). Therefore, supplementation of vitamin D and calcium are indicated during treatment with alendronate, in order to maintain the right balance of calcium levels. Our results did not corroborate with the findings of previous studies, in which the serum calcium level remained stable in the groups treated with bisphosphonate. This may be because the biochemical test was performed with only 20% of the sample, which may have weakened the statistical power of this analysis. Regarding alkaline phosphatase, there was no statistical difference between the groups. Goes et al., in 2012 evaluated the effect of alendronate on serum alkaline phosphatase levels and loss of periodontal bone in Wistar rats. The authors concluded that the induction of periodontitis caused reduction of levels of alkaline phosphatase and severe alveolar bone loss, revealing that the serum alkaline phosphatase levels reduces with bone loss (Goes et al., 2012).

In the present study, animals treated with alendronate, middle aged or young, showed no difference in flexural strength. Researchers, in 2006, described that increases related to fracture resistance are observed after weeks or months of alendronate administration. In their studies, treatment with alendronate demonstrated increased density of bone mineral, cross-sectional area of the bone, and mechanical strength of the femur (Spadaro et al., 2006). Our results do not corroborate with these findings. It is possible that our sample was not enough to detect the significance (Type II error). It is worth mentioning that in the data analysis, we observed higher values of flexural strength in the groups treated with alendronate than in control group.

There were several limitations during the execution of this work, since the experimental design included middle aged animals. In order to perform the research, in the group with older animals, it was necessary to wait 18 months after their birth to perform the surgical procedures, that which makes the study quite long. Other point related to age is the chose for groups. In a future study, we suggest adding more age groups to analyze the influence of age throughout life. Another point worth mentioning was the use of stable internal fixation with plates and screws. In the previous work of our team (Weiss et al., 2018), we used the fixation only in young animals. With middle aged animals, often fractures of the femur occurred during the drilling of screws, because of the mineral bone density.

Other important limitation of the study is the absence of imaginological exams, like X-Ray or Micro-UT before mechanical tests. Future studies should add these exams in order to help elucidate the bone repair process in view of the age and the presence of alendronate.

In short, there was no difference of calcium and alkaline phosphatase in the study. Age has influence in cross-section and flexural strength during the bone repair process of middle aged or young rats. It was shown to negatively influence of age in flexural strength of femoral fracture callus. Smaller cross-section in young rats was associated with greater flexural strength. Finally alendronate showed no association with these factors.
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Phenytoin 200 pM 4-96 hpf Irregular anterior ethmoid border and  Liu et al., 2020 Upregulated retinoic acid receptorsand ~ Causes fetal Hydantoinsyndrome with
(Anti-epileptic) rounder cells, shortened head growth factors IGF-2, TGFa, and microcephaly cleft lip and/or cleft
TGFb1, (Gelineau-van Waes et al., palate in humans (Gelineau-van Waes
1999) et al., 1999). In mice cleft lip and palate
(Sulik et al., 1979; Mao and Tang, 2010)
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transition of vitamin K-dependent lip in humans when taken during the
proteins such as osteocalcin and first trimester of gestation (Hou, 2004)
periostin (Hanumanthaiah et al., 2001;
Fernandez et al., 2014)
60 pM 4-96 hpf Shortened head structures, a dent in Liu et al., 2020
the anterior ethmoid plate, which also
showed altered cell morphology and
disorganized cell stacking
Methotrexate 100-200 uM 4-96 hpf Size reduction of the neurocranium, Lee et al, 2013; Liu  Folic acid antagonist which inhibits Craniosynostosis and microcephaly
(Immunosuppressor) micro clefts in the anterior ethmoid et al., 2020 DNA synthesis and cell proliferation by and incomplete cleft palate in
plate. Cells that make up the ethmoid competitively inhibiting dihydrofolate humans (Granzow et al., 2003; Zarella
plate appeared disorganized reductase (Lee et al., 2012) et al,, 2016)
Acetaminophen 2.5-13.4mM 0-120/72-120 hpf ~ Palatoquadral length, ceratohyal length ~ Cedron et al., 2020  Activation cytochrome P450 and No affected phenotypes reported
(Paracetamol) and head size reduced increased apoptosis (Cedron et al.,
2020)
Cyclosporin A 10 uM 8-120 hpf Hypoplasia of the ceratohyoids and Seda et al., 2019 Inhibitor of calcineurin, which Cleft palate in mice (Gasser et al.,
(Immunmodulator) ceratobranchials, and reduced dephosphorylates transcription factors 1992). Nfatc1-deficient mice exhibit
cartilage formation in of the Nuclear factor of activated T-cells, upon  reduced reduced formation of
viscerocranium which these enter the cell nucleus and mineralized bone resulting in wider
drive transcription (Winslow et al., 2006)  cranial sutures (Winslow et al., 2006)
Hydroxyurea (Sickle-cell 1 mM 4-96 hpf Shortening of the head resembling Liu et al., 2020 Largely unknown. Ribonucleotide In mice microcephaly, and
anemia and psoriasis) micrognathia and microcephaly reductase inhibitor, by which DNA hydrocephalus (Woo et al., 2004)
synthesis is inhibited (Woo et al., 2004)
Leflunomide 10 uM 8-120 hpf Craniofacial cartilages did not form Sedaetal., 2019 Inhibitor of Dihydroorotate Miller syndrome caused by DHODH
(Anit-rheumatic drug) dehydrogenase (DHODH) (Pinto and gene defects micrognathia cleft palate
Dougados, 2006) cleft lip in humans (Ng et al., 2010)
10 pM 8-24 hpf Increase in the ceratohyal angle Sedaetal., 2019
Dexamethasone 200 uM 4-96 hpf Shortening of the head region and Liu et al., 2020 Increase of matrix metalloproteinase 2 Cleft palate in mice via inhibiting
(Corticosteroid) rough edge to the anterior ethmoid and 9 expression and activity, trough Wnt/B-catenin signaling (Hu et al.,
plate and round, small chondrocytes the glucocorticoid receptor. 2013)
Degradation of extracellular matrix
components (Hillegass et al., 2008)
254.81 uM 3-72/96 hpf Shortened Meckel's cartilage Hillegass et al.,
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2008





OPS/images/fcell-09-650948/crossmark.jpg
©

2

i

|





OPS/images/fcell-08-600926/fcell-08-600926-g001.jpg
Meckel’s
Ethmoid plate

Entopterygoid
Basihyal PEYE

Palatoquadrate

Ceratohyal
Parasphenoid

Basibranchial
Hypobranchial (1-3)
Ceratobranchial (1-5)

Interhyal Branchiostegal ray
Trabecula
Hyosympletic
Basibranchial (2) Opercle
Otoliths
Teeth
Cleithrum

Parachordal

Notochord






OPS/images/fcell-08-600926/fcell-08-600926-g002.jpg
BY YY)

Treatment Methotrexate 100 uM Dexamethasone 200 uM 30% hypoxia 50% hypoxia Retinoic acid 5 nM






OPS/images/fcell-08-00640/fcell-08-00640-g002.jpg





OPS/images/fcell-08-00640/fcell-08-00640-g003.jpg
i

P sl P A

Ty,






OPS/images/fcell-08-00656/cross.jpg
3,

i





OPS/images/fcell-08-00576/fcell-08-00576-t002.jpg
Loci SNP Position ~ Gene Alleles® Stage Callrate MAF (Case/ GG/GC/CC OR (95% CI)* P® Phat®

