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Abstract 

 

Enamel is the wear-resistant outer layer of the dental crown and is the hardest tissue in 

the human body. Enamel is formed from the secretion of an extracellular matrix and 

subsequent mineralization by secretory ameloblasts, in a process termed 

amelogenesis. AI refers to a group of rare, Mendelian disorders caused by abnormal 

amelogenesis. AI can be isolated or part of syndromic conditions; to date, 20 genes are 

implicated in non-syndromic (NS) AI. To uncover the genetic basis of AI, a DNA 

sequencing method was developed to target AI-associated genes, using single molecule 

molecular inversion probes (smMIPs) technology. Using smMIPs, 181 unsolved AI cases 

were screened, with 36% of these solved using the assay. smMIP-unsolved samples 

were further analysed by whole exome sequencing, identifying several new candidate 

AI genes. 

 

Comprehensive genetic analysis of this AI cohort identified variants in COL17A1, 

previously overlooked, as the most frequent cause of AI. Homozygous COL17A1 

variants cause the recessive skin disorder epidermolysis bullosa, highlighting a need for 

a multidisciplinary approach to the clinical management of these patients. This study 

also further added to our understanding of the molecular mechanisms underlying 

contrasting phenotypes in patients with AI due to dominant or recessive mutations in 

AMBN. Another intriguing finding was the detection of a 587 bp homozygous deletion 

in PLXNB2 in a syndromic patient, strengthening evidence for PLXNB2 as a novel gene 

involved in recessive syndromic AI.  

 

The smMIPs method proved to be an effective first-line screen, offering patients a 

rapid, low-cost, diagnosis. The technique could now be expanded to investigate 

whether AI genes contribute to the risk of other dental conditions such as fluorosis or 

molar incisor hypomineralisation. Cell modelling and functional experiments are 

planned to demonstrate the biological relevance of the candidate AI-associated genes 

that were identified. These experiments will advance our understanding of disease 

mechanisms with the aim of ultimately improving clinical care. 
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1.1 Structure of the Tooth 

A tooth is a hard, calcified structure located in the jaws of many vertebrates, including 

humans. It serves several functions, including cutting and grinding food during the 

process of chewing, aiding in speech, and contributing to facial aesthetics. Humans 

usually have two successive sets of teeth during life, referred to as the primary and 

permanent dentitions. Whether primary or permanent, teeth can be classified 

morphologically as incisors, canines, pre-molars or molars and each type has unique 

features distinguishable from each other (Jernvall & Thesleff, 2012). The structure of a 

typical human tooth can be divided into three main parts: the crown, the neck, and the 

root. A typical tooth has a crown that is exposed in the oral cavity and below the crown 

is the root that is buried inside the jawbone. The section connecting the crown and 

root is the neck. Human teeth have a very limited regeneration capacity, so once 

formed they are required to last a lifetime. 

 

1.1.1 Different layers of a tooth and surrounding tissues 

Teeth are composed of a series of component layers and structures, as displayed in 

Figure 1. 1. These structures, and the tissues that surround them, are defined as 

follows (Darling, 1959; Hildebrand et al., 1995; Jernvall & Thesleff, 2012; Taft, 1881): 

 

Enamel: The top hard layer of the crown is the hardest tissue in our body and protects 

the underlying layers from wear and decay. It is composed primarily of a mineral called 

hydroxyapatite and is epithelium derived. Hydroxyapatite (HAP) is a type of calcium 

phosphate mineral and is often found in the form of small, needle-like crystals, which 
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are the main inorganic component of bone and teeth in vertebrates, providing 

structural support and rigidity to these tissues. 

 

Dentine: Underneath the enamel is a mesenchyme-derived, less mineralized, softer 

dentine core, inside which runs the dentinal tubule containing tissue fluid that 

transmits sensations like temperature and pain to the dental pulp. Dentine provides 

vital mechanical and biochemical support to the enamel (Pashley, 1989). 

 

The dentino-enamel junction (DEJ): The interface between enamel and dentine is the 

DEJ. It creates a strong mechanical bond between enamel and dentine. This mechanical 

bond ensures efficient distribution of forces during biting and chewing. It also enables 

the tooth to withstand the stresses of everyday use without fracturing or breaking at 

the junction between enamel and dentine. 

 

Cementum: Cementum and alveolar bone are connected by periodontal ligaments that 

attach the tooth to the surrounding alveolar bone. Cementum functions to provide a 

stable and robust attachment of the tooth to the surrounding bone, ensuring the 

tooth's support and proper function during biting and chewing. 

 

Dental pulp: The dental pulp is in the centre of the tooth and consists of connective 

tissue, blood vessels and a network of nerves that are responsible for transmitting pain, 

pressure and temperature sensations. Blood vessels deliver nutrients and oxygen to 

the odontoblasts during tooth development. Dental pulp occupies the pulp chamber in 

the crown and extends from the crown to the tip of the root through the root canal. 
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Periodontal ligament: This is fibrous tissue connecting the tooth root and the alveolar 

bone. It safeguards the alveolar bone from forces generated while chewing food 

(Berkovitz, 2004). 

 

Alveolar bone: This is the underlying jawbone within which the teeth are rooted. 

 

Gingiva: Commonly known as gums, is soft tissue that covers the alveolar bone. The 

top layer of gingiva is composed of epithelial structures covering the underlying fibrous 

connective tissues (Bartold et al., 2000). 

 

Gingival sulcus: There is a small space between the tooth and the gums which can 

increase due to inflammation. This is called the periodontal pocket or gingival pocket. 
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Figure 1. 1 Structure of a human tooth. 

Cross section of a human tooth showing crown, neck, and root. The image is also 

showing the different layers of mineralized and non-mineralized tissues that make up a 

tooth. Image adapted with permission from Lacruz et al., 2017 under the terms of the 

Creative Commons CC-BY license. 
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1.2 Odontogenesis 

Odontogenesis is the process of tooth development, which begins with the formation 

of tooth buds in the embryonic stage and ends with the eruption of teeth into the oral 

cavity. It occurs in multiple tightly regulated stages, detailed below. These stages are 

characterized by a complex interaction between dental epithelium and cranial neural 

crest-derived mesenchyme that controls several critical processes at all stages of tooth 

development, from initiation to crown morphology. Determination, initiation and 

differentiation of tooth development are facilitated by evolutionarily conserved 

transcription factors and signalling pathways to ensure teeth develop in the correct 

place, at the correct time and with correct morphology. Both primary and permanent 

teeth undergo the same mechanisms of development (Schour, 1948; Thesleff, 2006; 

Thesleff et al., 1990). 

 

1.2.1 Initiation (Placode stage) 

Between weeks 6 and 7 of human intra-uterine life, the oral epithelium signals to the 

underlying mesenchyme via bone morphogenic factors (BMPs including BMP2, BMP4), 

sonic hedgehog (Shh), fibroblast growth factors (Fgfs) and Wnt/β-catenin signalling 

pathways to initiate the physiologic process of induction. As a result, the oral 

epithelium thickens, forming a primary epithelial band situated above the connective 

tissue or mesenchyme. By week seven, the primary epithelial band divides to form,  

- A buccal placed vestibular lamina for the development of the vestibule of the 

mouth (lining of lips, cheeks, and buccal sulcus). 
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- A lingual placed dental lamina forms the upper and lower dental arches and 

contributes to the development of ten primary tooth germs in each arch by the 

end of week 8. 

 

1.2.2 Morphogenesis and Histodifferentiation 

After initiation, developing tooth germs undergo several stages of structural and 

histological changes to develop morphologically different tooth types, incisor, canine, 

premolar and molar teeth. Each tooth further differentiates to give rise to the 

functionally different tissues enamel, dentine, dental pulp and periodontal tissues, in 

varying quantities and distributions. These stages can be classified into bud, cap and 

bell stages according to the degree of morpho- and histodifferentiation of the enamel 

organs, as detailed below. The enamel organ is a complex epithelial cell aggregation 

formed by dental lamina, observed exclusively in the developing tooth, which forms 

enamel and participates in the formation of the dentine, the enamel crown and the 

DEJ. 

 

1.2.2.1 Bud stage 

At human embryonic week 8, induction of the physiologic process gives rise to a series 

of epithelial swellings, these being the tooth buds, within the dental lamina, 

corresponding with the position of the future primary dentition. The enamel organ 

appears simple, with no distinction evident between different cell types at this stage. 
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1.2.2.2 Cap stage 

The cap stage begins at about the tenth week of human prenatal development. During 

this stage, unequal proliferation in different parts of the tooth bud give rise to the 3D 

cap shape of the enamel organ. At approximately week 12, the enamel organ enlarges 

and early histodifferentiation becomes visible, with distinguishable stellate reticulum, 

cuboidal outer enamel epithelium (OEE) and columnar inner enamel epithelium (IEE). 

Mesenchymal cells underneath the IEE aggregate to form dental papillae and these 

cells further proliferate to form a dental follicle surrounding the enamel organ and 

dental papilla. By the end of cap stage, three embryonic structures make up the tooth 

germ: the enamel organ, the dental papilla and the dental follicle as shown in Figure 1. 

2. 
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Figure 1. 2 Structure of a tooth germ at cap stage. 

The image shows the embryonic structures that make up a tooth germ at the cap stage. 

The enamel organ looks like a 3D cap, underneath which is the dental papilla, and 

surrounding the enamel organ and dental papilla is the dental follicle. Image 

reproduced with permission from Dozenist, available at 

https://commons.wikimedia.org/w/index.php?curid=427391. 

 
 
 
 
 

Dental  
Follicle 

https://commons.wikimedia.org/w/index.php?curid=427391
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1.2.2.3 Bell stage 

By week 14, the enamel organ grows into a recognisable tooth shape. 

Histodifferentiation at this stage clearly shows four distinctive cell layers of the enamel 

organ, the IEE, stratum intermedium, stellate reticulum and OEE as detailed in  

Figure 1. 3. Differential mitosis in the IEE gives rise to a folding characteristic shape of 

the crown of the tooth by morphodifferentiation. Cusp tips are also formed by cells 

with no mitotic activity. Each enamel organ develops an extension to the lingual side of 

each primary tooth germ called the successional lamina, from which the permanent 

incisor, canine and premolar teeth develop. The dental papilla then undergoes 

histodifferentiation to form two types of tissues; the outer cells adjacent to the IEE of 

the dental papilla, which will differentiate into odontoblasts, and the central cells of 

the dental papilla which will differentiate into pulp tissue.  
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Figure 1. 3 Histologic slide of tooth in late bell stage. 

The image shows the structures of a tooth germ at late bell stage. The inner enamel 

epithelium folds to give rise to the cusp or incisal shape of the crown of the tooth. 

Histodifferentiation has now occurred, with four layers of the enamel organ clearly 

visible. The dental lamina disintegrates. The rim of the enamel organ, the cervical loop, 

now develops. This is where the outer and inner enamel epithelium meet. Image 

adapted with permission from Dozenist, 

https://commons.wikimedia.org/w/index.php?curid=427400. 
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1.2.2.4 Crown and root formation 

At late bell stage, which occurs at about the 18th week of human gestation, 

morphodifferentiation of the crown is complete and the IEE and OEE at the cervical 

loop of the enamel organ fuse to form a bilayered epithelial sheath termed Hertwig's 

epithelial root sheath. Cells of the dental follicle are found adjacent to the sheath, and 

it encloses the dental papilla, outlining the shape of the future root. The sheath grows 

apically downwards forming the tooth root by interacting with the dental follicle and 

dental papilla. 

