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1 Introduction 

Teeth are important organs for humans and many other organisms. They are 

important when eating, grinding the food in smaller pieces and therefore making 

food easier to swallow. This is an important first step in the digestive process, 

ensuring a good basis for necessary nutrition intake and resources to perform 

everyday tasks. Also, teeth are important for speaking, self-confidence, 

aesthetics and keeping jaws strong. 

 

Over the years, tooth agenesis, or failure of full dentition, has been extensively 

studied. The studies have revealed that there are different factors, such as 

several mutated genes, causing missing teeth. In a previously made large-scale 

study over one hundred families with non-syndromic tooth agenesis were studied 

of which a part of participants were missing only a few teeth and the rest 

manifested a more severe form of tooth agenesis (1). In less than half of the 

patients a gene mutation was detected. In the rest of the families, further studies 

revealed an RNF43 mutation in three families. In these three families, each of 

them with extensive tooth agenesis, two different missense mutations were found 

in the RNF43 gene (Personal communication with P. Nieminen). 

 

The purpose of this study was to find out whether RNF43 is expressed in the 

developing dentition. Since the tooth development in mice is similar to the 

development of human teeth, the gene expression in murine dentition was 

studied. There are some differences between human and murine dentition, e.g. 

mice do not replace their teeth. Znrf3, which is a homologous gene to Rnf43, was 

also decided to be investigated. 

 

In this report the current literature in relation to the research topic, including 

RNF43 and ZNRF3, will be reviewed. Also, normal dental development and tooth 

agenesis both in humans and mice will be discussed.  
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2 Review of the literature 

Teeth develop as a result of a complicated inductive tissue interaction between 

oral epithelium and neural crest derived mesenchyme. The enamel producing 

cells, ameloblasts, differentiate from the epithelium at a specific point of tooth 

development starting to produce enamel. All the other tooth tissues, such as the 

dentine and the pulp, develop from the mesenchyme (2), (3). 

 

2.1 Human tooth formation 

Normally, humans develop two deciduous incisors, one deciduous canine and 

two deciduous molars in each quadrant. These deciduous teeth are replaced by 

permanent teeth, the incisors, canines and premolars. The permanent dentition 

is complemented with molars, which are formed from the distal budding of the 

dental lamina, posteriorly to the last deciduous tooth. Tooth development starts 

in utero and continues postnatally. The development and eruption of the molars 

are delayed in relation to the deciduous teeth (4).  

 

In humans, the development of the primary dentition starts from dental lamina, 

which forms in the sixth week of gestation. Dental lamina is a U-shaped ridge of 

epidermis in the upper and lower jaws (5), (2). At the seventh week, ten centers 

start to proliferate from each dental lamina and grow into the underlying 

mesenchyme. The mesenchyme starts to condensate around each center and 

20 constructions, ten per jaw, called tooth buds, are formed. These 20 buds 

continue their differentiation and growth via stages called cap stage during the 

tenth week, bell stage from the fourteenth week forward and will eventually 

become the primary, deciduous dentition (2). More specific description of these 

developmental stages of the tooth comes later in the text.   

 

Permanent teeth in humans are formed by successional tooth formation. This 

successional tooth formation happens when deciduous teeth are replaced by 

permanent teeth. Another phase is molar addition, when from the first molar 
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develops the second molar and from the second molar the third molar. A 

prerequisite for permanent tooth formation is that an extension is formed from 

dental lamina, called successional or continual lamina, through which a new tooth 

is formed (5). This lamina is produced when the primary or predecessor tooth is 

in the cap stage of its development (2). When the crown of a tooth is formed, the 

dental lamina gradually breaks down, causing a disconnection between the tooth 

crown and epithelium and the tooth crown remains embedded into the gingivae 

until it erupts (5). The crowns of all primary teeth are completely formed by twelve 

months of age. Around the age of six months the first primary teeth start to erupt. 

The crown mineralization of first permanent teeth starts at the age of three 

months and continues until they are ready to erupt. Then they trigger resorption 

of the roots of the primary teeth. The permanent dentition erupts around 6 to 12 

years, except the third molar which develops a bit later in life (2).  

 

2.2 Differences between human and murine dentition 

Murine teeth differ from human teeth, so that mice have only one incisor per 

quadrant instead of two incisors (6). The enamel in the incisors is asymmetrically 

deposited, so that only the labial side of the incisor is covered by enamel and the 

lingual side is covered with dentin and cementum (7). Another difference is that 

murine incisors are continuously growing throughout the life, because of the 

preserved stem cells at the base of the tooth. In the labial cervical loop lie the 

stem cells for ameloblasts (8). In addition to the incisors, mice have three molars 

per quadrant formed by continual tooth addition, which are not continuously 

growing, same as human dentition (6). In between incisors and first molar there 

is a toothless space called diastema. Mice teeth differ from human teeth also so 

that mice don't replace their teeth but develop permanent teeth directly (5).  