(hg19) (%) Control)
Case Control
14g232 52301104 62165028 HIFIA G/C  Stagel 100000 0.1000.073  408/91/5  39%/58/4 1.39(1.01-192) 4556-02 -
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NSCL/P, non-syndromic cleft ip with or without cleft palate; SN, single-nucleotide polymorphism; MAF; minor allle frequency; OR, odds ratio; i, confidence interval,
= Alleles: shown as major/minor allele. POR (95% Ci) and P values were derived from logistic regression analysis with adjustment for gender under the assumption of an
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Salivary Colorimetric kit Wavelength (nm) Unit
components
Organic
URE Urea CE (Labtest Diagnostica S. A., Lagoa Santa, MG, Brazil) 600 (580-620) mg/dl
GLU Glucose Liquiform (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 505 (490-520) mg/dl
TPT Total Protein Totais (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 545 (530-55) g/di
ALP Alkaline phosphatase (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 590 (580-590) U/L
CRE Creatinine (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 510 (600-540) mg/dl
SAM Salivary amylase (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 660 (620-700) Urdi
URA Uric acid Liquiform (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 520 (490-540) mg/dl
Inorganic
Ca Célcio Liquiform (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 570 (550-590) mg/dl
Fe Ferro sérico (Labtest Diagndstica S. A., Lagoa Santa, MG, Brazil) 560 (540-580) [Welell
P Quimifos (Ebram Produtos Laboratoriais Ltda., S&do Paulo, SP, Brazil) 340 mg/dl

URE, urea; GLU, glucose; TPT, total protein; ALR, alkaline phosphatase; CRE, creatinine; SAM, salivary amylase; URA, uric acid; Ca, calcium; Fe, iron; B phosphorus.
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Component Pulp stones Control Total p-value*

URE 12.98 (10.71) 10.67 (7.70) 11.91 (9.45) 0.278
GLU 3.08 (3.19) 3.32 (2.21) 319 (2.77) 0.702
TPT 0.74 (0.48) 0.75 (0.38) 0.74 (0.73) 0.947
ALP 16.41 (14.97) 9.19 (7.96) 13.07 (12.69) 0.008
CRE 0.10 (0.92) 0.1 (0.13) 0.11 (0.11) 0.820
SAM 595.59 (248.84) 528.86 (201.99) 564.73 (229.42) 0.196
URA 3.79 (2.64) 217 (2.37) 3.04 (2.63) 0.005
Ca 7.08 (5.92) 8.13 (13.66) 7.56 (10.19) 0.647
Fe 101.42 (46.08) 88.03 (67.23) 95.23 (56.86) 0.296
P 17.31 (5.87) 15.12 (7.39) 16.30 (6.67) 0.144

Values presented as mean (+ SD). URE, urea; GLU, glucose; TPT, total protein; ALR alkaline phosphatase; CRE, creatinine; SAM, salivary amylase; UR, uric acid; Ca,
calcium; Fe, iron; P, phosphorus. *Student’s t-test. Bold values mean statistically significant (p < 0.05).





OPS/images/fcell-08-589136/fcell-08-589136-g003.jpg





OPS/images/fcell-08-00403/cross.jpg
3,

i





OPS/images/fcell-08-00403/fcell-08-00403-g001.jpg
SFR mL/min

p=0002

p=0027

34
°S
. T
°
&
°
2
69
14
AL 1 T T
Control Pulp stones Control Pulp stones






OPS/images/fcell-08-00576/fcell-08-00576-g001.jpg
23 reference genes

27,240 SNPs
1000 Genomes J xf f 3355
i 2 0.
Projects (CHE) Call rate > 95%
—_—
3,156 SNPs
o [—————f—————{tDanabsis < 03]
HaploReg LD analysis 12 < 0.5
146 SNPs
Genotyping Stage T Additive genetic model
504 cases and 455 controls P <005
12 SNPs
Gene-based analysis P <0.05in SKAT &
(SKAT and MAGMA) P < 0.05in MAGMA
1SNP
Replication Stage II Additive genetic model
1,523 cases and 1,388 controls P <005

rs2301104 in HIFIA





OPS/images/fcell-08-590539/fcell-08-590539-g006.jpg
3 cNCC-GFP-PC B cNCC-SMO-PC

22h

12h

#*
*
H*
n o mnwowmwao
N N «~ «

12h  22h
M

(= (=] (=] o
6 4 2

sayoueiq (xd 01x)
40 JaquinN azIs ysaw uealy
L o i
i £ #*
N
1 N *
* <=
N
o O © © o O O O © © O
0 O < 0w <t MmN «~
sjuawbas (P13 30 %)
10 JaquinN eale ysauw |ejo|
L O
B
S W M W W W
9d-d49-DOON9 Od-OINS-DOONO

22h

12h

22h

12h

Branch [] Mesh

Segment





OPS/images/fcell-08-00576/fcell-08-00576-g002.jpg
Gender P Value OR (95% CI)
258E-01 }—0 1.26 (0.84-1.90)
Male 6.94E-01 +——— 1.05 (0.83-1.33)
3.62E-01 - 1.10 (0.90-1.35)
7.23E-02 | = 1.63 (0.96-2.77)
Female 9.04E-04 ————  1.89(1.30-2.76)
1.79E-04 T 1.80 (1.32-2.45)
4.55E-02 — 1.39 (1.01-1.92)
All 2.72E-02 —_ 1.25 (1.03-1.53)
3.39E-03 - 1.29 (1.09-1.53)
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Primer

GAPDH forward
GAPDH reverse
GLIH forward
GLH reverse
PTCH1 forward
PTCH1 reverse
Angpt1 forward
Angpt1 reverse
Angpt2 forward
Angpt2 reverse
Cd248 forward
Cd248 reverse
Cspg4 forward
Cspg4 reverse
Edn1 forward
Edn1 reverse
Foxc1 forward
Foxc1 reverse
Foxd1 forward
Foxd1 reverse
Foxf2 forward
Foxf2 reverse
Gapdh forward
Gapdh reverse
Gli1 forward
Gli1 reverse
Lama2 forward
Lama2 reverse
Ptch1 forward
Ptch1 reverse
Tbx18 forward
Tbx18 reverse

Species

human
human
human
human
human
human
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse

Sequence

CCACATCGCTCAGACACCAT
GCAACAATATCCACTTACCAGAGTTAA
AATGCTGCCATGGATGCTAGA
GAGTATCAGTAGGTGGGAAGTCCATAT
CGCTGGGACTGCTCCAAGT
GAGTTGTTGCAGCGTTAAAGGAA
CCATTCCAGCAGCAAGTGGTTA
TGAAGTGCAGCAAGCTGAGAAG
CCACATTCCTCTAAGCACGGTTTC
TAACCTGTGCCCACCACTTAGA
GTTGCTGGATGATGGAGAAGAAGG
GCCAAAGTCAGGTGGATGTGTAG
CAAATGCTCCCGTCCTCACTAAC
AGGCTGCTCCATCACCTCATA
CCAAGCGCTGTTCCTGTTCTT
TGGAAGAACCTCCCAGTCCATAC
TTCTTGCGTTCAGAGACTCG
TCTTACAGGTGAGAGGCAAGG
CGTTTCTAGATTCTCACTCCTC
TCCACTGTGGTCCCTTTA
TTCTCTAGTTCCCTGGCTCAGTAG
TGTTCTTTGGCACCTGTATCCG
AGCCTCGTCCCGTAGACAAAAT
CCGTGAGTGGAGTCATACTGGA
GGAAGTCCTATTCACGCCTTGA
CAACCTTCTTGCTCACACATGTAAG
CGCACCTTGAATGCAGACTTGA
GCACATCCCGCCAACTGAAATA
CTCTGGAGCAGATTTCCAAGG
TGCCGCAGTTCTTTTGAATG
ACGAAATAGGCACCGAGATG
ATTGCTGGTGAGGGTCTAATC
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Variable Male p-value* p-value*
Pulp stones Control Pulp stones Control
SFR 1.55 (0.82) 1.20 (0.83) 0.465 1.08 (0.58) 0.90 (0.40) 0.157
pH 7.98 (0.21) 7.75 (0.48) 0.405 7.95 (0.33) 7.63 (0.55) 0.007
URE 15.61 (11.96) 14.61 (10.56) 0.883 11.85 (10.13) 10.19 (7.35) 0.458
GLU 3.16 (3.08) 2.19 (0.97) 0.555 3.05 (3.29) 3.46 (2.29) 0.567
TPT 0.57 (0.22) 0.80 (0.45) 0.171 0.82 (0.54) 0.74 (0.37) 0.520
ALP 23.68 (19.40) 6.07 (4.73) 0.099 13.26 (11.61) 9.57 (8.24) 0.156
CRE 0.08 (0.04) 0.07 (0.00) 0.600 0.11 (0.11) 0.11 (0.14) 0.981
SAM 627.06 (235.41) 683.48 (148.73) 0.661 581.96 (257.11) 510.12 (201.19) 0.219
URA 3.82 (2.83) 4.68 (1.97) 0.583 3.78 (2.59) 1.87 (2.26) 0.003
Ca 7.41 (6.93) 15.31 (11.32) 0.105 6.93 (56.54) 7.26 (13.81) 0.908
Fe 105.65 (34.11) 80.36 (48.77) 0.257 99.59 (50.81) 88.96 (69.67) 0.495
P 17.66 (5.69) 23.80 (3.03) 0.060 17.16 (6.04) 14.07 (7.07) 0.068