 

1.2.2.5 Eruption stage 

Once the crown of the tooth has formed and the root has started to develop, the tooth 

moves vertically toward the oral cavity so that it can erupt into the correct position. 

Some of the jawbone above the tooth resorbs and other connective tissues break 

down to help the tooth move. Depending on the type and position of the tooth, each 

erupts at different ages. 

 

1.2.3 Cementogenesis 

Cementum is less mineralized than dentine and enamel. It is composed approximately 

40-45% of an organic matrix primarily made up of type I (90%) and type III collagen, 45-

50% of inorganic matrix as a form of calcium HAP mineralized crystals and 10% water 

by weight. In addition to collagen, the organic matrix also contains the 

glycosaminoglycans hyaluronic acid, dermatan sulphate, chondroitin sulphate and 

keratan sulphate. There are many non-collagenous proteins present in cementum, such 

as bone sialoprotein, osteopontin, osteocalcin, cementum derived growth factor and 
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cementum attachment protein. These proteins have various functions, including 

regulating mineralization and facilitating the attachment of cementum to the 

periodontal ligament (Arzate et al., 2015; Yamamoto et al., 2016). 

 

Cementum formation or Cementogenesis starts when cells of the inner layer of the 

root sheath induce differentiation of the peripheral cells of the dental papilla into 

odontoblasts that produce root dentine. Epithelial root sheath breaks up when root 

dentine is laid down, allowing dental follicle cells to interact with root dentine. These 

cells differentiate into two distinct cell populations, cementoblasts and fibroblasts. 

Cementoblasts are responsible for producing cementum, while fibroblasts play a role in 

forming the periodontal ligament (Nanci & Bosshardt, 2006). Onto the root surface, 

cementoblasts actively secrete an organic matrix known as cementoid, which 

eventually forms the unmineralized and soft acellular primary cementum. With the 

production of primary cementum, further cells of the dental follicle differentiate into 

cementoblasts, producing cellular cementum. Over time, the primary cementum 

undergoes mineralization, forming HAP crystals similar to those found in enamel, giving 

the cementum its hardness. 

 

1.2.4 Dentinogenesis 

The content of dentine is 70% mineral, 20% organic matter and 10% water by weight 

(Yamakoshi, 2008; Goldberg et al., 2011). The major organic materials in dentine are 

type 1 collagens, synthesized by the COL1A1 and COL1A2 genes. The most abundant 

non-collagenous protein present in dentine is dentine sialophosphoprotein, which is 

encoded by the DSPP gene (Chen et al., 2022). Dentine has a complex structure, the 
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‘whole dentine’ being composed of several layers of dentine. The peripheral outer layer 

of the dentine is called mantle dentine, which is atubular and has a thickness of 15-30 

mm. Next to the mantle dentine is more mineralized circumpulpal dentine. 

Circumpulpal dentine may be further subdivided into intertubular and peritubular 

dentine. While 90% of the protein components of intertubular dentine is type 1 

collagen, the peritubular dentin is non-collagenous. 

 

Dentine is formed by specialized cells called odontoblasts, in a process called 

dentinogenesis. Before the root formation finishes, the IEE cells differentiate to form 

preameloblasts. This has an inductive effect upon the ectomesenchymal peripheral 

cells of the dental papilla, which then differentiate into tall columnar preodontoblast 

cells. Enamel and dentine formation start simultaneously at the tips of the future 

cusps. Both preodontoblasts and preameloblasts develop into columnar secretory cells 

with reverse polarity and intracellular secretory organelles. The differentiating 

ameloblasts degrade the basal lamina, producing further inductive signalling to the 

odontoblasts to produce and set down dentine matrix, which gets deposited before the 

enamel matrix. The first dentine layer is mantle dentine, deposited peripherally in the 

dental papilla under the DEJ. Below mantle dentine is circumpulpal dentine that makes 

up most of the dentine layer in a regular incremental pattern. Primary dentine is the 

collective name used for mantle and circumpulpal dentine, which is formed prior to the 

formation of the root. Predentine is an unmineralized organic matrix that forms next to 

the pulp tissue during dentinogenesis and continues to exist throughout the lifetime of 

the tooth (Goldberg et al., 2011). After root formation, the odontoblasts form 

secondary dentine on the pulpal aspect of primary dentine. Secondary dentine 
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formation is a continuous process throughout life. Cavities, injuries and wear can give 

rise to tertiary dentine (Linde & Goldberg, 1993). 

 

1.2.5 Amelogenesis 

Fully formed enamel consists of around 96% inorganic content and 4% organic material 

and water by weight (Bartlett, 2013). The main elements of inorganic content are 

calcium and phosphate, which form calcium phosphate apatite in the presence of 

hydroxyl ions (Ca10(OH)2(PO4)6). Calcium apatite is a crystalline lattice that can bind to 

several other ions such as strontium, radium, vanadium, and carbonate in exchange for 

the phosphate in the lattice. There are also several other minor inorganic constituents 

present in the enamel, including fluoride, zinc, lead, iron, sodium, magnesium and 

carbon dioxide (Bartlett, 2013; Smith, 1998). The organic component of the enamel 

consists of extracellular matrix proteins and an array of enzymes. 

 

Enamel formation, or amelogenesis, takes place at the late bell stage before tooth 

eruption and almost simultaneously with dentinogenesis. It is initiated and regulated 

by epithelial-mesenchymal interactions along a line that becomes the DEJ. Enamel 

formation occurs through the secretion of an extracellular matrix (ECM) by secretory 

ameloblasts and its eventual mineralization. In the early stages of amelogenesis the 

secreted ECM is highly proteinaceous, consisting of a large amount of enamel matrix 

proteins (EMPs). At the later stages, ameloblasts stop secreting EMPs and instead 

switch to secreting proteolytic enzymes that degrade and remove the EMPs, while at 

the same time secreting the minerals required to form and grow HAP crystals within 

the ECM, filling the space left by the degrading EMPs. Amelogenesis is tightly regulated 
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by a hierarchy of transcription factors and cell signalling pathways that work to 

determine the size and shape of the teeth (Lacruz et al., 2017). Further details on the 

different stages of amelogenesis are provided in section 1.2.5.2. 

 

1.2.5.1 Enamel matrix proteins and proteases 

The EMPs secreted by ameloblasts can be grouped into three categories. In the first 

group are low molecular weight (5-45 kDa), heterogeneous hydrophobic proteins 

comprising approximately 90% of the total enamel proteins, called amelogenins 

(Brookes et al., 1995). Most of the body’s amelogenin proteins are generated from the 

AMELX gene located on the X chromosome, while in males only 10% of the total 

amelogenins is produced by the AMELY gene located on the Y chromosome. 

Amelogenins are rich in proline, histidine, and glutamine. Amelogenins play an 

important role in the regulation of the size and shape of enamel crystallites and 

deletion of the amelogenin gene (AMELX) in humans results in a thin enamel layer 

(Lagerström et al., 1990; Salido et al., 1992). The second group, the acidic proteins 

enamelin (65-kDa) and tuftelin (55-kDa), are crucial for the development of full-length 

enamel rods (Diekwisch et al., 1997), Crawford et al., 2007, Lacruz et al., 2017). The 

tuftelin and enamelin proteins are encoded by the TUFT1 and ENAM genes located on 

chromosomes 1 and 4 respectively (Lacruz et al., 2017). The third group of EMPs are 

ameloblastins (also known as amelins or sheathlins, 62-70-kDa) which are post-

translationally modified and sequentially degraded products of the AMBN gene on 

chromosome 4 and are essential for enamel strength (MacDougall et al., 2000). 

Proteins in the second and third group comprise approximately 10% of the EMPs 

(Bartlett 2013; Lacruz et al., 2017). Amelotin (AMTN) and odontogenic ameloblast-
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associated protein (ODAM) are also detected in developing enamel (Iwasaki et al., 

2005; Moffatt et al., 2006; Park et al., 2007). 

 

Matrix metalloproteinase-20 (MMP20) and kallikrein-related peptidase 4 (KLK4) are 

two enzymes detected in developing enamel (Bartlett & Simmer, 1999). MMP20 is 

active in the secretory to maturation stages while KLK4 is active in the transition to 

maturation stage. MMP20 has broad substrate specificity, and can cleave amelogenin, 

type XVIII collagen, fibronectin and dentin sialophosphoprotein. It can also cleave KLK4 

propeptide to produce catalytically active KLK4. KLK4 can also hydrolyse EMPs and 

MMP20 for their effective removal as the enamel hardens (Bartlett, 2013). 

 

1.2.5.2 Stages of Amelogenesis 

Amelogenesis occurs in several discrete stages, each contributing to the development 

and maturation of enamel. Different stages of amelogenesis are described below. 

 

Presecretory stage 

The presecretory stage starts with the deposition of predentine by odontoblasts at the 

future DEJ. At this stage, the IEE cells of the enamel organ differentiate into columnar 

secretory preameloblasts (Bartlett, 2013). 

 

Secretory stage 

In the secretory stage, differentiating preameloblasts elongate into tall columnar 

polarized ameloblasts with a height of 70 µm and a diameter of 5 µm (C.E. Smith, 

1998). At this stage the enamel organ has four distinct cell populations. The innermost 
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layer is the secretory ameloblasts, the next layer is stratum intermedium, the third 

layer is stellate reticulum and the outermost layer is the OEE (Bartlett 2013, Lacruz et 

al., 2017). Apart from the ameloblasts, the functional roles of the other cell layers of 

the enamel organ are poorly understood (Liu et al., 2016). 

 

As ameloblasts enter into the secretory stage, they begin secreting an ECM into the 

surrounding region. The ECM is highly proteinaceous and consists of a large quantity of 

EMPs. The EMPs secreted by ameloblasts at this stage are variously modified 

derivatives of four proteins, amelogenin (AMELX), ameloblastin (AMBN), enamelin 

(ENAM), and matrix metalloproteinase-20 (MMP20). With the deposition of the ECM, 

an initial layer of tiny mineral crystals are formed onto the dentine surface by 

ameloblasts. This first layer forms a scaffold for growth of the eventual mineral crystals. 

As soon as this initial layer is laid down, highly polarized ameloblasts start moving away 

from the dentine surface. This phenomenon gives secretory ameloblasts a unique 

morphology, Tomes’ processes, which are triangular-shaped extensions formed by 

ameloblasts penetrating the enamel matrix, giving the ameloblast monolayer a “picket-

fence” appearance under a microscope (Bartlett, 2013; Wakita et al., 1981). Aligning 

with the movement of ameloblasts, thin HAP-like, hexagonally shaped, enamel 

crystallites grow and extend at nearly right angles to DEJ. These crystallites grow 

progressively in parallel with one another to hundreds of micrometers in length, yet 

are only few nanometers wide. Enamel rods are crystals formed by the matrix secreted 

from the distal portion of the Tomes process, while crystals oriented at angles relative 

to the rod crystallites are interrod, formed by the matrix secreted from the proximal 

portion of the Tomes processes. This alternating arrangement of enamel rods and 
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interrods gives enamel a characteristic ‘herringbone weave pattern’ for extra strength 

when mature as shown in Figure 1.4. Protein rich enamel at this stage achieves its full 

thickness but has a soft cheese like consistency and is comprised of similar amounts of 

EMPs, mineral and water by weight (Lacruz et al., 2017). 

 

 

 

Figure 1. 4 Herringbone pattern in human enamel. 