 

2.3 Developmental stages of the tooth 

Both in human and mice, the tooth development goes through the same 

developmental stages and these are named according to the shape of the dental 

epithelium at the tooth germ seen in the frontal histological sections. These 
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stages are epithelial thickening, placode stage, bud stage, cap stage and bell 

stage (4). In mice, these steps start to appear in the first mandibular molar from 

embryonic day 11.0, or E11.0 as an epithelial thickening. On day E12.5 the 

epithelial thickening continues its development when the epithelium thickens and 

forms a placode (Fig. 1A) that buds to the underlying mesenchyme. When the 

epithelium is signaling to the underlying mesenchyme to condense around the 

epithelial bud the bud stage (Fig. 1B) takes place. This happens between E13.5 

and E14.5. The cap stage (Fig. 1C) is observed on E14.5 and E15.5 and early 

bell stage (Fig. 1D) on E16.5 and E17.5. In the cap stage epithelium grows to 

surround the forming dental papilla which arises from mesenchyme. The final 

stage of developing tooth crown is the bell stage (Fig. 1E) when also the dentin 

forming odontoblasts and enamel-forming ameloblast differentiate at the junction 

of mesenchyme and epithelium. In late bell stage starts the apposition of dental 

hard tissues. Predentine is observed on E18.5 and dentine on the first and 

second day of a newborn mouse. The mouse is born around E19.5 (9), (7). The 

second (M2) and the third (M3) molars are formed from the preceding molars by 

serial addition in the anterior-posterior direction of the jaw. 

 

Figure 1: Developmental stages of mouse teeth. Frontal (A, B, C, D, E) and sagittal (F, G) 

sections of mandibular molars of E12.5 to adult wild type mice. The scale bar in E and F is 100 

µm, in A and B 20 µm, in C and D 50 µm and in G 200 µm. E, epithelium; Lin, lingual; Lab, labial; 

M, mesenchyme; dc, dental cord; PD, dental papilla; SR, stellate reticulum; IEE, inner enamel 

epithelium; OEE, outer enamel epithelium; Am, ameloblasts; Od, odontoblasts; M1, first molar; 

M2, second molar; e, enamel; d, dentin. Arrows on picture C point on cervical loops.  
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When M1 has reached the cap stage, a budding is formed at the posterior dental 

epithelium. This bud grows and forms M2. When M2 is in developmental cap 

stage, a budding is formed from the posterior part of the dental epithelium of this 

tooth which develops to M3 (5).   

 

2.4 Signaling during tooth development 

There are several signaling pathways involved in the development of the teeth 

such as WNT, Hedgehog, transforming growth factor β (TGFβ) and fibroblast 

growth factor (FGF), Ectodysplasin (Eda) and Bone morphogenic protein (Bmp) 

(33). These pathways include extracellular signals, also called growth factors, 

their cell surface receptors and intracellular mediators and at the end the target 

genes are regulated by transcription factors. As a result, cells are regulated to 

respond to the incoming signals as well as sending out new signals to the 

surroundings. This ends up e.g. in cell growth, proliferation, apoptosis or 

continuation of the function as before (3), (7). 

 

In tooth formation there are epithelial-mesenchymal interactions as well as 

signaling within one tissue layer. All signals are used sequentially throughout 

the morphogenesis and many signals are used at the same time and place. In 

tooth development transient signaling centers appear. At the placode stage it is 

the dental placode which contribute to the budding of the epithelium. It starts 

with signals from the epithelium which reaches the underlying mesenchyme 

leading to activation of a set of transcription factors. This leads to condensation 

of the mesenchyme and formation of the bud. At this time signals sent from 

epithelium are Shh, Wnt:s, Bmp4 and Fgf8 and signals from the mesenchyme 

are Activin, Bmp4 and Fgf:s. An important transcription factor in placode 

formation is p63. Another important signal in placode phase is Eda, which is 

also expressed in primary and secondary enamel knots (33). In the transition 

from bud to cap stage the primary enamel knot regulates the more detailed 

morphogenesis of the tooth, which was described earlier. Wnt signals are 

important in upstream regulation from enamel knots. Other enamel knot signals 
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are Shh, Bmp:s and Fgf:s. Respectively, some Fgf:s, Wnt:s and Bmp4 are 

mesenchymal signals in cap stage (33). The primary enamel knot starts the 

formation of the secondary enamel knots which marks the places for cusp 

formation in the bell stage. In these signaling centers many of the different 

signaling molecules, which were listed earlier at the paragraph, are expressed 

at the specific times (3), (7). 

 

In humans, the shape, number and position of the teeth are almost constant 

and is regulated by several transcription factors, ligands, activators, inhibitors 

and receptors. Similarly, if the signaling pathways are modified or some 

disruption occurs, it can result in abnormal development of the teeth, such as 

supernumerary teeth, changes in tooth morphology or tooth agenesis (10).  