Values presented as mean (de Almeida et al., 2008). SFR, salivary flowrate; URE, urea; GLU, glucose; TPT, total proteins; ALR alkaline phosphatase; CRE, creatinine;
SAM, salivary amylase; URA, uric acid; Ca, calcium; Fe, iron; P, phosphorus. *Student’s t-test. Bold values mean statistically significant (p < 0.05).
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Gene* Locus
COH1 16022.1
coLza1 12q18.11
CASPLD2 169241
FOXET 992233
GRHL3 1p36.11
IRFS 19322
JAG2 1493233
msx1 4p162
PAXT 153613
ROCK1 18q11.1
sumo1 20331
TBX22 Xa21.1
TCOFT  5q32:q334
TGFA 2183

SNP information

1516260
11642413

1516260

159920218

1516260 1511642413

151801552

1516260; 59920218

151793049

156828

1512228854

1512368284

1510875713

1511168359

151793949

1$12051468; rs8061351; rs721005;
151546124; r516974880; 134783099
151546124

154783009

1516974880

154783099

151546124

154783009

151546124; rs8061351; 152326398
151867278

Other 14 SNPs genotyped
5111846096
54460498

134460498; 153756249
rsB94673; rs3756249
156586

154618817

other 11 SNPs genotyped
r52486668; rs545800
1641268758

15113965554
1541268753

r$4B44880; rs669604; rs2235371;
152235375; rs2013162; 15126280
152235371

152285371; rs2013162; rs7552506;
152235377

1517389541

159430018

1861019; rs2073487; 1658860
1534743335, 1642961

1642961; 1775427
152285371
1$642061; 152236907; 1s861019;
151044516

1511624283

1510134946

11057744

11106514

2235371

r3821949; r512532; 1104893854 -
P147Q

1562636562
1512532

153775261

$12502; 153621949

152073242

151106514

15115200552

1512532

pCA

15742071

154920520 15766325

15742071

15766325 15742071

15742071

154920522 15766325; 156695765
1535096865

153769817

1512470401

156520677 1$6621541; 57055763,
1558147590, 156621542, 541307258;
156621543

152255796

12748222
151864957

1515251

1515251; 1s28372960; 152569062
Taq | polymorphism’; GGAA4DO7
152166975

156743202
rs1058213; rs2166975; rs930655;
rs1523306; rs2902345; rs377122
Taq | polymorphism”

rs2166975

©.3851T>C; ¢.3822G>A

Country

China

Latvia
Affica

Baltic regions

Aftica

Brazil

Denmark, Norwiay,
United States, Philippines

Thaitand
Germany, The Netheriands,
Maya

Europe

China

Affica

Calforia (Hisparic)

China

Norway, Denmark,
United States

Europe, Yermen
Germany
Norway

China.
Ireland

Baltc regions

Brazil

Africa
Thaiand
Brazi

Estonia
Baltic regions
Brazi
Estonia
Balic regions
China

Brazil
Iran

China
Brazi
Brazi
Afiica

Europe
Europe
lowa, Asia
Ghina
Afica
China

taly, Iran
Ireland

Brezi, Europe, North
America

Taiwian, Singapore,
United States

Brazil
lowa
Lithuaria
reland.

Baltic regions
Brazi

Brazi
Ireland.
China

Sample size P-value!
26 cases - 107 controls 0,004
31 cases - 100 controls 0019
31 cases - 100 controls NS
10 cases - 190 controls NS
163 cases - 1078 controls NS
115 cases - 271 controls 0036
NS
104 cases ~ 606 controls  7.26 x 1074
00058
0.0067
00003
00197
00203
107 triads NS
293 cases - 902 controls NS
118 cases - 463 controls 54107
111072
NS
163 cases ~ 1078 controls 002
NS
236 cases - 693 controls 001
NS
524 triads 41 %107
NS
77 cases - 90 controls NS
165 cases - 1500 controls 0017
166 triads 0043
51 triads NS
163 cases - 1078 controls NS
66 cases - 476 controls
NS
297 cases - 377 controls NS
246 cases - 1685 controls 281 x 10~
682 107
283 cases - 725 contols  2.63 x 105
116 cases? - 267 controls 094
17 tiads, NS
25 cases - 96 controls
298 cases - 902 controls NS
104 cases - 606 controls 5.45x 107
00454
53 cases - 285 controls NS
163 cases - 1078 controls. NS
83 tiads NS
38 cases - 182 controls 0004
NS
53 cases - 205 controls 00016
104 cases - 606 controls 00318
81 cases - 418 controls NS
53 cases - 205 controls 00037
104 cases - 606 controls 00095
42 tiads NS
81 cases - 413 controls NS
31 cases - 100 controls 0008
NS
56 cases - 605 controls NS
75 cases - 823 controls NS
107 triads NS
163 cases - 1078 controls 001
NS
180 triads NS
266 tiads NS
94 triads NS
56 cases - 605 controls NS
163 cases - 1078 controls NS
144 tiads 0025
189 triads 0008
293 cases - 902 controls 0038
NS
126 cases - 295 controls NS
81 triads 0033
0,096
0077
0.007
107 triads NS
62 cases - 251 controls NS
18 triads 0,045
293 cases - 902 controls 0041
104 cases - 606 controls 00467
53 cases - 285 controls NS
28 triads NS
296 triads - 62 dyads ~ 15NSCPO. 0,047
62 cases - 150 controls NS

“Further information about the molecular function, biological process and relative pathway is given in Supplementary Table S1.

NS, not significant.

YOR for homozygous variant genotype.

$Submucous cleft palate only.

*Deletion of 4 bp in intron V, creating a Taq ! site.