Scanning electron microscope (SEM) images showing structural arrangement of rods 

and interrods in human enamel, appearing as a series of interlocking and branching 

lines, resembling the zigzag pattern of a herringbone weave. This pattern contributes to 

the strength and durability of teeth, helping them withstand the stresses of everyday 

use. 
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Transition stage 

During the Transition stage, ameloblasts undergo significant morphological changes. 

They become shorter, lose their secretory Tomes’ processes and reduce in number, 

possibly by apoptosis. Also, the genes encoding the EMPs are downregulated, while 

genes involved in ion transport, proteolysis and pH homeostasis are upregulated 

(Lacruz et al., 2017). 

 

Maturation stage 

During the Maturation stage, ameloblasts undergo two main processes; degradation 

and removal of organic matrix, and mineralization to support crystal growth. 

Accumulation of minerals in the enamel matrix increases while proteins and water bulk 

are reduced, until the enamel becomes almost completely mineralised. This is 

accomplished by a process called modulation, where morphologically, ameloblasts 

appear to undergo cyclic alteration between ruffled-ended and smooth-ended types. 

Ruffle-ended ameloblasts (RE-A) have distal tight junctions and proximal leaky 

junctions and dominate in this stage (80% of total cells), whereas smooth-ended 

ameloblasts (SE-A) are completely the opposite, having distal leaky junctions and 

proximal tight junctions (20% of total cells). The RE-A degrade EMPs by secreting 

kallikrein-related peptidase-4 (KLK4). The degraded proteins are removed by diffusing 

into the leaky proximal junctions of the SE-A and also engulfed by RE-A by endocytosis. 

A considerable amount of bicarbonate ions (HCO3
−) and calcium ions (Ca2+) are also 

secreted by RE-A to maintain favourable pH for mineral growth (C. E. Smith, 1998). In 

this way, enamel crystals mature, reducing the protein content of the enamel 
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progressively down to 4% while achieving 96% mineral content. At the end of this 

stage, 50% of the original ameloblast cell population that participated in enamel crystal 

formation die by apoptosis (C. E. Smith, 1998). 

 

Protective Stage 

Following the completion of enamel maturation, ameloblasts undergo a final stage 

known as the protective stage. During this stage, ameloblasts create a protective layer 

called the reduced enamel epithelium. The reduced enamel epithelium covers the 

enamel surface until the tooth erupts into the oral cavity. It helps protect the enamel 

from potential damage during eruption and prevents contact with the surrounding 

connective tissues and oral bacteria (C. E. Smith, 1998; Ten Cate, 1996). Different stages 

of amelogenesis are depicted in Figure 1. 5. 
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Figure 1. 5 Stages of amelogenesis. 

A schematic illustration of the different stages of amelogenesis. (1) Morphogenetic 

stage, (2) Differentiation stage, (3) Secretory stage (aprismatic enamel), (4) Secretory 

stage (prismatic enamel), (5) Transitional stage, (6-7) Maturation Stage, (8) Protective 

stage. S-EA: smooth ended ameloblast, R-EA: ruffle ended ameloblasts. Image adapted 

with permission from Mandana Donoghue available at, 

https://commons.wikimedia.org/w/index.php?curid=76184792. 
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1.2.5.3 Ion transport in the maturation stage of Amelogenesis 

Ionic composition of enamel includes mainly Ca2+ and PO4
3-, and trace amount of other 

ions such as HCO3
-, Cl-, Na+, F-, K+ and Mg2+ (Patel & Brown, 1975). To maintain a proper 

environment for enamel crystals to grow, ameloblasts control the movement of these 

elements from the blood to the enamel crystals during amelogenesis (Lacruz et al., 

2013). The major entry pathway for Ca2+ is store-operated Ca2+ entry (SOCE) from the 

endoplasmic reticulum (ER), mediated by CRAC (Ca2+ release activated channel) 

channels (Meerim K Nurbaeva et al., 2015). The components of CRAC channels are ER 

transmembrane proteins STIM1 and STIM2 (stromal interaction molecule) and a 

plasma membrane protein ORAI1 (calcium release-activated calcium channel protein 1) 

(Prakriya & Lewis, 2015). ER Ca2+ depletion triggers activation of STIM1 and STIM2 to 

form a multimer with ORAI1. This interaction opens up ORAI1, allowing Ca2+ influx into 

the cytoplasm. One study reported that an increase in cytoplasmic Ca2+ ion 

concentration upregulated the expression of Amelx, Ambn, Enam and Mmp20 in ~4 

week-old Sprague-Dawley rats (M. K. Nurbaeva et al., 2015). Cytosolic Ca2+ ions are 

removed by the potassium dependent sodium/calcium exchanger NCKX4 (encoded by 

the SLC24A4 gene), which co-transports one intracellular Ca2+ and one K+ ion in 

exchange for four extracellular Na+ ions (Li et al., 2002). Studies show that the solute 

carrier gene family Slc34a2 that encodes a pH dependent Na+/ PO4
3− transporter 

NaPi2b (sodium-dependent phosphate transport protein 2B) localizes in secretory and 

maturation ameloblasts in mice (Lacruz et al., 2012). NaPi2b transports three Na+ with 

one PO4
3-across plasma membrane, and may play a role in phosphate transportation in 

amelogenesis (Lacruz, 2017). Another study reported the expression of TRPM7 

(transient receptor potential cation channel, subfamily M, member 7) was significantly 
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upregulated in maturation-stage ameloblasts (Nakano et al., 2016). TRPM7 is a protein 

kinase predicted to play role in the regulation of Mg2+ homeostasis. Deletion of exons 

32-36 (the kinase domain) of the Trpm7 gene in mice caused a severe hypomineralised 

enamel phenotype (Nakano et al., 2016). This observation may indicate that TRPM7 

participates in transporting Mg2+ to the cytosol in developing teeth. CNNM4 (cyclin and 

CBS domain divalent metal cation transport mediator 4) encodes a Mg2+ transporter, 

and may be involved in the removal of Mg2+ from cells, as a study reported humans 

with CNNM4 loss of function mutation presented with severe hypomineralization of 

enamel, as well as inherited blindness (Parry et al., 2009).  

 

1.2.5.4. pH balance 

At the maturation stage, with the progressive growth of HAP crystals, free protons (H+) 

are released into the extracellular area that can lower the pH, drastically disrupting the 

crystal growth (Lacruz, 2017; Smith et al., 2005). Ameloblasts neutralize this acidic 

environment by either secreting AMELX that can bind H+ or by pumping out the HCO3
- 

into the extracellular compartment (Bori et al., 2016). It has been observed that there 

is an increased expression of sodium bicarbonate co-transporter NBCe1 (encoded by 

the SLC4A4 gene) at the maturation stage (Rauth et al., 2009). Another further study 

reported localization of AE2 (anion exchange protein 2, encoded by the SLC4A2 gene) 

and NHE1 (sodium-proton exchanger, encoded by SLC9A1) proteins at the basolateral 

pole of maturation ameloblasts, which may suggest they have a role in maintaining 

intracellular pH homeostasis (Josephsen et al., 2010). It is proposed that AE2 transports 

HCO3− across the basolateral plasma membrane in exchange for extracellular Cl–, while 

on the other hand H+ is removed from the cell by NHE1 (Bronckers, 2017; Josephsen et 
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al., 2010). Potential ion transport routes and their likely locations on a maturation stage 

ameloblast are depicted in Figure 1.6. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 1. 6 Model of ion channels and transport mechanisms at the maturation stage 

of amelogenesis. 

A schematic illustration of putative ion transport mechanisms in a maturation-stage 

ruffled ended ameloblast. This model is based on reports of mRNA and protein 

expression as well as cellular localization, so not all the functional roles of the proteins 

have been established. N: nucleus. ER: endoplasmic reticulum. GJ: gap junctions. Image 

adapted with permission from Lacruz et al., 2017 under the terms of the Creative 

Commons CC-BY license. 
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1.2.5.5 Amelogenesis imperfecta (AI) 

Amelogenesis is governed by a complex network of genes, regulatory proteins, and 

signalling pathways to develop this highly sophisticated tissue. There are over 10,000 

genes and hundreds of regulatory elements thought to contribute to amelogenesis 

(reviewed by Hu et al., 2015; Yin et al., 2017). Defects in key genes, epigenetic 

regulators or negative influence from environmental stressors at any stage of 

amelogenesis may affect normal enamel formation. 

 

AI is a genetic disorder resulting from the failure of amelogenesis. It is a common 

endpoint for a clinically and genetically heterogeneous group of inherited diseases. AI 

affects the structure and clinical appearance of the dental enamel of all teeth, in both 

the primary and permanent dentitions. It can occur in isolation or in conjunction with 

defects in other dental, oral and extraoral tissues. AI was first described as ‘brown 

teeth’ with a familial history a century ago (Spokes, 1890). Later, in 1912, another 

researcher reported two cases of hereditary hypoplasia of the teeth across five 

generations of the same family (Turner, 1912). However, there was little interest in AI 

thereafter until in 1945, when researchers introduced the term ‘amelogenesis 

imperfecta’ to describe hypoplastic and hypocalcified types of hereditary abnormalities 

of the enamel (Weinmann et al., 1945). The reported prevalence of AI ranges from 1 in 

233 in Turkey (Altug-Atac & Erdem, 2007), 1 in 700 in Sweden (Bäckman & Holm, 

1986), 1 in 1,000 in Argentina (Sedano, 1975), 1 in 8,000 in Israel (Chosack et al., 1979), 

) to 1 in 14,000 in USA (Witkop, 1988). According to these values, the average global 

prevalence of AI is 1 in 2000 (Gadhia et al., 2012). 
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AI starts in infancy upon eruption of the first teeth and worsens with further tooth 

eruptions through childhood, adolescence, and early adulthood. AI leads to 

discoloured teeth and weak enamel that breaks down easily. It is often accompanied by 

pain, infection, early tooth loss and malocclusion. AI patients also suffer adverse 

psychosocial impacts with high levels of distress, social avoidance, discomfort, 

isolation, and emotional problems. AI may be inherited as an X-linked, autosomal 

dominant, or autosomal recessive genetic trait, and can be syndromic or non-

syndromic. In the disease database OMIM, currently 20 genes are associated with AI 

that do not have any associated conditions (non-syndromic, NS), and 95 syndromes are 

reported to have enamel phenotypes as part of their symptoms (Wright, 2023). Both 

syndromic and NS AI follow a Mendelian inheritance pattern (Bäckman & Holmgren, 

1988; Gadhia et al., 2012). 

 

1.2.5.5.1 Clinical Classification of AI 

AI presents with a spectrum of clinical appearance that is dependent on the 

inheritance pattern, the gene, and specific mutation(s) involved. Severity of the disease 

phenotype varies with the particular stage affected in amelogenesis. Specific clinical 

sub-types can also be discerned with defects in different cellular or biochemical 

pathways. Environmental factors, including nutrition and oral hygiene practices, can 

influence the severity and progression of AI. There is currently no universally accepted 

classification system for AI. Clinicians still use the classification introduced by Dr. 

Charles J. Witkop in 1988 (Witkop, 1988). It is important to note that the Witkop 

classification is primarily based on clinical and visual characteristics of AI and does not 

consider the genetic or molecular basis of the condition, which was unknown at the 
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time. Witkop classification system categorizes AI into four major groups described 

below. However, the boundaries between the categories are becoming increasingly 

unclear, and given recent advances in the genetic understanding of AI, it would be 

more accurate, relevant and clinically useful now to classify cases by their molecular 

diagnoses. 