 

2.5 Tooth agenesis 

Tooth agenesis is the most common of dental anomalies (11). It can be divided to 

hypodontia with one to five missing teeth excluding third molars, oligodontia with 

more than six missing teeth or anodontia with total lack of primary and/or 

secondary dentition (12). About 20% of humans are missing at least one of the 

third molars, 3-10% are missing one or more of other permanent teeth, 1% are 

missing three or more permanent teeth, third molars excluded, and 0.1% has 

oligodontia with at least six missing permanent teeth (12). However, there is a 

variability in reported prevalences. For example, by different studies it seems that 

the prevalence of dental agenesis is higher in Australia and Europe than in North 

America (11). Agenesis is a bit more common among females and it usually 

affects permanent dentition (11). If the primary tooth is missing, it will always lead 

to missing of the successor tooth, because the permanent teeth develops from 

lingual extension of the primary teeth (2). Excluding the third molars, the most 

commonly missing teeth are the second premolars of maxilla or mandible and the 

lateral maxillary incisors (11). These are the latest developing teeth in each group 

and also in cases of severe tooth agenesis, these teeth are most likely missing 

(12). Together with agenesis other anomalies in teeth often occurs, such as 
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delayed development, microdontia, taurodontia, short roots, enamel hypoplasia, 

abnormal positions, smaller mesio-distal tooth dimensions, peg-shaped teeth 

(12). The functional consequences of missing teeth are malocclusion, because of 

the incorrect position of existing teeth, loss of alveolar bone at the place where 

tooth is missing and tipping of the adjacent teeth towards the space with the 

missing tooth (2). 

 

Tooth agenesis is familial most of the time and is most commonly manifested as 

an isolated anomaly, but is also connected with various syndromes (12). Isolated 

tooth agenesis can appear also sporadically (14). The sporadic reasons for 

missing teeth include in addition to genetic factors also environmental factors 

such as cancer treatment, trauma, exposure to environmental toxins or some 

drugs during permanent teeth development prenatally or postnatally (15), (16), (17),  

(18). 

 

2.5.1 Non-syndromic tooth agenesis 

At this moment there are more than 80 genes that are known to be related to 

agenesis. Most of these genes function as positive regulators at proliferation, or 

as regulators which influence cell differentiation and apoptosis (14). In non-

syndromic hypodontia or oligodontia the associated genes are PAX9, MSX1, 

AXIN2, EDA, WNT10A, EDARADD and EDAR (1), (2), (16). Of these WNT10A is 

the most common. Mutations in different genes cause variable phenotypes. For 

instance, it is reported that patients with some mutations in EDAR or WNT10A 

have developed incisor-premolar hypodontia, mutations in MSX1 and PAX9 can 

have a strong impact on posterior teeth development and mutations in EDA and 

EDAR can affect especially both deciduous and permanent incisors (1). The 

inheritance patterns for tooth agenesis that have been detected are autosomal 

dominant, autosomal recessive and X-linked patterns, which have a significant 

variation in penetrance and phenotype (19). Recessive and X-linked inheritance 

may look sporadic. Tooth agenesis may also be a result of polygenic inheritance 
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(1). It has been argued that especially sporadic hypodontia may be caused by 

multifactorial inheritance (14).  

 

2.5.2 Syndromic tooth agenesis 

Some syndromes, which usually include missing teeth are ectodermal dysplasia 

syndromes, Down syndrome, holoprosencephaly, Axenfeld-Rieger syndrome, 

familial adenomatous polyposis, Oligodontia-Colorectal Cancer syndrome and 

syndromes with oral clefting (2). Variable cases occur in syndromes, but not in all 

syndromes the manifestation is equally severe. In Down, for example, the 

manifestation reminds more of a common hypodontia (12). More than 150 

syndromes where missing teeth occur have been reported: 111 syndromes are 

related to hypodontia, 80 to oligodontia and 33 of these overlap (14). In 

syndromes, missing teeth arise from a mutation in one single gene (14). The 

syndromic teeth agenesis can depend on mutations for instance in EDA/EDAR, 

p63, PITX2 and AXIN2 (2).  

 

2.6 RNF43 as a possible cause of tooth agenesis, a clinical 

perspective 

In the study of Arte et al 2013, 131 families with non-syndromic, or isolated, tooth 

agenesis were surveyed and the patients had either hypodontia or oligodontia. 

58 families, or 44% of the probands, had a pathogenic mutation of some gene 

(1). From the rest of the surveyed families three families had a potential Ring 

Finger Protein 43, or shorter RNF43, heterozygous mutation. All of these three 

families had extensive oligodontia (Personal communication with P. Nieminen). 

 

In two of the families asparagine at position 179 had been transformed into lysine 

and in one family the aspartate at position 97 had transformed into asparagine. 

In all families there was at least lack of premolars and wisdom teeth. Aspartate 

97 (D97) is directly electrostatically in contact with R-spondin and asparagine 179 

(N179) is in contact with the second R-spondin loop (20). This suggests, that the 
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above-mentioned mutations in the RNF43 protein are causing weakened 

attachment to R-spondin.  

 

2.6.1 Molecular regulation of RNF43 and ZNRF3 

RNF43 is a RING-type E3 ubiquitin ligase and contains a transmembrane 

domain, an ectodomain and a cytoplasmic RING domain (21). This protein inhibits 

the WNT / β-catenin signaling by ubiquitinating the Frizzled receptor of WNT 

growth factors and directing it to the lysosomes for degradation (Fig.2&3) (22). 