OR (95% C1)

690 (1.47-0240
370 (1.26-1087)

062 (0.40-097)

1,659 (1.235-2.229)
1,517 (1.270-2.041)
1.663 (1.148-2.409)
0.661 (0.483-0.904)

1,596 (1.074-2.370)
0544 (0.323-0916)

293(1.69-507)
048 (030-0.77)

074

1.31(1.05-1.62)

081(056-1.17)

0813 (051-1.65)

034 (0.13-0.90
034 (0.15-080)

2.16(1.43-327)

1.97 (1.33-2.91)
246 (1.62-074)

025 (0.061-057)

1726 (1.263-2.358)
1.351 (1.006-1.814)

301 (0.97-897)

1.384(1.028-1.864)

1482 (1.100-1.998)

10.83 (2.38-49.98)

181

3(1.09-8.25)

063 (0.45-0.88)
1.45(1.06-1.99)

208

177
191
288

142 (1.05-1.42)
1356 (1.004-1.831)
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SNP information

rs819142; rs819133
153733890 - G742A - R239Q

1S567754; 1585800
15626105
1$542721; 1510044
844ins68

15234706 - C699T

15234705; 1s234709; rs4920087
12124459

154920087

1681475, 151145020 15515064;
151021787

15663649
152618372, 15380691
rs250513; 1s479405; rs642013;
152034899, r51805074; rs24838¢
15185077; 1s532964
1S6485963; rs11040270;
157113251, 15202720;
1510839236; 1202676
rs3016432; 111235468
15514933
152298444
1S533207; 1s665306; rs575341
151980083, rs9978174;
rs4819208; 152277820
151127717, 153772430
152200053; rs2365004;
152886059; 151823213
152296805, 152274514
151556894; rs2993763; rs9285726
156739015, rs2028900;
152028898; 157568458
1510515861, rs4869087;
134860089, rs720352
152236225 - G1958A - 6530

rs3783731; rs8003379;
r51950002; r52236224; 151256146
151667627, rs702462

151801133 - CB77T - A222V

151801131 ~ A1208C - A420E

134845877, 151476413;
1s3737964; 1512404124

r$685487; rs6495452; 12562744
151805087 - A2756G.

Gene' Locus

Arcy 20q11.22
BHMT sq14.1
BHMT2 B

cas 216223

cTH 1p31.1
DHFR. 5q14.1
DMGDH a1t

FOLH1 1piti2
FOLRT 11q18.4
FOLR2 11a13.4
FOLR3 11a13.4
FTCcD 219223
FTHFD. 3q21.3
GMT 6p21.1
MATIA 10022.3
MAT2A 2112
MAT28 5a34

MTHFD1 14g28.3
MTHFD2 2p131
MTHFR 19363
MTHES 15q25.1

MTR 1943

MTRR 5p1531
NOS3. 7o86.1
PON1 713
SHMTT 17112
SHMT2 129133
SLCI9AI/RFCT 210223
SLC46AT 17q112
ToN2 229122
™S 18p11.32

151801394 - AG6G.

151532268
13776455

15162081; r5162036; 1510380
151800779 - A-922G)
151799983 - GB9AT - E298D

15662 - AST56.

r$B54547; rs8491; rsB5454
152237582, rs3917498;
152074351, rs854565; rs2299261;
15705382

152168781
157207306
157311958
151061266 - ABOG

159804260
15780439

152239907

151801198 - C776G - P259R

159606756 -~ AG7G.

18502396, r52244500;
1510502290, 1510502289
1516430 - 1494diel6.
1545445694 - 28-bp VNTR

Country

Norway
Norway

Norway

Norway

Caucasians, Hispanics, others
Norway

Norway

Norway

Norway

Norway

Norway

France.

Belgium

aly

Iran ~Tibet - Bangladesh
Norway

Norway
Norway
Norway

Norway

Noway
Norway

Norway
Norway

Nonway

Norway
Norway
Norway

Norway

reland.
reland

Norway
Europe
Norway

Norway
Calfornia
Norway
France

Europe
aly

ran - Tibet - Bangladesh
Norway

Irefand

Norway

Afica

Norvay

Norway
Norway
Norway
Norway
Norway
Norway

Norway

Califomia

Norway
Norway
Norway

Norway

Norway
Caifornia
Norway
Norway
Utah

Norway
Ireland

Norway

Italy

Iran ~ Tibet - Bangladesh
Norway

Norway

Norway

Califoria
Calfornia

Sample size!

93 triads
191 triads

98 triads.

93 tiads

236 cases - 201 controls
93 triads.

191 triads

93 tiads

191 triads

93 tiads

93 tiads

125 cases - 145 controls
79 cases - 225 controls.
129 triads

65 triads.

98 triads.

93 tiads.
98 triads
93 triads

93 tiads

93 triads.
93 triads,

93 triads.
93 triads.

93 triads.

93 triads.
93 tiads
93 riads

93 triads

191 triads
321 tiads

321 mothers - 1599 controls
93 triads

242 tiads

93 riads

9 triads
117 cases - 383 control

6 triads

56 triads

191 tiads.

47 triads + 19 dyads¥

321 triads

321 mothers - 1599 controls
93 trads

163 cases - 1078 controls
292 tiads

129 triads

66 triads

191 tiads

21 tiads

93 triads

163 cases - 1078 controls
93 triads

93 triads
191 triads
93 triads.
93 riads
191 triads
93 riads.

93 triads

99 cases - 588 controls

191 triads
93 triads
93 riads.

93 iads

93 triads.
123 cases - 364 controls
191 triads

93 triads.

109 triads.

191 triads.
321 tiads
93 riads.
129 triads.
66 triads
191 triads
93 triads
93 tiads

123 cases - 581 controls
123 cases - 581 controls

* Further information about the molecular function, biological process and relative pathway is given in Supplementary Table S2.
1Studies with a cohort bigger than 50 cases are reported.

INS, not significant.

$When the materal association is considere.
“OR for homozygous variant genotype.
¥ the sample study ars included 11 cases of Pierre Robin sequence.

P-valuet OR (95% CI)
NS
NS
0022*
NS
09(06-13)
NS
NS
NS
NS
NS
NS
002 0.61(0.40-0.99)
002 0,64 (0.44-093)
NS 1.18(0.74-1.88)
Ns 1.00(0.48-2.10)
NS
0.047¢
NS
NS
NS
NS
NS
0003
NS
NS
NS
NS
NS
NS
NS
NS
NS 1.31(0.94-182)
0.028 1.41(1.05-1.09)
NS
NS 093(055-157"
NS
NS
NS 08(05-12)
24(1.2-46)
NS 13106-30)
NS
09(0.44-1.77)
NS 096 (0.64-1.43)
008 15(1.05-2.16)
NS
NS
NS 053(031-092)
NS 0.98(0.68-1.42)
NS 1.17 (0.54-2.52)
NS
NS 0.83(0.49-1.40)
NS
NS
NS
NS
NS
NS
NS
Ns
NS
00215
00385
NS
0.9(06-1.4)
1107-19)
NS
NS
NS
0015
NS
NS
08(05-13)
NS
NS
NS 075 (0.32-1.78)
NS 1.40 (0.62-3.15)
N 078 (0.42-1.27)
NS
NS 1.05(0.73-1.52)
NS
NS 098(0.69-1.40)
NS 1.10(0.60-2.02)
NS
NS
NS
130820
Significant 18(1.4-3.1)"
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Gene? Locus
BCOR Xpi1.4
COL11A1 1p21.1
COL11A2 6p21.32
EFNB1 Xq13.1
FGFR1 8p11.23
FGFR2 10026.13
FLNA Xqg28
OFD1/CXORF5  Xp22.2
PHF8 Xp11.22
PQBP1 Xp11.23
SMS Xp22.11
S0X9 17¢24.3
TGFB2 1941