 

Type I Hypoplastic AI is characterized by inadequate enamel which may have resulted 

from abnormal deposition of enamel matrix at the secretory stage of amelogenesis, 

leading to thin or, in extreme cases, completely absent enamel exposing the underlying 

dentine. Though enamel appears thin in this type, it may have near-normal hardness. 

The reduced enamel thickness makes the teeth more sensitive to temperature 

changes, touch, and certain foods or beverages. The enamel surface may appear rough, 

irregular, or pitted due to incomplete enamel formation. The roughness can make the 

teeth more prone to staining, plaque accumulation, and tooth decay. The appearance 

of the affected teeth may be discoloured or appear dull due to incomplete enamel 

formation, as shown in Figure 1. 7(i-ii). 

 

Type II Hypomaturation/Hypomineralised AI presents as an open bite and creamy 

white to yellow brown roughly surfaced teeth, along with fragile enamel, as shown in 

Figure 1. 7(iii-iv). In this type of AI, a defect in maturation stage amelogenesis is 

thought to result in enamel that is of full thickness but fails to fully mineralize or 

mature, resulting in softer and less resistant enamel that can be chipped away or 

scraped (Gadhia et al., 2012). This type of AI can be characterized by surface pit and 

damage to or underdevelopment of the enamel prism structure, as shown in Figure 1. 
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7(v-vi) (Bäckman and Holmgren, 1988, Gadhia et al., 2012). A more severe form of 

hypomaturation enamel may be termed as hypomineralized AI, which presents as 

brown, discoloured enamel, as shown in Figure 1. 7(vii) (Crawford et al., 2007; Sundell 

& Koch, 1985). 

 

Type III Hypocalcified AI is characterized by very soft and easily eroded enamel. The 

enamel affected often appears opaque and has a chalky white or creamy yellowish 

colour, as seen in Figure 1. 7(viii). This discoloration is thought to be due to the 

incomplete mineralization of the enamel after a failure of maturation, and the resultant 

higher porosity of the enamel. Hypocalcification (soft enamel) is caused by insufficient 

transport of calcium ions into the developing enamel, because of which the enamel 

consists of around 30% less mineral content than usual. 

 

Type IV Hypomaturation/Hypoplasia/Taurodontism AI teeth exhibit thin enamel, with 

pitting and discolouration, in addition to enlarged pulp chambers and shortened roots 

due to taurodontism (Aldred et al. 2003). 

 



[44] 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 7 Clinical images of different types of amelogenesis imperfecta. 

(i-ii) Yellow hypoplastic AI reflects the absence of any meaningful enamel on dental 

radiography. (iii) A predominantly hypomaturation AI phenotype with some surface 

irregularities, (inset) hypomaturation enamel is combined with more exaggerated 

surface pits merging into grooves with mid-third crown regional hypoplasia (arrow). (iv) 

Intraoral radiograph illustrating near normal enamel thickness in Hypomaturation AI, 

but with enamel irregularities and a lesser difference in radiodensity between enamel 

and dentine than would be expected. (v) SEM image of surface pits in hypomaturation 

AI. (vi) Generally disrupted and poorly formed prismatic microstructure, with difficulty 

distinguishing between rods and interrods, observed in a hypomaturation AI (inset). 

(vii) Brown discolouration and early post-eruptive enamel loss is typical of 

hypomineralized AI. (viii) Hypocalcified AI phenotype displaying brittle enamel. 
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1.2.5.5.2 Genes associated with non-syndromic AI 

Though AI was first described nearly 80 years ago, the genes and mutations involved 

have only been identified in the last 20 years, the majority as a result of the advent of 

next generation sequencing technology (NGS). Different clinically defined sub-

phenotypes of AI (hypoplastic, hypocalcified, and hypomaturation) typically correlate 

with mutations in different genes, each of which encode proteins that contribute to 

distinct stages of and processes essential in the enamel synthesis. However, the AI 

phenotypes observed do not always fit neatly into these phenotypic categories, and 

variation has been observed between individuals in families that carry the same 

mutation. To-date mutations causing NS AI have been identified in 20 genes. These 

genes code for proteins performing diverse and critical functions in amelogenesis, 

including EMPs, enamel matrix proteases, transcription factors, cell-cell and cell-matrix 

adhesion, pH sensing and ion transport. It was observed that while some gene 

mutations may cause an isolated or NS form, other mutations in the same gene may 

cause more complex syndromic forms by affecting multiple biological processes or 

pathways. Molecular mechanisms and disease phenotypes caused by mutations in 

these genes are detailed below and in Table 1.1. 

 

Genes encoding EMPs and matrix proteases 

A relatively common cause of AI is mutations in the genes that encode EMPs and 

proteases. The roles of EMPs and proteases in amelogenesis are discussed in more 

detail in section 1.2.5.1. A 5kb deletion in the AMELX gene was the first mutation 

detected causing X-linked dominant hypomineralized AI (OMIM: 301200) in males 

(Lagerström et al., 1991). A mixed phenotype of hypoplastic and hypomineralized AI 
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was also observed in patients, suggesting that mutation in the AMELX gene may impact 

both the mineralization process and the deposition of enamel matrix (Aldred et al., 

1992). The molecular mechanism of most of the AMELX mutations causing AI was 

predicted to be loss-of-function. A mutation in the signal peptide coding sequence was 

also reported to cause AI by defective translocation of the protein (Lagerström-Fermér 

et al., 1995). 

 

Mutations in ENAM are reported to cause both AD and AR AI. The first mutation 

reported in ENAM was a splice site mutation causing dominant AI (OMIM: 104500), 

predicted to be a result of read through followed by NMD (nonsense mediated decay) 

or exon skipping caused by aberrant splicing. These patients presented with a severe, 

smooth hypoplastic AI phenotype (Rajpar et al., 2001). Another study reported a 

homozygous 2-bp insertion in the ENAM coding sequence leading to a frameshift that 

introduced premature termination codon (PTC), causing recessive AI (OMIM: 204650). 

These patients presented with a severe generalized hypoplastic phenotype with open-

bite, malocclusion, while the heterozygous carriers had only a mild localised enamel 

pitting phenotype (Hart et al., 2003). 

 

Mutations in the AMBN gene were reported to cause AR hypoplastic AI. The first 

mutation reported in AMBN was a large, in-frame deletion causing recessive 

hypoplastic AI (OMIM: 616270) (Poulter, Murillo, et al., 2014). The molecular 

mechanism underlying recessive AI caused by AMBN variants is predicted to be 

complete loss of function. Several further recessive mutations were reported 

afterwards (Liang et al., 2019). In addition, a heterozygous missense mutation in AMBN 
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reported to cause AD AI in a putative dominant family presented with generalized 

hypominerailzed phenotype (Lu et al., 2018). This result was queried by other 

researchers who sought further evidence of the disease mechanism caused by 

heterozygous AMBN mutation (Liang et al., 2019). This thesis presents further evidence 

of both AD and AR forms of AI due to AMBN variants (see chapter 3). 

 

Another EMP, AMTN, localizes to the ameloblast basal lamina and mutations in the 

AMTN gene are reported to cause AD hypomineralized AI (OMIM: 617607) (C. E. L. 

Smith et al., 2016).  

 

Mutation in the MMP20 and KLK4, encoding the enamel matrix proteases, are known 

to cause AR AI. Enamel phenotypes of the patients carrying mutation in these two 

genes share many similarities, with a phenotype that is usually described as 

pigmented, hypomaturation AI (OMIM: 612529, 204700) (Kim et al., 2005). 

 

Cell-cell and cell-matrix adhesion 

In amelogenesis, several adhesion molecules function in a coordinated fashion to 

maintain cell-cell and cell-matrix contact. Mutations in the genes encoding different 

types of adhesion molecules are reported to cause AI, and these are largely the same 

genes implicated in the recessively inherited skin disorder epidermolysis bullosa. For 

example, ITGB6, is a member of a large family of cell surface heteromeric glycoproteins 

and is highly expressed during the maturation stage of amelogenesis. Loss-of-function 

mutations in the ITGB6 gene are reported to cause AR AI (OMIM: 616221). The enamel 

phenotype associated with ITGB6 mutation is hypoplastic and hypomineralized that 
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may be rough, pitted, and/or discoloured (Poulter, Brookes, et al., 2014; S. K. Wang et 

al., 2014). 

 

LM332 (laminin 332), a heterotrimeric protein, is a major constituent of the basement 

membrane and has a central role in the assembly and stability of hemidesmosomes 

(Colognato & Yurchenco, 2000). The three subunits of LM332 are encoded by the 

LAMB3, LAMA3 and LAMC2 genes. Collagen XVII is a hemidesmosome protein, 

encoded by COL17A1, is a ligand for LM332. Mutations in the genes LAMB3, LAMA3, 

LAMC2 and COL17A1 are all reported to cause AD hypoplastic AI (OMIM: 104530) 

(Poulter, El-Sayed, et al., 2014; Wang et al., 2022). 

 

FAM83H is an intracellular protein expressed in presecretory and secretory stages of 

amelogenesis (Lee et al., 2008). It plays an important role in the structural 

development and calcification of tooth enamel, though the exact mechanism of its 

function is not fully understood. A study reported that a novel Fam83h c.1186C>T 

(p.Q396*) knock-in mutant mouse presented with severe inflammation, disturbed iron 

deposition, and enamel abnormalities. Histological cross-sections of the lower incisors 

of the mutant mouse displayed gaps between adjacent ameloblasts. RNA-sequencing 

and GO (gene ontology) analyses showed cell adhesion pathway was the most affected 

in this mouse. Desmoglein 3, a transmembrane glycoprotein protein, is a component of 

desmosomes was downregulated in the ameloblasts of the mutated mouse. All these 

findings indicated that FAM83H may play a role in cell-cell adhesion which may have 

disrobed due to the mutation producing truncated-FAM83H in the mutant mouse 
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(Zheng et al., 2023). Most mutations identified in FAM83H genes are frameshift leading 

to PTC causing AD hypocalcified AI in human (OMIM 130900) (Kim et al., 2008). 

 

ODAPH localizes to the ameloblast basal lamina and mutations in ODAPH are reported 

to cause AR hypomineralized AI (OMIM 614832) (Parry et al., 2012). In Odaph−/− mice, 

the integrity of the atypical basal lamina was impaired. It was observed that 

ameloblasts lost cell polarity, became short and flattened in early maturation stage in 

the mutant mice. Additionally, the enamel matrix was not degraded and most EMPs 

were retained in late maturation stage. Further, the expression of LAMC2 and AMTN 

were downregulated in mutant mice. According to the above observations, this study 

concluded ODAPH may play a vital role in maintaining the integrity of basal lamina (Ji et 

al., 2021). 

 

Ion transport and pH balance 

Ameloblasts facilitate and regulate the flow of numerous proteins and ions to the 

enamel crystals during amelogenesis. More details of the ion transport mechanism 

were provided in section 1.2.5.3. Mutations affecting the functions of ion transport 

channel proteins and vesicle trafficking proteins reported to cause various forms of AI. 

One example would be WDR72, which is predicted to be an intracellular vesicle coat 

protein and is expressed in the maturation stage of amelogenesis. WDR72 may 

function in regulating microtubule structure and assembly in ameloblast which may 

critical for ameloblast modulation between SE and RE forms, endocytosis and vesicle 

trafficking for pH homeostasis (Katsura et al., 2022). One study reported a homozygous 

nonsense mutation in WDR72 caused AR hypomaturation AI (OMIM: 613211) (El-Sayed 
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et al., 2009). Mutations in WDR72 have also been associated with other syndromic 

conditions. A study reported observing  hypomaturation enamel and relatively short 

stature caused by a homozygous mutation in WDR72 in two patients (Kuechler et al., 

2012). Another study reported compound heterozygous mutations in WDR72 caused 

hereditary distal renal tubular acidosis (dRTA) along with hypoplastic AI (Rungroj et al., 

2018).  