Usually, WNT regulates cell proliferation, migration, cell fate determination and 

polarity formation. WNT increases the expression of the RNF43 gene via the 

transcription cofactor β-catenin, so that when WNT binds to its receptor on the 

cell membrane, it activates a signaling pathway resulting in that the β-catenin 

functions as a cofactor of target gene transcription, including RNF43. As a result 

of the expression of RNF43, the activity of the WNT signaling decreases, because 

RNF43 acts as an antagonist for WNT receptors (Fig. 2). RNF43 is naturally 

reduced by the ligand R-spondin, which directs RNF43 away from the cell 

membrane (Fig. 3) (22). LGR 4-6 function as R-spondin receptors and R-spondins 

bind both to LGR4-6 and RNF43 (and ZNRF3) (Fig. 3). However, LGR4-6 and 

RNF43 do not bind to each other (Fig.3) (20). LGR/R-spondin signaling is 

important in many biological processes and they work for instance as stem cells 

markers, also in dental stem cells (6). ZNRF3 is related to RNF43 and and 

functions similarly and the sequence identity of these proteins is 39% (23).  
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Figure 2: Interactions between Frizzled and RNF43. FZ, Frizzled; Ub, Ubiquitin, DVL 

Dishevelled (21).  

 

Figure 3: Removal of RNF43 from the cell membrane by interaction with ligand R-spondin. 

R, R-spondin; FZ, Frizzled; Ub, Ubiquitin (21).   
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Protein RNF43 works as a tumor suppressor by participating in the WNT/β-

catenin signal pathway by generating the previously described negative feedback 

mechanism. Loss of function mutation in RNF43 results in a decrease or arresting 

of Frizzled’s degradation, which in turn increases the activity of the WNT/β-

catenin pathway. Mutations of RNF43 have been manifested in various cancers 

such as in serrated colorectal cancers (e.g., in a sessile serrated adenoma and 

in traditional serrated adenoma), in some gastric adenocarcinomas and 

endometrial cancers (21), (24), (25), (26). The mechanism works so that the loss of 

function mutation leads to reduced Frizzled degradation and hence to a larger 

activity in WNT/β-catenin pathway. Alternatively, a mutation in RNF43 releases 

the transcription factor TCF from RNF43 in cell membrane allowing transcription 

to occur. TCF is a transcription factor to which β-catenin binds before transcription 

can start (22). ZNRF3 and RNF43, are known as tumor suppressors by affecting 

the WNT/ β-catenin/TCF signaling pathway. ZNRF3 is likewise ubiquinating 

Frizzled receptors and targeting them for degradation (27), (28). ZNRF3 has also 

been demonstrated to act in sex-determination (29). 

 

Based on a previous study, R-spondins 1-4 and LGRs 4-6 are expressed in the 

developing teeth of the mouse. R-spondin2 occurs both in the teeth germs and in 

diastema. When R-spondin2, which is commonly thought to be involved in 

regulating the formation of teeth in the diastema of the mice, was deleted, 

supernumerary teeth appeared in mice diastema (6). It has been shown that an 

important function of LGR4 is to maintain stem cells in epithelial tissue non-

differentiated. It participates, among other things in serial formation of molars. 

When Lgr4 in mice was mutated, M3 was smaller than usual or not formed at all 

(30). 

 

2.6.2 Expression of RNF43 and ZNRF3 

RNF43 is expressed broadly in duodenum, colon, small and large intestine both 

in adult mice and human. Both RNF43 and ZNRF3 were found to be expressed 

in LGR5+ stem cells in the bottom of intestinal crypts (31), (32). These LGR+ stem 
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cells lie adjacent to Paneth cells (28). In Eurexpress database Rnf43 is expressed 

moderately in the esophagus, lungs, stomach and molars and weakly in 

submandibular glands in an E14.5 mouse (32). In addition, Rnf43 would appear 

to be expressed in epithelial cells. Znrf3 is also expressed moderately in 

whiskers, brain and liver in developing mouse embryo (31), (32).  

 

Research of RNF43, which is part of the WNT signaling pathway, has been done 

primarily in relation to cancer research, but as mentioned earlier, mutations in this 

gene have been appeared in some families with severe tooth agenesis. At the 

beginning of our research the correlation with tooth agenesis and RNF43 

mutation was a speculation. We wanted to figure it out if it were possible that a 

mutation in RNF43 could cause the tooth agenesis that was detected in the three 

survey families. The final aim is to uncover whether RNF43 is the cause of tooth 

agenesis. The first step is to identify its expression in the developing tooth.  
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3 Aims of research 

The aim of this research is to find out if Rnf43 and Znrf3 are expressed in 

developing teeth of different age mouse embryos and if these genes are also 

expressed in the continual lamina of the developing posterior murine molars. If 

these genes are expressed in developing murine teeth, it is also important to 

specify where in the dentition and at what developmental stages the expression 

takes place. These have not been studied before. If the genes are expressed 

during tooth development there will be evidence that mutations in these genes 

could possibly be pathogenic. As the results are obtained it is possible to start an 

experimental study investigating what mutations in these genes will cause in cell 

cultures and in animal models. 
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4 Research materials and methods 

 
 
Ethical considerations 
Animal studies: ELLA permit ESAVI/11956/04.10.07/2017 (17.1.2018-
16.1.2021); Helsinki University permit KEK17-008 (5.2.2017-4.2.2020); 

 

We performed an expression analysis of Rnf43 and Znrf3 mRNA in murine 

developing teeth and especially in the continual lamina by RNAScope in situ 

hybridization. In the analysis we used various developmental stages of tooth 

germs from E12.5, E13.5, E14.5 and E16.5 wild type mice embryos. The 

research took place in University of Helsinki, Clinicum, Department of Oral and 

Maxillofacial Diseases. 