Syndrome with cleft palate

Oculofaciocardiodental

Pierre Robin Sequence and
Stickler

Pierre Robin Sequence and
Stickler

Craniofrontonasal
Kallman type 2

Apert and Crouzon

Otopalatodigital spectrum
disorders

Oral-facial-digital syndrome 1
Siderius type

Renpenning
Snyder-Robinson
Pierre Robin sequence and

Campomelic dysplasia

Loeys-Dietz

SNP information

Haplotype
rs4076107-rs6520620-
rs5963158-rs4308866

rs6609051; rs12687359
42 genotyped SNPs

rs213209

rs9277928
rs877818

rs2978083
rs7829058

rs1047100

rs766419; rs2070822;
rs2070816

rs2285635; rs2283707

rs6521788; rs12115965;
rs7876951; rs5960612

rs4824733; rs2016813;
rs741932

rs2040357; rs5951678
rs12941170

rs2229989
pPC-27 probe

Country

Asia

Norway — Denmark

Baltic regions

Baltic regions

Norway — Denmark
Baltic regions

Brazil
reland
Norway — Denmark

Norway — Denmark
Norway — Denmark

Norway — Denmark

Norway — Denmark
China

Philippines

Sample size

253 triads

114 + 69 triads

104 cases — 182 controls

104 cases — 182 controls

114 + 69 triads
104 cases — 606 controls

41 triads
293 cases — 902 controls
114 + 69 triads

114 + 69 triads
114 + 69 triads

114 + 69 triads

114 + 69 triads
46 triads

48 cases - 214 controls

P valuet

<10~4

NS
NS

0.0138

0.0451
NS
.014
0.0049
NS
NS
NS

o

NS
NS

NS

NS
0.03

0.06
NS

OR (95% Cl)

0.63 (0.435-0.912)

0.637 (0.408-0.993)

0.3 (0.109-0.829)
1.789 (1.189-2.720)

0.85 (0.64-1.14)

0.56 (0.3-0.96)

0.57 (0.3-1.03)

References

Skare et al. (2017)
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Machado et al. (2016)
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Jugessur et al. (2012)

Jugessur et al. (2012)
Jugessur et al. (2012)

Jugessur et al. (2012)

Jugessur et al. (2012)
Jiaetal. (2017)

Lidral et al. (1997)

#Further information about the molecular function, biological process and relative pathway is given in Supplementary Table S3.

NS, not significant.
*Association among 100 males.
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SNP information Locus Gene* Country Sample size P-value’ OR (95% ClI) References

49% Europe - 47% 550 triads NS Beaty et al. (2011), Shi et al.

Asia - 3% Africa (2012), and Ludwig et al. (2017)
rs41268753 1p36.11 GRHL3 Europe 38 cases — 93 - triads — 835 controls 4.08 x 1079 8.3 (1.17-59.15) Leslie et al. (2016)
rs117496742 11922.1 YAP1 Europe 38 cases — 93 - triads — 835 controls 348 x 108 11.2(1.04-121.8) Leslie et al. (2016)
rs12175475 6p26 PARK2 Multiethnic 78 cases — 165 triads — 1700 controls 8.66 x 1079 6.6 (1.12-39.58) Leslie et al. (2016)
rs80004662 2pi12 CTNNA2 Sub-Saharan Africa 205 cases — 2159 controls 7.41 x 1079 7.5(3.45-16.28) Butali et al. (2019)
rs730570 14032.2 DLK1 China 2071 cases — 10145 controls 6.59 x 10-10 1.28 Huang et al. (2019)
rs4646211 13032.3 DOCK9 China 2071 cases — 10145 controls 478 x 10712 1.28 Huang et al. (2019)
rs8061677 16024.2 FOXC2-FOXL1 China 2071 cases — 10145 controls 9.11 x 10~ 1.29 Huang et al. (2019)
rs72741048 1g32.2 IRF6 China 2071 cases — 10145 controls 3.07 x 10715 1.314 Huang et al. (2019)
rs1009136 19p13.11 MAU2 China 2071 cases — 10145 controls 2.66 x 1079 1.25 Huang et al. (2019)
rs730643 14913.3 PAX9 China 2071 cases — 10145 controls 2.92 x 10-16 0.74 Huang et al. (2019)
rs6791526 3p22.1 POMGNTZ2 China 2071 cases — 10145 controls 1.62 x 10710 1.46 Huang et al. (2019)
rs3468 4p16.3 WHSC1 China 2071 cases — 10145 controls 5.4 x 10~ 1.256 Huang et al. (2019)

*#Further information about the molecular function, biological process and relative pathway is given in Supplementary Table S4.
TS, not significant SNP detected.
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What happens

migration of CNCCs into the 1%t pharyngeal
arch

clonal expansion of CNCs
chondroblastic commitment/differentiation

chondroblastic differentiation and proliferation,
anterio-posterior elongation, fusion of two
cartilaginous bars anteriorly

rapid growth, anterio-posterior elongation

initial hypertrophy of chondrocytes attracts
angiogenic cells and precursors of osteoclasts

binding of Ca?* in hypertrophic region, MC
degradation by TRAP-positive cells starts near
to mental foramen, blood capillaries penetrate
into MC

intermediate part of MC disappears

resorbed area is occupied by osteoblasts,
TRAP positive cells and blood capillaries

degradation of MC culminates, ossification of
middle ear ossicles

ossification of middle ear ossicles continues

How it looks like

undifferentiated ecto-mesenchyme

undifferentiated ecto-mesenchyme
primordium of condensed ecto-mesenchyme

V-shaped structure consisting of chondroblasts
and fibrous tissue, formation of malleal-incudo
part posteriorly

MC consists of chondroblasts and
perichondrium

pre-hypertrophic chondrocytes in intermediate
part, TRAP-positive cells apparent on lateral
side of intermediate part of MC, malleus
separated from incus

calcified MC matrix in the intermediate part,
TRAP-positive cells and apoptotic bodies
cumulate in the area of degradation (apoptotic
bodies present also in perichondrium with low
frequency)

ossification is apparent in the lateral part of the
cartilage medially to the mandible
disconnected anterior and posterior ends of
MG, persisting hypertrophic chondrocytes in
the posterior portion

chondroblastic cells apparent in the rostral area
and posterior region with malleus

malleus separates from MC
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Genotype

A28 Wnt1-Cre
(Bc-MP type | receptor)

c-Fos=/=
Ctgf-/—
Dix2=/=
Dix5=/~

DIx5/6=/=

Dmm/Dmm
(semi-dominant Col2a1 mutation)

Ednra constituative activation
Ednta "/1; Wnt1-Cre

Egfr=/~

Endothelin —/—

Fgfr3Y367C/ +

Fgfgnee/=

Fuz=/~

Hand 2 "1, wnt1-Cre

Is11%/1: Shh-Cre

Nog~/~

Runx2~/~

Setdb 1%/ Wnt1-Cre

Shh™/~; Nkx2.5-Cre

Shh=/~

Snai1o%/= Snai2=/~; Wnt1-Cre
Sox9": Wnt1-Cre

Sox9 /-

Tgfor2"/M: Wnt1-Cre (E14.5)
Tgfe2 =/~

Vegfa'/f:Wnt1-Cre
E17.5)

Impact

missing distal extremity of MC

persistence of MC beyond juvenile stage

MC deformations

abnormal posterior MC, malformed middle ear ossicles
MC is shortened and its path back toward the middle ear is
disrupted

complete loss of MC

growth retardation of MC, osteoarthritis

transformed upper jaw, with duplication MC
duplicated maxilla, loss MC
MC deformations

defect lower jaw, vestigial MC
shortened hypertrophic zone of MC, achondroplasia

absent or hypoplastic MC
hyperplastic malformed MC

duplicated mandible and MC
smaller MC (E13.5), lack of cartilage at the distal tip
resulting in fused growth of two ossifying elements

increased size of MC (due to proliferation)
endochondral-like ossification of intermediate part

two ectopic cartilaginous processes in MC (indirect effect of
missing bone)

enlarged MC resulting from increased proliferation and
hyperplasia, increased hypertrophy

no apparent MC from E14.5

hypoplastic mesenchymal condensation, no apparent MC
overall shorter length, missing rostral MC and midline fusion
total absence of MC