 

SLC24A4 is upregulated in maturation stage ameloblasts and is predicted to be 

responsible for the active transport of Ca2+ ions from ameloblasts into the enamel 

matrix (S. Wang et al., 2014). Homozygous mutations in the SLC24A4 gene were 

reported to cause AR hypomineralised AI (OMIM: 615887) (Parry et al., 2013). 

 

GPR68 is expressed in ameloblasts throughout all stages of amelogenesis. GPR68 is 

thought to function as a pH sensor, predicted to direct ameloblasts to switch between 

the ruffle ended and smooth ended conformations during the maturation stage for 

maintaining pH balance. Loss of function mutations in GPR68 were reported to cause 

AR hypomineralized AI (OMIM: 617217) (Parry, Smith, et al., 2016; Sato et al., 2020).  

 

Master controllers of amelogenesis  

Genes in this group control expression of other genes or affect function of other 

proteins involved in amelogenesis. Although the exact regulatory mechanisms of these 

proteins in amelogenesis are still not clear, mutations in these genes have been linked 

to a number of AI-related disorders. 

 



[51] 
 

 
 

FAM20A is a pseudokinase localized in secretory and maturation stage ameloblasts. 

Mutations in FAM20A are associated with both non-syndromic and syndromic AI. One 

study reported homozygous mutations in FAM20A caused AR hypoplastic AI (OMIM 

204690) in patients with no other health problems (Cho et al., 2012). The disease 

mechanism was predicted to be loss of function of the FAM20A protein in these 

patients. Mutations in FAM20A has also been associated with a syndromic condition 

known as enamel renal syndrome (ERS). ERS is characterized by hypoplastic enamel on 

the primary and secondary dentition, pulp stones, delayed or failed eruption of the 

secondary dentition, gingival overgrowth, and nephrocalcinosis (MacGibbon, 1972; 

Martelli-Júnior et al., 2008). More details of ERS are discussed in section 1.2.5.5.3. 

 

DLX3 is member of a family of six DLX transcription factors and is highly expressed in 

ameloblasts during the late secretory stage (Zhang et al., 2015). Heterozygous 

mutations in DLX3 are known to cause Trichodentoosseous syndrome (TDO, OMIM 

190320). The TDO patients present with kinked hair, alteration in tooth size and 

increased density/thickening of the bones. Heterozygous mutations in DLX3 can also 

cause AD hypomaturation-hypoplasia type AI with taurodontism (AIHHT, OMIM 

104510) (Crawford et al., 1988). The dental phenotypes in the TDO and AIHHT patients 

appear similar, but TDO presents a more highly variable clinical phenotype involving 

hair and bone. 

 

Heterozygous mutations in SP6 reported to cause AD hypoplastic AI (OMIM: 620104). 

The enamel phenotype was characterized by generalized hypoplastic AI with an 

irregular surface involving all teeth (Smith et al., 2020). SP6 is expressed in secretory 
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stage ameloblasts and is predicted to regulate expression of Amtn, Fst and Rock1 genes 

in mice (Ruspita et al., 2008; Utami et al., 2011). 

 

Genes encoding proteins of unknown function 

Although the function of RELT is not known in amelogenesis, homozygous mutations in 

the RELT gene were reported as a cause hypocalcified AR AI (OMIM: 611211). The 

enamel of these patients was rough and yellow-brown in colour (Kim et al., 2019). 

 

ACP4 is expressed in the secretory stage of amelogenesis, the molecular functions of 

ACP4 during amelogenesis is not fully elucidated yet. Homozygous mutations in ACP4 

are reported to cause rough hypoplastic AR AI (OMIM: 61729) (Seymen et al., 2016). 
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Table 1. 1 Genes associated with non-syndromic AI. 

  

Types Gene 
(OMIM) 

Protein Function Inheritance 

En
am

el
 m

at
ri

x 
p

ro
te

in
s 

AMELX 
(300391) 

Amelogenin. Secretory 
calcium-binding 
phosphoprotein (SCPP). 

AMEL and its MMP20 cleavage products 
bind, separate, and support the mineral 
ribbons, and guide their transition into 
apatite (Brookes et al., 1995). 

XLD 

AMBN 
(601259) 

Ameloblastin. Secretory 
calcium-binding 
phosphoprotein (SCPP). 

AMBN influences differentiation and 
proliferation of ameloblasts. It also plays 
role in cell adhesion and enamel 
mineralisation (Fukumoto et al., 2005). 

AD, AR 

ENAM 
(606585) 

Enamelin. Secretory 
calcium-binding 
phosphoprotein (SCPP). 

ENAM maintains ameloblast integrity 
and plays a role in crystal formation, to 
achieve prism structural organization, 
and optimal enamel thickness (Hu et al., 
2008). 

AD, AR 

AMTN 
(610912) 

Amelotin. Secretory 
calcium-binding 
phosphoprotein (SCPP). 

AMTN promotes enamel mineralization 
and plays critical role in the formation of 
the compact aprismatic enamel surface 
layer during the maturation stage of 
amelogenesis (Abbarin et al., 2015). 

AD 

P
ro

te
as

e
s 

MMP20 
(612529) 

Matrix metalloproteinase 
20. Zinc-dependent 
endopeptidases. 

MMP20 activates EMPs by proteolysis at 
the secretory stage of amelogenesis 
(Guan & Bartlett, 2013). 

AR 

KLK4 
(204700) 

kallikrein-related 
peptidase 4. Serine 
protease. 

KLK4 degrades EMPs in the maturation 
stage, processed by MMP20 previously, 
and can function over a wide pH range 
(Bartlett, 2013). 

AR 

C
e

ll-
ce

ll 
an

d
 c

e
ll-

m
at

ri
x 

ad
h

es
io

n
 

LAMB3 
(150310) 

Laminin beta 3. LAMB3, 
LAMA3 and LAMC2 
constitute three subunits 
of the heterotrimeric 
protein laminin 332 
(LM332), which plays a 
central role in the 
assembly and stability of 
hemidesmosomes. 

Laminin 332, a heterotrimeric protein, is 
a component of the basement 
membrane that separates the 
differentiating presecretory ameloblasts 
from the forming mantle dentine and 
associated odontoblasts (Nanci, 2008). 

AD, AR 

LAMA3 
(600805) 

Laminin alpha 3. See 
LAMB3. 

Cell adhesion ligand for integrins. AD 

COL17A1 
(113811) 

Collagen XVII alpha chain 
1. Binding ligand of 
laminin 332. 

COL17A1 is a hemidesmosome protein 
expressed all through amelogenesis. 

AD 
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ITGB6 
(147558) 

Integrin beta 6. 
Heterodimer, cell surface 
glycoproteins. 

ITGB6 is a cell-surface adhesion 
receptors that bind to extracellular 
matrices (ECM) and mediates cell-ECM 
interactions (Alberts et al., 2008). 

AR 

FAM83H 
(611927) 

Family with sequence 
similarity 83. 

FAM83H functions in cell-cell adhesion, 
iron deposition, calcium transportation, 
and may also have a role in 
transportation and secretion of AMELX 
(Zheng et al., 2023). 

AD 

ODAPH 
(614829) 

Odontogenesis-Associated 
Phosphoprotein. 

Phosphorylated ODAPH has the capacity 
to promote nucleation of hydroxyapatite. 
It maintains the integrity of the atypical 
basal lamina in maturation stage (Parry 
et al., 2012). 

AR 

 Io
n

 t
ra

n
sp

o
rt

, p
H

 b
al

an
ce

 

WDR72 
(613214) 

Tryptophan-aspartate 
repeat domain 72. 4–8 
repeating units of 
approximately 44–60 
amino acids ending in 
tryptophan (W) and 
aspartic acid (D). 

WDR72 functions in endocytic vesicle 
trafficking of matrix proteins and 
subsequent enamel mineralization. It 
may play a role in the removal of 
amelogenin during enamel maturation 
(K. Katsura et al., 2022). 

AR 

SLC24A4 
(609840) 

Solute carrier family 24, 
(Na/K/Ca exchanger) 
member 4. 

SLC24A4 transports calcium ions out of 
the cell and into the enamel matrix 
(Parry et al., 2013). 

AR 

GPR68 
(601404) 

G-protein-Coupled 
Receptor 68 

GPR68 plays important role as a proton 
sensor in the enamel organ at all stages 
of amelogenesis (Parry, Smith, et al., 
2016). 

AR 

M
as

te
r 

co
n

tr
o

lle
rs

 o
f 

am
el

o
ge

n
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FAM20A 
(611062) 

Family with sequence 
similarity 20 member A. 
Golgi associated secretory 
pathway pseudokinase. 

FAM20A binds to FAM20C to form a 
functional complex that phosphorylates 
EMPs (Li et al., 2019). 

AR 

DLX3 
(600525) 

Distal-less homeobox 3. 
Transcription factor. 

DLX3 functions as a pH regulator during 
enamel maturation, is involved in proper 
enamel rod decussation, and regulates 
myosin II and associated protein 
production in the enamel organ 
(Duverger & Morasso, 2018). The highest 
expression of DLX3 is detected in late 
secretory phase ameloblasts. 

AD 

SP6 
(608613) 

Specificity protein 6. 
Transcription factor 
consisting of zinc finger 
DNA-binding domains. 

Msx2 and Sp6 work in a coordinated 
fashion to control follistatin’s production 
and promote enamel deposition. SP6 is 
expressed in the secretory phase of 
amelogenesis (Smith et al., 2020). 

AD 



[55] 
 

 
 

U
n

kn
o

w
n

 f
u

n
ct

io
n

 

RELT 
(611211) 

Receptor expressed in 
lymphoid tissues. A 
transmembrane protein, is 
a member of the TNFR 
(Tumour necrosis factor 
receptor) family 

RELT is expressed in the secretory phase, 
but its function is unclear in 
amelogenesis. It takes part in apoptosis, 
cell differentiation in other tissues, (Yao 
et al., 2021). 

AR 

ACP4 
(606362) 

Acid Phosphatase 4. 
Membrane-bound acid 
phosphatase. 

EMPs may be dephosphorylated by ACP4 
during endocytosis, releasing phosphate 
into the matrix for mineralization 
(Simmer et al., 2021). 

AR 
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1.2.5.5.3 Syndromes associated with AI 

AI can occur in conjunction with other systemic or developmental conditions. There are 

several known syndromes reported in the literature that present AI as one of their features. 

Some examples of these conditions are provided below. 

 

Jalili Syndrome (OMIM: 217080): In Jalili syndrome patients suffer from cone-rod dystrophy 

and AI. Patients present with hypomineralized AI along with early, severe visual impairment, 

loss of colour vision, night blindness and loss of peripheral visual fields. Jalili syndrome is 

caused by homozygous or compound heterozygous mutations in the CNNM4 gene (Parry et 

al., 2009). CNNM4 is a Mg2+ transporter thought to function in maintaining Mg2+ 

homeostasis in the developing enamel and elsewhere in the body. Mutations reported were 

missense, PTC, deletions and insertions detected in the conserved regions of the protein and 

were predicted to result in loss of function. 