 

The mouse functions as a suitable model for this research because the 

mammalian species have retained a similar tooth development with similar gene 

interactions and homologous genes. The murine molar formation resembles 

human permanent tooth formation. Therefore, if the genes are expressed during 

mouse tooth formation it is likely that the genes are expressed in other mammals, 

including human. Similarly, mice are useful models for understanding 

mechanisms of tooth agenesis, and other dental abnormalities, and evaluating 

the efficiency of different treatment plans. For example, a human mutation can 

cause same kind of mouse phenotype as in human patients. Patients are 

benefitting from the information obtained from mice (14).  

 

A problem with using mice as models of tooth development is that mice do not 

replace their dentitions (33). Another problem is that mice canines and premolars 

have disappeared during evolution and therefore phenotypes observed in 

humans cannot be recapitulated using mutant mice. This means that the results 

from mice is only directive. It is, however, what we have available.   
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The organs in where Rnf43 and Znrf3 are known to be expressed are 

mentioned in the literature review. Those can be used as a control for seeing if 

the probes are working properly and to control if the treatment succeeded, when 

trying to find out the expression of these genes in the teeth and continual 

lamina. Both RNF43 and ZNRF3 are transmembrane ubiquitin-protein ligases, 

that functions both in cell membrane and nuclear membrane and therefore it is 

possible to detect these proteins from here with different techniques such as 

immunofluorescence or immunostaining (23). In RNAScope the probes detect 

mRNA and thus the possible signal will be found either in the nucleus or cytosol 

(34). 

 

4.1 Sectioning 

With a microtome 5µm thick sagittal and frontal sections were cut from 4% 

paraformaldehyde (PFA) treated paraffin-covered mouse jaws of different ages. 

Tissues had been dehydrated in ethanol series before being embedded in 

paraffin. I sectioned E13.5, E14.5, E16.5, E17.5 and E18.5 embryos. The mice 

embryos were NMRI outbred wild-type, acquired from the animal facility.   

 

The stage of embryos was set by checking the female mouse for a vaginal plug. 

When vaginal plug was formed, it was set as embryonic day 0.5 (E0.5). The 0.5 

comes from the delay from coitus to detecting the plug. The stages of embryos 

were defined by developmental stage of footplates, fingers and toes.  

 

4.2 RNAscope in situ hybridization 

RNAscope is an RNA in situ hybridization technology, in which RNA can be 

detected from a cell or tissue using a set of oligonucleotide probes that each 

specifically binds to one specific stretch of the mRNA molecule. By this 

technology, one molecule is visualized so that at the same time the wanted 

signal is amplified and the background is weakened. This gives the technique 

both high sensitivity and specificity (34). 
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The sections were treated by using conventional chromogenic probes, of which 

each point out its specific mRNA. With RNAscope it is possible to detect up to 

four different target genes at the same time, when using four target probe sets. 

However, only one probe set per section was decided to be used. By using one 

type of probe set per section, a stronger and clearer signal is obtained and thus 

it is avoided that the signals would get mixed or get weaker when using two 

different probe sets on same section. 

 

In theory, the experiment is done so that first the tissues are fixed and 

permeabilized to allow the probes to reach their targets. In the next step, the 

RNA-specific oligonucleotides hybridize in pairs to the target RNA. Since it is 

unlikely that two independent oligonucleotides would hybridize adjacent to a 

non-specific target, this technique will allow amplifying the signal of a specific 

subject. After hybridization of the oligonucleotide probes, preamplifiers are 

attached to each specific target probe pair, the amplifiers are attached to the 

preamplifiers and the label probes to amplifiers. Each label probe is further 

attached to a fluorophore or enzyme. The enzyme and appropriate color 

reaction was used in our experiments. With preamplifiers, amplifiers and label 

probes, one target RNA molecule is theoretically labeled with up to 8,000 label 

probes, meaning strong amplification of the signal. Finally, the signals can be 

detected by either a bright-field microscope or an epifluorescent microscope, 

depending on whether an enzyme or fluorescent label has been used (34). 

Since enzyme label was used in these experiments, the signals were detected 

with bright-field microscope.   

 

The reagents used in this experiment were ordered from ACDBio and a protocol 

specifically optimised for tooth samples was used (35). In this project the Red 

channel kit and Mm-Rnf43 and Mm-Znrf3 probes were used (Channel 1). 