MC interrupted and bent toward the body appearing as
shortened, campomelic dysplasia

curvy shape of MC, un-uniform thickness, disrupted
perichondrium

abnormal shape of MC

mandibular hypoplasia, decreased size of MC resulting from
abnormal vascularisation
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Age Alendronate Cross-section (mm2) Cross-section (mm2) no Flexural strength (MPa) Flexural strength (MPa) no

fracture Mean + SD fracture Mean + SD fracture Mean + SD fracture Mean + SD
Middle-age No (O) 51.70 + 22,3772 20.30 £2.32 4P 421+2.878° 80.43 + 33.49 @
Yes (OA) 55.35 + 28.78 4@ 19.89 +4.01 40 13.67 4 16.42 B0 72.25 + 18.03 4@
Young No (Y) 25.45 4+ 4.33 Aa 12.87 £ 2.01 B 24.50 4 9.95 ABP 112.09 + 0.25 A2
Yes (YA) 37.40 £ 17.34 42 16.68 + 1.89 ABP 27.37 £ 23.454° 83.64 + 25.10 4@

Lower case letters (a, b) are used, for each group (age and use of alendronate), to indicate significant differences when comparing the conditions (fracture x no fracture)
(p < 0.05). In each line, when the same lower case letter is used, the difference between the means is not statistically significant. Uppercase letters (A, B) are used, for
each condition (fracture and no fracture), to indicate significant differences when comparing the groups (age and use of alendronate) (p < 0.05). In each column, when
the same uppercase letter is used, the difference between the means is not statistically significant.
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Age Alendronate

Alkaline phosphatase
Pre-operative Mean + SD

Alkaline phosphatase
45 days Mean + SD

Alkaline phosphatase
90 days Mean = SD

P Value Time

Middle-age No (O)
Yes (OA)
Young No (Y)
Yes (YA)
P Value Group

116.16 £ 9.35
125.03 £ 39.00
171.70 £ 36.60
225.85 + 47.05
0.290

111156 £22.45
110.20 £156.17
167.16 £ 6.15
93.00 + 10.10
0.144

122.80 £ 5.80
65.03 £5.57
131.20 £ 30.10
119.20 £ 20.80
0.082

0.901
0.525
0.791
0.173

One-Way ANOVA for evaluation between groups and One-Way ANOVA repeated measures for evaluation between times, with significance level of 0.05.
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Age Alendronate Calcium Pre-operative Calcium 45 days Calcium 90 days P Value Time
Mean + SD Mean + SD Mean + SD
Middle-age No (O) 9.40 £ 0.0 10.20 £+ 0.20 14.00 £+ 1.50 0.156
Yes (OA) 10.23 £+ 0.42 9.66 + 0.75 9.73 +0.75 0.932
Young No (Y) 10.55 £ 0.35 10.50 £+ 0.30 9.70 + 0.50 0.500
Yes (YA) 1115+ 0.65 10.80 £ 0.90 9.70 £ 0.30 0.395
P Value Group 0.179 0.669 0.051

One-Way ANOVA for evaluation between groups and One-Way ANOVA repeated measures for evaluation between times, with significance level of 0.05.
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Alendronate animals
(n=20)
Femurs
(n=40)

Wistar Rats

(n=40)

Femurs

(n=80)

Control animals

(n=20)
Femurs
(n=40)

Midle age
(n=10)
Femurs

(n=20)

Midle age
(0=10)

Femurs
(n=20)

Non-fractured femurs
(1=20)

Fractured femurs
(n=20)
Fractured femurs
(1=20)
Non-fractured femurs
(n=20)

Fractured side presented smaller flexural strength and
major cross section that non-fratured side p < 0.05
Young animals presented major flexural strength and
smaller cross section that older animals p < 0.05

Fractured side presented smaller flexural strength and
major cross section that non-fratured side p < 0.05
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Gene

Thx1
Fofrl1

Ihh
Mef2c
Pthir
Six1; Six4

Chrd
Por
Nppc
Twist1
Eve
Evc2

Pkd2

Lef1
Ctnnb1
Arl6/Bbs3
Pthih/Pthrp
Runx2

Six2

Fofr2

Pkd1
Kif3a
Hdac4
Map2k1

Id2
1788
Alpl

Ltbp3

Fgfr3
Pfas

Protein

T-box 1

FGF receptor like 1

Indian hedgehog

myocyte enhancer factor 2C
parathyroid hormone 1 receptor

sine oculis-related homeobox 1;
sine oculis-related homeobox 4

chordin

P450 oxidoreductase

natriuretic peptide type C

twist bHLH transcription factor 1
EvC ciliary complex subunit 1
EvC ciliary complex subunit 2

polycystin 2

lymphoid enhancer binding factor 1
catenin beta 1

ADP-ribosylation factor-like 6
parathyroid hormone-like peptide
runt-related transcription factor 2
sine oculis-related homeobox 2
fibroblast growth factor receptor 2

polycystin 1
kinesin family member 3A
histone deacetylase 4

mitogen-activated protein kinase
kinase 1

inhibitor of DNA binding 2
intraflagellar transport 88

alkaline phosphatase,
liver/bone/kidney

latent transforming growth factor
beta binding protein 3

fibroblast growth factor receptor 3
Phosphoribosyl-
formylglycinamidine

synthase

Induced mutation type

Deletion (Mesp1-Cre)
Deletion

Deletion (Col2a1-Cre)
Activation

Deletion

Deletion

Deletion

Deletion (Dermo1-Cre)
Deletion

Deletion (heterozygous)
Deletion

Deletion

Deletion (Wnt1-Cre)
Activation

Deletion (Col2a1-Cre)
Deletion

Deletion

Activation

Deletion

Activation

Deletion (Dermo1-Cre)
Deletion (Col2a1-Cre)
Deletion

Activation

Deletion
Deletion (Col2a1-Cre)
Deletion

Deletion

Activation
Mutation (heterozygous)

SOs/ISs

S0S
S0S
S0S
SOS
SOS
S0S

S0S
S0S
S80S
S80S
1SS
1SS

1SS
ISS, SOS
ISS, SOS
ISS, SOS
ISS, SOS
ISS, SOS
ISS, SOS
ISS, SOS

ISS, SOS
ISS, SOS
ISS, SOS
ISS, SOS

ISS, SOS
ISS, SOS
ISS, SOS

ISS, SOS

ISS, SOS
n/a

Age

E156.5
E18.5
E18.5
E18.5
E18.5
E18.5

P1
P4
P14
P25-30
E185
E185

P14
E175
E175
E185
P1
P1
P1

P1(S0S)
P28 (ISS)

P5
P7
P8
P11

P14
P14
P20

P21

P21
P84

Ossification

Partially increased
Increased
Increased
Increased
Increased
Partially increased

Partially increased
Partially increased
Decreased
Increased
Increased
Increased

Increased
Increased
Decreased
Decreased
Increased
Increased
Increased
Increased

Partially increased
Partially increased
Increased
Increased

Growth defects
Partially increased
Increased

Increased

Increased
Increased

E, embryonic day; R, postnatal day; SOS, spheno-occipital synchondrosis; ISS, intersphenoid synchondrosis; n/a, not available.
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TS-PClin SA-SP TS-DS TS-SF PClin-SF SM-SF TS-SA-SF-SP-PClin

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Control 10.976 1.379 9.664 1.484 10.520 2.991 7.920 1.592 7.702 1.585 8.521 1.278 73.196 22.281
BCLP 7.884 1.185 7.229 1.350 7.484 2.278 6.159 1.445 6.193 1.201 7.134 1.409 48.248 17.306
UCLP 8.0563 1.291 7.786 1.680 9.424 2.363 6.999 1172 6.940 1.016 7.331 1.006 56.779 12.378
ucCL 8.546 1.340 8.023 1.657 9.954 2.316 7.530 1.370 7.560 1.124 7.936 1.691 64.720 19.589
UCLA 8.677 0.934 8.418 1.470 9.689 2.1565 7.001 1.347 6.967 1.742 7.466 1.839 56.795 19.799
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Variables Multiple comparison

TS-PClin Control

BCLP

UcLP

ucL
SA-SP Control

BCLP

UCLP

ucL
TS-DS Control

BCLP

UCLP

ucL
TS-SF Control

BCLP

ucLpP

ucL
PClin-SF Control

BCLP

ucLpP

ucL
SM-SF Control

BCLP

UCLP

ucL
TS-SA-SF-SP-PClin Control

BCLP

UCLP

ucL

*p < 0.05 considered statistically significant.