 

Trichodentoosseous syndrome (TDO, OMIM: 190320): TDO is an autosomal dominant 

disorder with complete penetrance. It is caused by heterozygous mutations in the DLX3 

gene, and is characterized by abnormalities involving hair, teeth, and bones (Nguyen et al., 

2013; Wright et al., 1997). 

 

Heimler Syndrome (HMLR, OMIM: 234580, 616617): HMLR is a rare autosomal recessive 

disorder characterized by sensorineural hearing loss, enamel hypoplasia of the secondary 

dentition and nail abnormalities (Heimler et al., 1991). Case report of a HMLR patient also 

noted the development of adult-onset macular dystrophy (Lima et al., 2011). Several studies 

reported that HMLR is caused by homozygous or compound heterozygous mutations in the 
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PEX1, PEX6 or PEX26 (peroxisomal biogenesis factor) genes (Ratbi et al., 2015; C. E. Smith et 

al., 2016). PEX proteins play important roles in controlling peroxisomal size, and functions. 

PEX1, PEX6, and PEX26 encodes peroxisomal AAA–ATPase complex that prevents pexophagy 

(Law et al., 2017). Variants in these three PEX genes, along with 12 other PEX genes, also 

contribute to the much severe Zellweger syndrome (ZS, OMIM: 214100). Most ZS patient die 

within the first year of life. The characteristic features of ZS include severe neurologic 

dysfunction, craniofacial abnormalities, and liver dysfunction (Yik et al., 2009). Phenotypic 

comparison of HMLR to ZS shows that HMLR comprises the mildest end of the ZS phenotype 

spectrum, caused by variants leading to partial loss of peroxisomal function due to 

hypomorphic alleles (Ratbi et al., 2015; C. E. Smith et al., 2016). 

 

Kohlschutter-Tonz syndrome (KTZS OMIM: 226750): KTZS is a condition characterized by 

hypocalcified AI along with severe global developmental delay, early-onset intractable 

seizures and spasticity. In severe cases patients can suffer from profound mental retardation, 

never acquire speech, and become bedridden early in life. KTZS is caused by homozygous or 

compound heterozygous mutations in the ROGDI gene. All the mutations reported so far 

predicted to cause complete loss of protein function (Mory et al., 2012). The exact function 

of the ROGDI is unknown, though study suggested it may function in regulating exocytosis in 

ameloblasts (Riemann et al., 2017). 

 

Enamel-renal syndrome (ERS OMIM: 204690): ERS is caused by homozygous or compound 

heterozygous mutations in the FAM20A gene. This syndrome is characterised by hypoplastic 

AI along with pulp stones, delayed or failed eruption of the secondary dentition, gingival 

overgrowth (Gingival fibromatosis syndrome), and nephrocalcinosis. ERS has been always 
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associated with intrapulpal calcification on both erupted and failed-to-erupt teeth, with 

variable severity (de la Dure-Molla et al., 2014). A study reported, loss of function FAM20A 

pathogenic variants caused ERS with extremely thin enamel in a patient. Transcriptome 

analysis of dental pulp tissues of this patient revealed significant upregulation of DSPP, 

MMP20 and canonical BMP signalling pathway associated genes. This study concluded that 

pathogenic variants in FAM20A causes increased process of dentinogenesis that may cause 

intrapulpal calcification in the ERS patient (S. K. Wang et al., 2023). Mutations in FAM20A can 

also cause non-syndromic autosomal recessive AI (Jaureguiberry et al., 2012). It is unknown 

whether certain mutations only affect teeth or whether all patients are at risk of kidney 

problems in later life. 

 

Dental anomalies and short stature (DASS OMIM: 601216): DASS is caused by homozygous 

or compound heterozygous loss of function mutations in the LTBP3 gene. LTBP3 is an 

extracellular matrix protein may function in regulating TGF-beta secretion, trapping and 

activation. Alongside hypoplastic AI, DASS patients also display significantly shorter stature 

and brachyolmia (Bertola et al., 2009). Heterozygous mutations in LTBP3 gene are also 

known to cause acromicric dysplasia and geleophysic dysplasia 3 (OMIM: 617809), 

characterized by disproportionate short stature with a short trunk, distinctive facial features, 

and heart diseases (McInerney-Leo et al., 2016). The dental phenotype of acromicric 

dysplasia patients shows a significant reduction in the microhardness in both enamel and 

dentine, with deeper grooves surrounding the enamel prisms than are seen in equivalent 

control teeth (Tantibhaedhyangkul et al., 2023). 
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Short stature, amelogenesis imperfecta, and skeletal dysplasia with scoliosis (SSASKS, 

OMIM: 618363): SSASKS is caused by homozygous or compound heterozygous mutations in 

the SLC10A7 gene. The function of SLC10A7 in human is not known. The molecular 

mechanism of the disease is predicted to be loss of function of the protein. The 

characteristic features of SSASKS are disproportionate short stature, dental decay with 

discoloured hypoplastic enamel, dental crowding and skeletal dysplasia (Ashikov et al., 

2018).  

 

Developmental and epileptic encephalopathy-25 with amelogenesis imperfecta (DEE25 

OMIM: 615905): DEE25 is caused by homozygous or compound heterozygous mutations in 

the SLC13A5 gene. SLC13A5 encodes a transmembrane protein NaCT (Na+/citrate 

cotransporter) that transports citrate from the circulation to the tissues like bone, enamel 

(Markovich & Murer, 2004). Citrate may play a role in stabilizing the thin mineral ribbons as 

several biophysical studies demonstrated that citrate can initiate and stabilise apatite 

crystallization in aqueous solutions (Jiang et al., 2009). DEEF25 is characterized by seizures, 

global developmental delay with intellectual disability and poor speech and communication, 

and enamel hypoplasia or hypodontia (Hardies et al., 2015). The disorder shows phenotypic 

similarities to Kohlschutter-Tonz syndrome (KTZS; 226750) which is caused by mutations in 

the ROGDI gene. However, a study reported detecting biallelic mutations in SLC13A5 in 

clinically diagnosed KTZS patients. No mutation was detected in the ROGDI gene in these 

patients, suggesting SLC13A5 is a second major gene causing KTSZ (Schossig et al., 2017). 

 

Hypomagnesemia-5, renal with or without ocular involvement (HOMG5 OMIM 248190): 

HOMG5 is caused by homozygous or compound heterozygous mutations in the CLDN19 
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gene. Claudins are transmembrane tight junction proteins. CLDN19 forms a cation-selective 

tight junction complex with CLDN16 controlling selective paracellular ion movement 

between ECM and enamel organ at amelogenesis (Hou et al., 2008). HOMG5 is characterized 

by severe renal magnesium wasting, progressive renal failure, nephrocalcinosis and severe 

visual impairment (Konrad et al., 2006). The characteristic features of enamel in HOMG5 

patients include yellow-brownish hypomaturation, hypoplastic enamel with pits and grooves 

as well as areas of total enamel absence (Yamaguti et al., 2017). 

 

Primary immunodeficiency-10 (IMD10 OMIM: 612783): IMD10 is a primary 

immunodeficiency syndrome caused by homozygous mutations in the STIM1 gene. STIM1, a 

plasma membrane protein, is a component of SOCE. The function of STIM1 in amelogenesis 

has been detailed in section 1.2.5.3 Ion transport in the maturation stage of Amelogenesis. 

IMD10 is characterized by recurrent infections, impaired T- and NK-cell function and 

decreased T-cell production of cytokines. Affected individuals may also have hypotonia, 

hypohidrosis, or AI (Parry, Holmes, et al., 2016). 

 

1.2.5.5.4 Environmental causes of enamel defects  

A recent review listed 114 environmental risk factors associated with developmental defects 

of enamel (DDE) of various aetiologies (Collignon et al., 2022). Environmental stressors 

affecting enamel development can be grouped by the timing of the exposure to the risk 

factors and the specific cellular processes affected by the risk factors. A higher frequency of 

DDE was associated with children who suffered from intrauterine malnutrition, maternal 

infections like toxaemia, Zika virus infection, rubella embryopathy, urinary tract infection, 

vitamin D deficiency, low calcaemia, gestational diabetes or maternal consumption of 
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alcohol, cigarettes or antibiotics (Purvis et al., 1973; Thomaz É et al., 2015; Via & Churchill, 

1959). DDE was also found to be correlated with a number of neonatal health factors, such 

as delivery difficulties, intrapartum haemorrhage, caesarean delivery, and low birth weight 

(Pitiphat et al., 2014; Via & Churchill, 1959). Severe diseases like chicken pox, 

hypocalcaemia, renal disorders, liver failure, or cancer and associated medications and 

treatment procedures, between the age of 0-3 years were also found to increase the risk of 

DDE in children (Rugg-Gunn et al., 1998; Silva et al., 2020). Chemical exposures of 

radioactive elements, chronic lead poisoning and excess fluorides were also reported to 

cause DDE. Putative biological mechanisms affected by environmental stressors leading to 

DDE are predicted to be phosphocalcic metabolism, inadequate blood supply or oxygen 

deficiency, infections affecting functions of immune system, conditions like asthma, severe 

allergies causing respiratory acidosis and abnormal oxygen level (Fraser & Nikiforuk, 1982; 

Silva et al., 2020). 

 

One of the most common and well-researched risk factors is excessive exposure to high 

fluoride levels during amelogenesis, leading to pitted, rough, or discoloured enamel which 

may also be more porous or chalky in texture (Wright, 2023). The prevalence of fluorosis is 

variable around the world, and is reported to affect around 60% of the population in the 

United States (Wiener et al., 2018). Depending on the amount of fluoride exposure, mineral 

composition and structure of the enamel can be affected to varying degrees, causing a mild 

to severe hypomineralised phenotype. A study in rats suggests fluorosis affects Wnt-

βcatenin, Hedgehog and Notch signalling pathways (Qiao et al., 2021). Studies conducted on 

ameloblast-like cell line provided evidence that fluoride exposure affected ER calcium 

signalling pathways and also caused ER stress (Aulestia et al., 2020; Kubota et al., 2005). 
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MIH (Molar incisor hypomineralisation) is another enamel abnormality thought to be caused 

by a combination of genetic and environmental factors affecting permanent molars and 

incisor teeth in children (Wright, 2023). The enamel phenotype in MIH is characterized by 

mild to severe hypomineralization with enamel loss, but only specific teeth are affected, 

distinguishing it from AI which affects all teeth (Lygidakis et al., 2010). It is reported that 

childhood illness from birth to three years of age, prenatal and postnatal stressors including 

maternal illness, prematurity, caesarean section birth, kidney diseases, urinary tract 

infections, gastric disorders all can be associated with MIH (Garot et al., 2022; Ghanim et al., 

2013). Bisphenol A (BPA), an endocrine-disrupting chemical (EDC), has been reported to 

increase the risk of developing MIH-like symptoms in rats (Jedeon et al., 2013). Genetic 

association studies reported that variants in a number of the genes involved in amelogenesis 

were found to be significantly correlated to susceptibility to develop MIH (Elzein et al., 2022; 

Jeremias et al., 2016). Another genetic association study also reported observing significant 

association between polymorphisms in immune response related genes and amelogenesis 

genes on the risk of developing MIH (Bussaneli et al., 2019). 

 

1.2.5.5.5 Impact of AI 

AI is a rare genetic disorder that severely affects the quality of oral health. The impact of AI 

can be significant on patients, their families, clinicians, and society as a whole. These 

impacts are reviewed below. 