Samples were preheated for one hour in 60°C, a water bath was brought to 

40°C and the HybEZ oven was set to 40°C. A humidifying paper, which was wet 

with distilled water, was placed into the humidity chamber and a blue slide tray 

was placed on top. The tray was placed into the chamber and was let warm up 
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for 30 minutes. The target retrieval reagent, 1X wash buffer and counterstaining 

reagents were prepared. For the target retrieval reagent, 70 ml of 10x reagent 

was combined with distilled water. The liquid was mixed well and poured into 

beaker. It was pre-heated on a hot plate for 15-20 minutes, the temperature was 

monitored and adjusted to 84-86°C. For washing buffer 60 ml of 50x buffer was 

warmed in 40°C for 10-20 minutes, then mixed with 2.94 l of room temperature 

distilled water. For 50% hematoxylin staining solution, 100 ml of Gill’s 

hematoxylin was mixed with 100 ml of distilled water. 3 staining dishes 

containing xylene, 2 containing 94% ethanol and one with absolute ethanol was 

used, xylene and 94% in deparaffinization and absolute ethanol in antigen 

retrieval. AMP bottles, which were in a ready set, were placed to room 

temperature.  

 

To start with the protocol, tissue sections in 5 µm thickness were deparaffinized 

in xylene for 3x10 minutes, followed by dehydration in 94% ethanol for 2x2 

minutes, and then the slides were kept on a hotplate at 60°C for 30 minutes. 

Tissue sections were then incubated with 5-8 drops of hydrogen peroxide per 

slide for 10 minutes in room temperature. After that the liquid was removed from 

the slide by tapping, the slide was inserted into distilled water and washed 3-5 

times by moving up and down. Then the wash was repeated with fresh distilled 

water. After that, the rack with slides was submerged into 85°C target retrieval 

reagent, covered with foil and monitoring the temperature incubated for 30 

minutes. The rack was transferred into distilled water and washed by moving up 

and down 3-5 times. Then it was washed for 15 minutes in absolute ethanol and 

let dry on a hotplate for 30 minutes at 60°C. A barrier around wanted sections 

was created with Immedge pen and the slides were let dry overnight in room 

temperature. Next day the slides were placed onto HybEZ slide tray and 5-8 

drops of protease was added onto each section. The tray was placed into 

humidity chamber and the chamber into the 40°C oven. The protease was 

incubated for 15 minutes. Then the protease solution was removed by tapping 

the slide, submerging the slides into distilled water and washing 3-5 times by 

moving up and down. Then came the hybridization of the probe: excess liquid 

was removed from the slide, which were placed on tray on the humidity 
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chamber, 4-8 drops of the probe solution was added per slide and incubated it 

for 2 hours in the humidity chamber in the HybEZ oven in 40°C. For removing 

the probe, the slides were placed into a staining rack in room temperature 

washing buffer and washed for 2 minutes agitating by moving up and down. 

After a repeated washing with fresh washing buffer came the hybridization of 

the amplifiers AMP 1-4: first the excess liquid was removed and then the slides 

were placed onto the tray, 4-8 drops of AMP per slide was added and then 

incubated it in the 40°C oven in humidity chamber. Incubation times for AMP 1-

4 were: AMP 1 for 30 minutes, AMP 2 for 15 minutes, AMP 3 for 30 minutes, 

AMP 4 for 15 minutes. Between each AMP step came a washing step with 

RNAscope washing buffer, so that first came removal of liquid, then the slides 

were placed into the staining rack and washed for 2 minutes in room 

temperature by occasional agitation. After a second washing with fresh washing 

buffer came the hybridization of AMP 5-6: in a similar way as with AMP 1-4 with 

a difference that in this case the incubation was in the humidity chamber in 

room temperature. The incubation time was 15 minutes. After this came the 

washing 2 times 2 minutes in room temperature with RNAscope washing buffer 

and then detection of the signal: Fast red B and A was mixed in 1:60, and 

added onto the sections within 5 minutes. The sections were incubated for 20 

minutes in humidifying chamber in room temperature. After washing with 

distilled water, the sections were counterstained with 50% hematoxylin for 1 

minute in room temperature and washed in distilled water repeating with fresh 

water until clear. The sections were then dehydrated on 60°C hotplate for 45 

minutes and mounted with Vector Labs Vectamount mounting medium and air 

drying overnight. Images were taken with Olympus BX41 bright field 

microscope. 

 

4.3 Hematoxylin & Eosin 

The sections were stained with Hematoxylin & Eosin to visualize the different 

developmental stages of mice teeth. First the sections were treated by xylene 

series, followed by an ethanol series of decreasing concentration for sample 

rehydration. After that the samples were incubated in hematoxylin for 2 minutes, 
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rinsed with water and then incubated in eosin for 30 seconds. This was followed 

by dehydration with ethanol series of increasing concentrations, xylene 

treatment and mounting. Samples were imaged with Olympus BX41 light 

microscope. 
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5 Results 

A comparative RNAScope in situ hybridization analysis of Rnf43 and Znrf3 in 

molar tooth development at E12.5, E13.5, E14.5, E15.5 and E16.5 was carried 

out. This period was decided to be investigated because it includes placode 

stage, bud stage, cap stage and early bell stage, i.e. the developmental stages 

of teeth according to the shape of the dental germ forming dental epithelium 

from the early stages of tooth development until the M2 is starting to form. In 

E15.5 a budding arises distally to dental lamina that will develop to M2 and 

therefore it is possible to estimate Rnf43 and Znrf3 expression in continual teeth 

formation taking into account both the continual lamina and the developing 

second molar. As positive control for the probes, sections of intestine was used. 