Vs

'S

Vs

Vs
Vs

'S

Vs

Vs
'S

Vs

Vs

Vs
Vs

Vs

Vs

Vs
Vs

Vs

Vs

Vs

Vs

Vs

Vs

Vs
Vs

BCLP
UCLP
ucL
UCLA
UCLP
ucL
UCLA
UCL
UCLA
UCLA
BCLP
UCLP
ucL
UCLA
UCLP
ucL
UCLA
ucCL
UCLA
UCLA
BCLP
UCLP
uCL
UCLA
UCLP
uCL
UCLA
ucL
UCLA
UCLA
BCLP
ucLP
ucCL
UCLA
ucLP
UCL
UCLA
ucL
UCLA
UCLA
BCLP
ucLP
ucCL
UCLA
ucLP
ucCL
UCLA
UCL
UCLA
UCLA
BCLP
UCLP
ucL
UCLA
UCLP
ucL
UCLA
uCL
UCLA
UCLA
BCLP
UCLP
ucL
UCLA
UCLP
ucL
UCLA
ucL
UCLA
UCLA

MD

3.09199*
2.92271*
2.42998*
2.29946"
—0.16928
—0.66202
—0.79253
—0.49274
—0.62325
—0.13051
2.43493"
1.87769*
1.64047
1.24577
—0.55723
—0.79446
—1.18916
—0.23722
—0.63192
—0.3947
3.03586"
1.09561
0.56615
0.83111
—1.94025*
—2.46971*
—2.20475
—0.52946
—0.2645
0.26496
1.76106*
0.92114
0.38968
0.91857
—0.83992
—1.37138*
—0.84249
—0.53146
—0.00257
0.562889
1.50883*
0.76169
0.14194
0.73527
—0.74714
—1.36690*
—0.77356
—0.61976
—0.02642
0.59333
1.38651
1.18991*
0.568449
1.05509
—0.19659
—0.80202
—0.33142
—0.60542
—0.13482
0.4706
24.94809"
16.41760*
8.4768
16.40092
—8.563049
—16.4713
—8.54716
—7.9408
—0.01667
7.92413

SE

0.329
0.303
0.421
0.482
0.309
0.425
0.486
0.406
0.469
0.552
0.386
0.356
0.494
0.566
0.363
0.499
0.570
0.476
0.550
0.648
0.646
0.595
0.827
0.947
0.607
0.835
0.955
0.796
0.921
1.085
0.358
0.330
0.458
0.525
0.336
0.462
0.529
0.441
0.510
0.601
0.333
0.307
0.426
0.489
0.313
0.431
0.492
0.411
0.475
0.560
0.348
0.320
0.445
0510
0.327
0.449
0513
0.428
0.495
0.584
4.584
4.223
5.863
6.718
4.305
5.922
6.770
5.648
6.531
7.694

95% ClI

Lower bound

2.150
2.065
1.226
0.919
—1.054
—1.879
—2.183
—1.653
—1.965
—1.711
1.331
0.860
0.228
—0.373
—1.694
—2.221
—2.820
—1.598
—2.205
—2.248
1.187
—0.608
—1.799
—1.879
-3.677
—4.858
—4.936
—2.807
—2.899
—2.838
0.737
—0.022
—0.920
—0.5682
—1.801
—2.694
—2.3565
-1.793
—1.461
—-1.190
0.555
-0.117
—-1.078
—0.663
—1.643
—2.599
—-2.182
—1.795
—1.385
—1.008
0.392
0.274
—0.688
—0.403
—1.131
—2.087
—1.800
—1.831
—1.652
—1.199
11.835
4.336
—8.295
—2.819
—20.847
—33.414
—27.915
—24.097
—18.702
—14.087

Upper bound

4.034
3.790
3.634
3.680
0.715
0.555
0.598
0.667
0.718
1.450
3.539
2.895
3.063
2.864
0.480
0.632
0.442
1.123
0.941
1.459
4.885
2.799
2.931
3.541
—0.204
—0.081
0.526
1.749
2.370
3.368
2.785
1.864
1.699
2.419
0.122
—0.049
0.670
0.730
1.456
2.247
2.463
1.640
1.362
2.133
0.149
—0.135
0.635
0.555
1.333
2.194
2.381
2.106
1.857
2.513
0.738
0.483
1.138
0.620
1.282
2.140
38.061
28.499
25.249
35.621
3.786
0.471
10.821
8.216
18.668
29.935

p-Value

0.000
0.000
0.000
0.000
1.000
1.000
1.000
1.000
1.000
1.000
0.000
0.000
0.012
0.296
1.000
1.000
0.391
1.000
1.000
1.000
0.000
0.683
1.000
1.000
0.018
0.037
0.226
1.000
1.000
1.000
0.000
0.061
1.000
0.825
0.138
0.037
1.000
1.000
1.000
1.000
0.000
0.146
1.000
1.000
0.186
0.019
1.000
1.000
1.000
1.000
0.001
0.003
1.000
0.406
1.000
0.767
1.000
1.000
1.000
1.000
0.000
0.002
1.000
0.161
0.499
0.063
1.000
1.000
1.000
1.000
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Population

Saudi subjects

Inclusion and exclusion criteria

Non syndromic cleft subjects with good quality x-ray images. No history of craniofacial surgical treatment besides lip and palate surgery. No orthodontic treatment has been done.
No anatomical variation in the ST and sphenoidal regions. Matched with healthy control without any craniofacial deformity. Subjects using hormonal medications or corticosteroids
were excluded from the study.

Sampling Convenient sampling following inclusion and exclusion criteria.
Type of cleft Non-cleft BCLP UCLP UCLA ucL
Subjects distribution Male 14 19 26 3 r
Female 17 10 15 6 6
Total (N = 123) 31 29 41 9 13
Age 13.29 + 3.562 14.07 £4.73 14.32 + 4.46 12.78 £ 4.09 13.31 £ 4.46
Data used Digital lateral cephalogram, orthopantomogram, and clinical record details.

Ethical clearance

Protocol has been presented to the ethical board of Alrass Dental Research Center, Qassim University. Ethical clearance has been obtained with the Code #: DRC/009FA/20.

Method

Landmarks used and the details

Artificial intelligence driven technique using Webceph software (Korea)

TS
DS
SF
Pclin
SA
SP
SM

Measurements (seven parameters)

a

Sella length

Sella width
Sella diameter
Sella height anterior

Sella height posterior

Sella height median
Sella area

TS-Pclin

SA-SP

TS-DS
TS-SF

PClin-SF

SM-SF
TS-SA-SF-SP-Pclin

Tuberculum sella The most anterior point of the contour of the sella turcica

Dorsum sellae The posterior wall of the sella turcica
Sella floor The deepest point on the floor of pituitary fossa
Posterior clenoid The most anterior point of the PClin process
Sella anterior The most anterior point of the sella
Sella posterior The most posterior point of the sella

Sella median A point midway between PClin and TS

Significance/importance

Changes in the size of sella turcica are often identified with the pathology of pituitary gland and may have an undetected hidden
disease; hence, sella length is one of the parameters to determine the sella size.

Utilized clinically for pubertal growth phase determination, would be increased by advanced age, it has strong correlation with age.
Growth of an individual can be assessed based on the diameter of the sella turcica at different age periods.