 

The most direct impact of AI is on the patient's dental health. AI makes enamel thin and 

weak, leaving the teeth prone to pain and infection. Patients experience difficulties in eating, 

drinking, and maintaining oral hygiene in everyday life (Lakhani, 2021). There are also well-
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documented adverse psychosocial impacts of AI, with high levels of distress, social 

avoidance, embarrassment, isolation, and emotional problems (Pousette Lundgren et al., 

2016). The family of an AI child, especially the parents, also suffer from the increased 

financial burden of ongoing, often expensive treatment, and their everyday normal routine is 

significantly affected (Poulsen et al., 2008). They may experience guilt and shame for passing 

on a hereditary disorder to their children. Both parents and the affected child need support 

to face this challenge. It was suggested that there is a need for an anonymous OSG (online 

support group) for adolescents with AI and for their parents, which could be helpful in 

providing them with emotional and informational support to cope with the disease. 

However, more research is also needed to understand the adverse psychosocial effects of AI 

on children, adolescents and their parents, in order to formularize the functions and 

elements of an OSG (Sneller et al., 2014). 

 

There are currently no UK guidelines for the management of AI in children and adolescents. 

Studies have been conducted on the use of patient reported outcome measures (PROMs) in 

a group of children and young people with AI to assess the range of issues they experience in 

their daily life (Appelstrand et al., 2022; Lyne et al., 2021). PROMs are assessments 

completed by patients to provide information about their health, symptoms, quality of life, 

and treatment experiences. PROMs prioritize the patient's perspective and experiences, 

shifting the focus from disease-centred care to patient-centred care. The main outcome of 

these studies was that each patient experiences unique issues, many of which are not 

directly linked to the clinical presentation of AI, and early treatment strategies may improve 

patients’ satisfaction. These studies therefore recommended that clinicians incorporate 
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PROMs into routine clinical practice in order to explore all the individual's issues and 

concerns. 

 

The impact of treating AI on the national health service (NHS) and clinicians can be 

significant due to the complexities and costs associated with managing this rare condition. AI 

patients often require a multi-disciplinary approach to treatment, including restorative 

dentistry, orthodontics, and periodontics. Coordinating these treatments can be challenging 

for dentists (Ayers et al., 2004). Treating AI patients often requires innovative dental 

materials and techniques to restore and protect teeth with compromised enamel. Dentists 

may also need to provide emotional support to patients who may be dealing with self-

esteem issues, psychological challenges and financial burdens (Lafferty et al., 2021). 

 

Research on enamel is also challenging primarily due to the unique properties and 

characteristics of enamel tissue. Enamel is acellular; it lacks the ability to regenerate which 

limits the scope to study amelogenesis through traditional cell biology techniques. 

Amelogenesis in humans occurs during early gestational stages, which makes it inaccessible 

to study. Rodents are used as experimental models to study various aspects of 

amelogenesis. Rodents make excellent model for studying amelogenesis because they share 

evolutionary conserved EMPs, proteases and other proteins with humans, and rodents have 

constantly growing incisors and their genetics are well characterized (Pugach & Gibson, 

2014). However, there are several ethical issues associated with the use of animals in 

research. Scientists and public hold strong opposition to using animal in research for causing 

them pain and sufferings (Kiani et al., 2022). It is recommended that whenever possible, 

scientists should explore non-animal alternatives, such as cell cultures, computer modelling, 
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or in vitro studies, to replace or reduce the use of animals. Advances in cell culture 

techniques, stem-cell research, 3D tissue models, and organ-on-a-chip systems are 

improving the capabilities of in vitro experiments to mimic physiological processes more 

accurately, making them even more useful as alternatives to animal research (Swaters et al., 

2022). 

 

1.2.5.5.6 Clinical treatments for AI 

The management of patients with AI is often complex and demanding for the patient and 

their family, as well as for the clinicians. This is intensified by care being extended over many 

years, starting as young children and extending into adulthood. The evidence base for 

clinical decision-making in AI is extremely limited (Strauch & Hahnel, 2018). Accordingly, 

treatment choices can be dependent on the experience and opinion of the clinician 

providing care. 

 

While there is no cure for AI, various treatments are available to manage its symptoms and 

improve the appearance and function of affected teeth. The specific treatment approach 

depends on the AI type, the underlying enamel defect, the age of the patient and how 

severely the enamel has been damaged whilst in the mouth. Treatments that rely on 

bonding to enamel, such as sealants and composites are most likely to be effective where 

the enamel is well mineralised, such as in some forms of hypoplastic AI. By contrast, 

restorations that depend on bonding are unlikely to have good longevity where the enamel 

is poorly mineralised or includes protein, such as hypocalcified and hypomaturation AI. In 

these instances, full dental coverage or crowns may be a better option (Brunton et al., 2013). 
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Recently, the design of bioinspired peptides for tissue engineering and repair of enamel has 

attracted much interest among researchers in clinical dentistry, particularly in treating caries. 

A study was conducted on the application of amelogenin-inspired synthetic peptides with 

retained functional domains to mediate aprismatic enamel mineralization in vitro. This 

experiment showed that these peptides were able to promote oriented nucleation of layers 

of HAP crystals on human molar tooth enamel. However, further research is needed to reach 

the level of endurance, structural hierarchy, and scalability (from microns to millimetres) 

required for clinical applications of these peptides (Mukherjee et al., 2018). 

 

Once the enamel is fully developed, ameloblasts undergo apoptosis leaving enamel no 

capacity for cellular repair. This has prompted researchers to speculate as to whether it may 

be possible to intervene during enamel formation to prevent defects from developing at this 

early stage. It was observed that the p.Tyr64His mutation in AMELX resulted in a 

hypomaturation AI phenotype in mice similar to the phenotype observed in human X-linked 

AI. The disease phenotype in the mice was predicted to be caused by malfunctioning of the 

ameloblast secretory pathway as evidenced from the accumulation of amelogenins 

intracellularly. These intracellular amelogenins induced ER stress leading to ameloblast 

apoptosis in the mutant mice. This study further showed that oral application of 4-

phenylbutyrate (4-PBA) rescued the enamel phenotype in female mice that were 

heterozygous for the mutation but failed to do so in the male mice. As, females have two X 

chromosomes, the normal copy of the gene had partially compensated for the mutant copy, 

therefore, application of 4-PBA had improved the disease phenotype in females significantly. 

On the other hand, male mice being hemizygous for amelogenin produced exclusively 

mutant protein couldn’t be rescued by 4-PBA (Brookes et al., 2014). 4-PBA is an FDA 
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approved drug that acts as a chaperone protein in the treatment of human urea cycle 

disorders. 4-PBA can assist in protein folding and help maintain proper protein structure. 

These properties of 4-PBA have been shown to reduce ER stress response associated with 

the accumulation of unfolded or misfolded proteins. Although this finding raises the 

possibility of using chaperone therapy as a treatment for AI, the potential side effects 

associated with the dose of 4-PBA required to produce a therapeutic effect were such that 

other more effective chaperones need to be identified before this approach can be used 

clinically. 

 

Recently, researchers successfully differentiated hiPSC (human-induced pluripotent stem 

cell) derived cells with ameloblast-like characteristics. The differentiated cells demonstrated 

high ALP (alkaline phosphatase) activity and elevated expression of several odontogenesis 

specific genes COL1A1, RUNX2, Osterix, DSPP and DMP1. Success in differentiating 

ameloblast-like cells holds potential for modelling tooth-related diseases in order to better 

comprehend the disease mechanisms (Kim et al., 2023). 
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1.3 DNA Sequencing Technologies 

The primary aim of this project was to use new and improving DNA technologies to analyse a 

cohort of previously unsolved AI cases. DNA sequencing is the process of determining the 

type and order of nucleotides in a DNA molecule. Before the deciphering of the genetic 

code, scientists relied on various methods and approaches to study genetics and the 

heredity of traits. Classical genetics, pioneered by Gregor Mendel, relied on the observation 

of phenotypic traits and the principles of inheritance to understand genetic mechanisms. 

Selective breeding was used for centuries to improve the traits of plants and animals. In the 

early 20th century, Thomas Hunt Morgan and his colleagues created genetic maps by 

studying the inheritance patterns of genes on different chromosomes in fruit fly Drosophila 

melanogaster (Morgan, 1910). This work led to the identification of linked genes and the 

concept of recombination. In the mid-20th century, George Beadle and Edward Tatum's "one 

gene-one enzyme" hypothesis highlighted the connection between genes and enzymes, 

which was a significant step towards our understanding of the role of DNA in encoding 

genetic information (Beadle & Tatum, 1941). The Hershey-Chase experiment in the 1950s 

provided strong evidence for the role of DNA in carrying genetic information (Hershey & 

Chase, 1952). The discovery of the DNA double helix structure by James Watson, Francis 

Crick, Rosalind Franklin and Maurice Wilkins laid the foundation for understanding the 

structure of DNA (Watson & Crick, 1953). Then in the early 1960s Marshall Nirenberg, Har 

Govind Khorana and Robert William Holley worked together unravelling the genetic code by 

which DNA encodes information for the synthesis of proteins ("Nobel Prizes for Medicine, 

1968," 1968). The elucidation of the genetic code was a critical step in our understanding of 

how the information stored in DNA is translated into the proteins that carry out the 

functions of life. The breakthrough in DNA sequencing came in 1970s with the development 
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of methods that could directly decode the genetic information contained in DNA molecules. 

After that, DNA sequencing technologies have evolved significantly, especially over the last 

decade, offering various methods with differing principles, read lengths, costs, and 

applications. A summary of the key milestones in the history of DNA sequencing are outlined 

below. 

 

1.3.1 First generation DNA sequencing 

Frederick Sanger is considered to be the pioneer of DNA sequencing. He developed a 

method to determine the type and order of nucleotides in a DNA molecule, based on the 

selective incorporation of dideoxynucleotides (ddNTP), into the DNA molecule as base-

specific chain terminators (Sanger et al., 1977). At the same time, Allan Maxam and Walter 

Gilbert also introduced a DNA sequencing method based on chemical modification of DNA 

followed by cleavage at specific bases (Maxam & Gilbert, 1977). However, the Maxam-

Gilbert method lost popularity soon afterwards because it was lengthy, required the use of 

hazardous materials and only allowed sequencing of up to 500 base pairs. On the other 

hand, the chain termination method developed by Frederick Sanger gained popularity and is 

still widely used in research areas that require sequencing of single small stretches of DNA 

quickly (Daniels et al., 2021; Sanger et al., 1977b). Improvements were made to the 

technique over time, and several more advanced sequencing technologies were built based 

on the chain termination method. The mechanism of the chain termination method is 

described below. 
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1.3.1.1 Chain-termination sequencing 

In the chain-termination method of DNA sequencing, the DNA template is denatured and a 

DNA primer is annealed to a specific region of the DNA template to provide a starting point 

for DNA synthesis. DNA polymerase synthesizes a new DNA strand from the 3' end of the 

primer and proceeds in the 5' to 3' direction along the template strand in the presence of 

regular deoxynucleotidetriphosphates (dNTPs: A, C, T, G), and 

dideoxynucleotidetriphosphates (ddNTPs). The ddNTPs lack the 3'-OH group that forms the 

phosphodiester bond between adjacent nucleotides and are fluorescently labelled. 