As a control for the success of protocol, sections treated with probes for Meis2 

was used.   

 

5.1 Placode stage (E12.5) 

At E12.5 the tooth formation is in its early stages. The development has 

proceeded from the epithelial thickening to the placode stage. Rnf43 is 

expressed in the tooth epithelium and in the other oral epithelium as well. This 

gene is not expressed in the surrounding mesenchyme (Figures 4A and A'). 

Znrf3 is expressed at the similar areas in the epithelium, but also weakly in the 

mesenchyme (Figures 5A and A’). 

 

5.2 Bud stage (E13.5) 

At E13.5 the dental epithelium extends to the underlying mesenchyme and 

forms a bud. In the bud stage Rnf43 is expressed throughout the epithelial 

compartment and it seems that the expression is somewhat stronger at the 

periphery of the bud than in the center. That can of course be due to a higher 

number of concentrated cells in the periphery. No signal is detected in the 

mesenchyme (Figures 4B and B'). 
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Znrf3 is expressed evenly throughout the dental epithelium (Figures 5B and B’). 

There is also detectable signal in the underlying mesenchyme that will later 

form the dental papilla. Weak signal is detectable throughout the mesenchyme.  

 

5.3 Cap stage (E14.5) 

In cap stage at E14.5 the mesenchyme develops into a dental papilla and a 

dental follicle and the epithelium expands sidewise forming the cervical loops 

that surround the dental papilla, which will later develop into dental pulp. Rnf43 

is expressed throughout the epithelium of the developing tooth, especially 

around the area of the primary enamel knot (Figures 4C and C'). Expression of 

Znrf3 is observed in the epithelium of the cap and also in the dental papilla 

(Figures 5C and C').  

Figure 4: Expression pattern of Rnf43 in developing mouse molars in placode, bud and 

cap stages. The dashed lines show the margin between epithelium and mesenchyme in the 

developing molar. Red dots, which are seen in the epithelial parts of the developing molars and 

also in oral epithelium, are the spots where mRNA of Rnf43 is detected. Arrows indicates the 

expression of Rnf43. Rnf43 is expressed somewhat evenly in the oral and dental epithelium at 

placode stage (A, A’). In bud stage (B, B’) there is expression throughout the dental epithelium, 

but the expression becomes stronger at the lateral parts. During cap stage the strongest 

expression of Rnf43 is located in the primary enamel knot, but it is still expressed in every part of 

dental epithelium. There is no expression of Rnf43 in mesenchyme. The scale bar in figures A, B 

and C marks 50 µm and A’, B’ and C’ 20 µm. All are frontal sections.  
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Figure 5: Expression pattern of Znrf3 in developing mouse molars in placode, bud and cap 

stages. It is possible to detect expression also outside the borders of developing teeth. It is also 

possible to detect greater expression of Znrf3 in oral and dental epithelium. In placode stage (A, 

A’) the expression is divided evenly in the dental epithelium. In bud stage (B, B’), in addition to 

the even distribution of Znrf3 expression in dental epithelium, expression can be seen in the 

underlying mesenchyme. Expression of Znrf3 is a bit stronger in cap stage (C, C’) with an even 

expression in dental epithelium. It is also possible to detect a similar view in underlying 

mesenchyme as in the bud stage. The scale bar in figures A, B and C marks 50 µm and A’, B’ 

and C’ 20 µm. All are frontal sections.  

 

5.4 Transition stage between cap and early bell and developing 

second molar (E15.5) 

At E15.5 the first molar is starting to get an early bell like shape, but it looks still 

much a cap staged tooth. In Figure 6A and A’ an extension of the dental lamina 

is starting to grow distally to the first molar. Rnf43 is expressed everywhere in 

dental epithelium, including continual lamina and bud of the second molar, but 

shows a stronger appearance in inner enamel epithelium.  

 

Figure 7A and A’ presents similar sections as those analyzed for Rnf43 in Fig 6 

and are showing the expression of Znrf3. The gene is expressed in analogous 
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places as in case Rnf43: in dental epithelium and more strongly in inner enamel 

epithelium. Znrf3 is also expressed in underlying mesenchyme and weakly 

throughout the mesenchyme.   

  Figure 6: Expression pattern of Rnf43 in developing mouse M1, M2 and continual lamina 

at E15.5 and E16.5. In pictures A and A’ it is possible to see M1 in cap/early bell stage and 

distally, where the arrow points the continual lamina. The strongest expression is located in 

inner enamel epithelium of M1, but there is detectable expression throughout the dental 

epithelium, also in developing M2 and continual lamina. In E16.5 (B, B’) M1 has become bigger 

and clearly reached early bell stage. The arrow in B is pointing at the budstaged M2 and in B’ at 

the continual lamina. There is an even distribution of Rnf43 expression in dental epithelium at 

this stage, but the expression has become stronger comparing to E15.5. There is a clear 

expression in both M2 and continual lamina. The scale bar in figures A and B marks 100 µm 

and A’ and B’ 50 µm. All are sagittal sections.  