As the anterior part of the sella turcica is believed to develop mainly from neural crest cell, so we need to measure the sella height
anterior. So that, we can assume or determine any structural deviation in the anterior wall which are believed to be associated with
the specific deviation in the facial structure.

The posterior part of the sella turcica develops from the para-axial-mesoderm, which develops approximately 7 weeks of gestation.
If any disturbance occurs in this area it remains throughout the life, as the time of formation of sella closely associated with the
development of maxilla. So that, it may be assumed that any aberration leading to cleft may be associated with some fault at the
level of sella turcica.

Utilized clinically for pubertal growth phase determination, would be increased with age.

During embryological development of the sella area is the key point for the migration of the neural crest cells to the fronto nasal and
maxillary developmental fields. Pituitary fossa increased in size with age and found a positive correlation of the area of the

sella to age.
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Gender Sella bridging

Complete
Partial
Partial
Partial
Partial
Partial
Partial
Partial
Partial
Partial
Partial
Complete
Partial
Partial
Complete
Partial
Partial
Complete
Partial
Complete
Partial
Partial

mEgs T Mg g Mg TR M I LS E S WE™

Complete

Subject

Non-cleft

Non-cleft

Bilateral Cleft Lip and Palate

Bilateral Cleft Lip and Palate

Bilateral Cleft Lip and Palate

Bilateral Cleft Lip and Palate

Bilateral Cleft Lip and Palate

Bilateral Cleft Lip and Palate
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Lt Side
Unilateral Cleft Lip and Palate Rt Side
Unilateral Cleft Lip and Palate Rt Side
Unilateral Cleft Lip and Palate Rt Side
Unilateral Cleft Lip and Alveolus Rt Side
Unilateral Cleft Lip Lt Side

Unilateral Cleft Lip Rt Side

Unilateral Cleft Lip Rt Side

Unilateral Cleft Lip Rt Side

Skeletal malocclusion

Class |
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class Il
Class |
Class Il
Class |
Class Il
Class Il
Class Il
Class Il
Class Il

Dental anomalies

CM +IC
None
CM
IC
CM
CM +IC
CM +IC
IC
CM + IC + Dilaceration
CM
CM +IC
CM
CM
CM
SN
CM +IC
CM

Prevalence

Non-cleft = 6.45%

BCLP = 20.69%

UCLP =24.39%

UCLA =11.11%
UCL =30.77%

Non-cleft = M, male; F;, female; IC, impacted canine; CM, congenital missing; SN, supernumerary tooth.
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Group Variables

Control A

BCLP A

UCLP A

ucL A

UCLA A

*p < 0.05 considered statistically significant.

Gender

Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female

Mean

11.164
10.822
9.669
9.659
10.925
10.187
8.210
7.681
7.779
7.639
8.746
8.335
77.133
69.954
8.075
7.522
7.422
6.862
7.663
7.145
6.254
5.977
6.229
6.125
7.210
6.991
49.767
45.362
8.223
7.759
7.774
7.806
9.392
9.481
6.903
7.164
6.895
7.019
7.278
7.423
57.560
56.425
8.873
8.165
8.034
8.010
9.739
10.205
7.199
7.917
7.543
7.580
7.711
8.198
62.428
67.392
8.303
8.863
8.120
8.567
10.167
9.450
6.823
7.090
6.923
6.988
7.040
7.678
54.233
58.076

SD

1.690
1.090
1.466
1.544
3.296
2.771
1.461
1.698
0.911
2.007
1.131
1.385

22.446

22.288
0.989
1.480
1.289
1.455
2.258
2.398
1.487
1.420
1.142
1.368
1.308
1.650

17.188

18.076
1.266
1.324
1.492
1.778
2.418
2.348
1.227
1.089
1.054
0.977
1.158
1.013

12.685

12.139
1.495
1.141
1.636
1.616
2.744
1.923
1.377
1.378
0.845
1.474
1.692
1.810

21.557

18.638
1.414
0.686
1.026
1.719
0.257
2.683
0.770
1.624
1.822
1.878
1574
2.064

10.970

23.940

95% CI

Lower

—0.685

—1.105

—1.489

—0.649

—1.049

—0.531

-9.325

—0.390

—0.520

—1.330

—0.897

-0.876

-0.928

~9.614

—0.381

—1.081

—1.659

—1.034

—0.798

-0.872

—6.058

—0.940

—1.968

-3.412

—2.404

—1.474

—2.626

—29.800

—2.163

—3.044

—3.081

—2.662

-3.178

—3.876

—39.066

Upper

1.369

1.123

2.966

1.708

1.329

1.365

23.683

1.495

1.639

2.366

1.452

1.083

1.365

18.425

1.308

1.018

1.480

0.513

0.549

0.582

10.327

2.356

2.016

2.480

0.968

1.400

1.652

19.872

1.033

2.150

4.514

2.129

3.048

2.599

31.380

0.501

0.987

0.503

0.366

0.812

0.379

0.381

0.239

0.297

0.570

0.632

0.829

0.699

0.525

0.273

0.951

0.908

0.499

0.710

0.689

0.601

0.365

0.979

0.734

0.369

0.956

0.626

0.669

0.433

0.696

0.669

0.800

0.962

0.655

0.804
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Age Alendronate Cross-section Cross-section (mm2) P Value Flexural strength Flexural strength P Value
(mm2)-fracture no fracture (MPa)-fracture (MPa) no fracture
Mean + SD Mean + SD Mean + SD Mean + SD
Middle-age No (O) 51.70 £ 22.37 20.30 £2.32 0.002 421+ 2.87 80.43 + 33.49 <0.001
Yes (OA) 55.35 + 28.78 19.89 4+ 4.01 0.006 13.67 + 16.42 72.25 + 18.03 <0.001
Young No (Y) 25.45 4+ 4.33 12.87 £ 2.01 0.008 24.50 £ 9.95 112.09 £ 0.25 0.002
Yes (YA) 37.40 +£ 17.34 16.68 +£1.89 0.022 27.37 £ 23.45 83,64 + 25.10 0.006

Paired T Test, with significance level 0.05.
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Variables

Overjet
Overbite

Upper 1 to Frankfort horizontal plane
Upper 1 1o sella-nasion plane
Upper 1 o upper ocdlusal plane
Incisor mandibular plane angle
Lower 1 1o lower ocdlusal plane
Inter-incisor angle

Cant of occlusal plane

Upper 1 to nasion and point A
Upper 1 to nasion and point A
Lower 1 to nasion and point B
Lower 1 1o nasion and point B
Upper incisal display

Short form
o

o8

UttoFH
Ul toSN
UttoUoP

IMPA

LitoLOP

1A

cop

U1 to NA (mm)
U1 to NA (degree)
L1 to N8 (mm)

L1 to NB (degree)
up

Details

Extent of horizontal (anterior-posterior) overiap of the maxilary central incisors over
the mandibular central incisors

Extent of vertical (superior-inferior) overiap of the maxillary central incisors over the
mandibular centralincisors

Angle between long axis of upper incisor and Frankfort horizontal plane
Angle between long axis of upper incisor and sella-nasion plane

Angle between long axis of upper incisor and upper occlusal plane
Angle between long axis of lower incisor and mandibular plane angle
Angle between long axis of lower incisor and lower occlusal plane
Angle between long axis of upper and lower incisor

Occlusal plane to FH plane

Distance from upper incisor edge to nasion to point A piane.

Angle between long axis of upper incisor and nasion to point A plane
Distance from lower incisor edge to nasion to point B plane

Angle between long axis of lower incisor and nasion to point B plane

Maxillry incisal display is one of the most important atiributes of smile esthetics.
The maximum distance from the lowest point of pper lip to the incisal edge of any
of the upper incisor
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