 

5.5 Early bell stage and developing second molar (E16.5) 

At E16.5 the tooth morphology starts to get more and more as in a fully developed 

molar, when secondary enamel knots define were the cusp formation starts (8). 

In Figures 6B, B' and Figure 7B, B' there is also possible to see a developing 
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second molar budding distally from the dental lamina. Rnf43 (Figures 6B and B') 

is expressed in all the epithelial parts of the developing M1, in dental lamina, 

dental cord and in bud staged M2. It is not expressed in the mesenchyme. Znrf3 

is also expressed in all the same epithelial parts as Rnf43 (Figures 7B, B'), but 

Znrf3 Is also expressed weakly in the mesenchyme.   

Figure 7: Expression pattern of Znrf3 in developing mouse M1, M2 and continual lamina at 

E15.5 and E16.5. In pictures A and A’ it is possible to see M1 in cap/early bell stage. There is 

detectable expression everywhere in dental epithelium, but the greatest expression is in the inner 

enamel epithelium. There is also expression in the underlying mesenchyme, in the dental papilla. 

In E16.5 (B, B’) there is even expression of Znrf3 throughout the dental epithelium, including 

continual lamina and budding M2. The arrow in B is pointing at the budding tooth germ and in B’ 

at the continual lamina. The scale bar in figures A and B marks 100 µm and A’ and B’ 50 µm. All 

are sagittal sections. 

 

A similar study was tried to do for detecting the RNF43 proteins using 

immunostaining, but because the first efforts were not successful a decision to 

stick to the original plan was made. Studying the protein expression of Rnf43, 
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and Znrf3, could be something to do in the future. By studying protein 

expression, in addition to RNAscope, important information of regulation of 

expression could be obtained.  
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6 Discussion and conclusions 

During this study it became clear that both Rnf43 and Znrf3 are expressed in 

developing murine teeth and also in continual lamina. They are detected in every 

developmental stages from placode to early bell. Rnf43 is expressed only in the 

epithelium and Znrf3 both in the epithelium and the mesenchyme of the 

developing tooth. 

 

After comparing the expression of genes Rnf43 and Znrf3 in murine teeth from 

E12.5 to E16.5, it is possible to see a similar pattern in the expression of these 

genes. The only observable difference is that Znrf3 expression is also detected 

somewhat in the mesenchyme such as the underlying mesenchyme at the areas 

of dental papilla and developing dental pulp. The detected expression of Znrf3 

throughout the samples is probably related to a wide expression of Znrf3 in 

several places of the developing mouse.  

 

As a summary of the results of this research three points have been found. First, 

the results are evidence to that Rnf43 and Znrf3 have role in murine tooth 

development. Second, these genes are expressed at right time and place at every 

developmentally important stage of murine tooth development. Finally, the results 

support the hypothesis that mutations in the examined genes can be pathogenic 

in tooth development.  

 

After getting these results with RNAscope in situ hybridization it is possible to 

proceed to the next phase in the studies. The next phase is to study the mutated 

genes in animal models, cell lines and perhaps in tissue explants. It should also 

be examined if the point mutations found in Pekka Nieminen’s group, which cause 

amino acid changes, are gain-of-function mutations, loss-of-function mutations or 

dominant negative mutations. It is also important to study if these mutations affect 

the phenotype at all or is it just a coincidence that there happened to be a gene 

mutation in RNF43 in patients with tooth agenesis. Something to think about is 

also the fact that the human tooth replacement can at molecular level somewhat 
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differ from the serial addition of molars. This means that there might be some 

differences in gene expression e.g. between continual lamina in molar serial 

addition and successional dental lamina in tooth replacement.  This again means 

that it is not certain that RNF43 is expressed in dental lamina in humans.   

 

Studying the mutation in cell lines works so that a mutated gene is transfected to 

cells and its effects on WNT signaling or cell behavior is investigated. First a 

plasmid is generated in which the wild type/normal and mutated genes are 

placed. These plasmids functions as vectors and are then transfected in a host 

cell which has been prepared beforehand to ensure a highly active state during 

transfection (36). In transfected cells, WNT signaling response on effects e.g. cell 

proliferation can be studied. It is also possible to use the modern CRISPR-CAS9-

technology to edit the endogenous gene at the cells. With animal models, the 

examined gene can be knocked out, inactivated, by replacing the existing gene 

or disrupting it with a synthetic part of DNA. Knockdown individuals may also be 

used, which means that the expression has been reduced but there is still some 

protein production. Transfection of plasmids to wild type oocytes may also be 

used. Animal models can for instance be mice, frogs or zebrafish. The advantage 

in using fish for researching is the fast development of a transfected individual. 

Mice and human genome are very homologous, but a disadvantage is the long 

time at production as well as the high costs of mutant mice. In case that other 

research groups have examined these genes in knock-out models it can be 

possible to get the spare individuals for use. If tooth agenesis is manifested in 

animal models with a mutated gene it is indicative that this mutation could also 

cause tooth agenesis in human.  
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