Therefore, when a ddNTP gets incorporated in the growing DNA strand, the DNA extension 

ceases (Sanger et al., 1977a). The labelled DNA fragments are size separated by gel 

electrophoresis and visualized using a laser or ultraviolet (UV) light source. The fluorescence 

emitted by the labelled nucleotides is detected and recorded, revealing the sequence of 

bases in each fragment. The output file, generated from specialist basecalling software, 

produces a chromatogram which shows corresponding nucleotide (A, T, C, G) at each 

position along the sequence (Slatko et al., 2011). The trace in the chromatogram is often 

referred to as an electropherogram, representing the fluorescence intensity over time, as 

the DNA fragments pass through the detector. A schematic illustration of chain termination 

method is provided in Figure 1. 8.  
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Figure 1. 8 Schematic of chain termination method. 

The schematic details the steps of the chain termination method developed by Frederick 

Sanger. In this method, DNA synthesis is performed using a mixture of dNTPs and ddNTPs. 

DNA synthesis continues, using dNTPs, until there is incorporation of a ddNTP, at which point 

extension ceases. The terminal ddNTP labelled with a fluorophore that fluoresces at a 

wavelength that is specific to the corresponding base (A, T, C, G). A detector records the 

emitted fluorescent signal as peaks on a chromatogram. The order and timing of these peaks 

represents the sequence of bases in the original DNA strand. The sequence is determined by 

reading the DNA fragments from the smallest to the largest. Image reproduced with 

permission from Estevezj, https://commons.wikimedia.org/w/index.php?curid=23264166). 

 

https://commons.wikimedia.org/w/index.php?curid=23264166
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1.3.2 Next generation sequencing (NGS) 

Three decades after the Sanger sequencing was first described, a significant technological 

breakthrough in DNA sequencing occurred with the introduction and subsequent ubiquitous 

adoption of next generation sequencing (NGS) or massively parallel sequencing. This 

approach allows the concurrent sequencing of millions of short (typically 150-bp) DNA 

fragments from both ends (paired-end), at relatively low cost and high accuracy, with the 

potential for large-scale multiplexing (Metzker, 2010). 

 

Library preparation 

The predominant approach of most NGS platforms is sequencing-by-synthesis (SBS), which 

allows the detection of a cluster of bases as they are incorporated into DNA strands that are 

immobilised on a fixed surface (Bentley et al., 2008). DNA libraries are prepared by random 

fragmentation of the double stranded DNA template followed by the addition of sequencing 

adaptors at each end of their double stranded terminal ends. The DNA libraries are typically 

PCR amplified to increase their molarity prior to sequencing. A unique DNA barcode is also 

incorporated into each fragment to allow multiple samples to be analysed in a single run 

(Linnarsson, 2010). The sequencing involves generating two sequences for each DNA 

fragment one from each end of the fragment, called paired-end sequencing. In the early 

days of NGS, several competing platforms emerged offering different technical versions of 

massively parallel sequencing. Ultimately, SBS, using platforms manufactured by Illumina, 

now dominate the field. 

 

 

 



73 
 

 
 

Sequencing 

Illumina short-read paired-end sequencing starts with denaturing double stranded DNA 

libraries into single strands which are loaded onto a patterned flowcell. Patterned flow cells 

contain billions of nano-wells at fixed locations, embedded with oligonucleotides 

complementary to the sequencing adapters. Once a single stranded DNA molecule binds to a 

seeding primer within a single nanowell, it starts cluster generation (making many copies of 

itself) immediately and rapidly before a second molecule is seeded in the same location. This 

process, called exclusion amplification, enables clonal amplification from a single DNA 

template. After cluster generation finishes, sequencing primers are hybridized to the DNA 

strands in each cluster. A sequencing reaction mix containing all four fluorescently labelled 

reversible terminator-bound dNTPs and DNA polymerase are allowed to flow over the 

flowcell. When a dNTP is incorporated in a cycle, the attached flurorophore is excited and 

images are captured by a camera or detector from each cluster or spot. All fluorescently 

labelled dNTPs include a block that prevents addition of more than one nucleotide in one 

cycle. After the image is captured in a cycle, the incorporated dNTP is deblocked, the 

fluorescent component is removed and another cycle begins. This repeated process of 

incorporation, excision and imaging continues for a fixed number of cycles (typically 150) to 

generate the first single read, called ‘read 1’. This process is also repeated to generate a 

second read, ‘read 2’ by sequencing the other end of the same DNA fragment. The 

wavelength of the fluorescent signal indicates which base has been incorporated into the 

growing DNA strand cluster in each nano well. This process is massively parallel across 

millions of fragments (Yoshinaga et al., 2018). A schematic representation of sequencing by 

synthesis (SBS) technology is illustrated in Figure 1. 9. 
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Figure 1. 9 Sequencing by synthesis (SBS) method. 

The schematic details the steps of SBS technology used by Illumina platforms. In the first 

step, fluorescently tagged nucleotides are incorporated into the growing DNA strand. Each of 

the four dNTPs have a unique fluorescent label that, when excited, emits a characteristic 

wavelength when added to the template DNA. A computer records all of the emissions, and 

from this data, base calls are made. 
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Base calling 

After sequencing has finished, the instrument control software processes the raw 

fluorescence images saved as a TIFF (tag image file format) files into CIF (common 

intermediate format) files. The control software then extracts the signal intensities of each 

unique wavelength from the CIF file, converting them into a series of base calls for each 

cluster into a BCL (binary base call) file. Once the signals are processed, a basecalling 

algorithm assigns a base (A, T, C, G) to each cluster or spot, for each cycle, based on the 

intensity and characteristics of the fluorescent signals. In addition to assigning a base, the 

basecalling software generates per-base quality scores. The quality score is often a Phred-

scaled quality value that reflects the probability of an incorrect base call. Higher Phred 

scores indicate higher confidence in the base call. For example, a Phred score of 20 

corresponds to an accuracy rate of 99%, while a Phred score of 30 corresponds to an 

accuracy rate of 99.9%. The emitted file is generated in FASTQ format, a four line repeating 

file structure for each reads (Wang et al., 2015). FASTQ files are used for further analysis, 

using bioinformatics tools and software, to align and interpret the sequence, identify 

variations, and extract meaningful biological information. 

 

Since it was initially introduced, the sequence yield from NGS instruments has been 

iteratively increased, library preparation workflows have been simplified and instrument run 

times have decreased (owing to improvements in sequencing chemistry and improved image 

capture hardware). As a result, NGS has been universally adopted to fit a wide range of 

applications for both small and large scale research projects. 
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1.3.2.1 Whole exome sequencing  

NGS has a wide range of applications in various medical fields, enabling more precise 

diagnoses, personalized treatments, and advancements in research. Some key NGS 

applications are, whole genome sequencing (WGS), RNA sequencing (RNAseq), whole exome 

sequencing (WES) and methylation sequencing. 

 

WES is a targeted approach focuses exclusively on sequencing the exome, which represents 

approximately 1% of the genome. The exome describes the transcribed regions of genes and 

includes the protein-coding regions where the majority of disease-causing mutations are 

located. WES employs a hybridization-based target enrichment method that uses a pool of 

biotinylated oligonucleotide (RNA) probes complimentary to a predefined set of exons. DNA 

libraries are made by adding platform specific sequencing adapters to the DNA by PCR, 

which also generates enough materials for subsequent capture hybridization. Biotinylated 

probes are hybridized to target genomic sequences, allowing subsequent capture of the 

exons by magnetic streptavidin beads. A post-capture PCR is performed to increase the 

number of captured DNA libraries for high-throughput DNA sequencing. The basic workflow 

for WGS library preparation is similar to that of WES, however it lacks a hybridization capture 

target enrichment step, allowing sequencing the entire genome including both coding 

regions (exons) and non-coding regions (introns, intergenic regions). Generally, WES is more 

cost-effective than WGS because it sequences only a fraction of the genome. WGS generates 

a larger volume of data due to sequencing the entire genome and requires more storage and 

computational resources for data analysis. On the other hand, WES generates a smaller 

volume of data, making it more manageable for analysis and storage. 
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A custom target enrichment probe technique is also available provided by some commercial 

vendors to selectively capture any coding or non-coding regions of the genome. This allows 

researchers to design custom panels or probes to selectively sequence particular genes, 

genomic regions, or regions associated with a specific research question or disease (Li et al., 

2010). 

 

1.3.2.2 NGS data analysis 

Analysis of next-generation sequencing (NGS) data is a complex, multi-step, process that 

requires a number of consecutively arranged components. Data analysis is computationally 

intensive, requiring a high-performance computing system, adequate data storage capacity 

and a reliable data management system (S. Pabinger et al., 2014). General guidelines on the 

different steps involved in NGS data analysis are described below. The workflow may vary 

depending on the specific objectives of the study or clinical applications. Custom analysis 

scripts and workflows are typically deployed to address specific research questions. WES 

specific data analysis pipeline can be found in Appendix 6. 

 

Data analysis begins by assessing the quality of raw sequencing data using tools such as 

FastQC to determine the proportion of low-quality reads, adapter contamination, and 

overrepresented sequences. Adaptor trimming and low-quality data filtering are essential 

preprocessing steps in NGS data analysis to ensure the accuracy and reliability of 

downstream analyses. A bioinformatic tool called Cutadapt (short form of cut adaptor) can 

identify and remove adaptors, primers and low quality bases from the NGS data. The next 

step is read alignment and mapping to a suitable reference genome. BWA (Burrows-Wheeler 

Aligner) is a bioinformatics tool used for aligning DNA sequencing reads to a reference 
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genome. BWA starts by finding short, exact matches between the sequencing read and the 

reference genome. Then it extends the matching process to create longer alignment 

candidates. BWA assigns a score to each alignment candidate, taking into account factors like 

mismatches, gap openings, and quality scores of the sequencing read. The alignment with 

the highest score is reported, which includes information about the location in the reference 

genome where the read aligns, as well as any mismatches or gaps. BWA typically generates 

output files in the Sequence Alignment/Map (SAM) or Binary Alignment/Map (BAM file) 

format. Example of other aligners are Bowtie2 and minimap2. 

 

The next step in a data processing pipeline is the removal of PCR duplicates from the 

mapped reads. PCR duplicates are copies of the original DNA fragment and are defined as 

having identical mapping coordinates between mapped read pairs. They occur due to the 

PCR amplification step during library preparation. Identifying and removing these duplicates 

is crucial to avoid biases and inaccuracies in variant calling. Samtools or Picard are 

programmes that are commonly used for the manipulation of high throughput sequencing 

data and include functions such as file format conversion, and the sorting of alignment files 

by mapping coordinate. Picard can identify and mark PCR duplicates in the sorted BAM file 

allowing their removal from downstream analysis steps. 

 

The identification of non-reference base (variant calling) is often performed using the 

HaplotypeCaller a tool in the Genome Analysis Toolkit (GATK). The HaplotypeCaller is a 

robust tool for identifying single nucleotide polymorphisms (SNPs) and small 

insertions/deletions (indels) from high-throughput sequencing data. Variants can be 

annotated using tools such as VEP (Variant Effect Predictor) to predict functional 
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consequences and determine allele frequencies in population databases (Stephan Pabinger 

et al., 2014). 

 

The Integrative Genomics Viewer (IGV) is a powerful and widely used software tool for 

visualizing and exploring genomic data in a graphical and interactive way (Robinson et al., 

2022). IGV allows the viewing of aligned sequence reads (BAM files) and is platform agnostic. 

This allows it to be used as the end-point interface for a variety of data processing pipelines. 

 

1.3.2.3 Single molecule molecular inversion probes (smMIPs) 

Despite improvements to WES, both customized and non-customized targeted hybridisation 

capture workflows are still complex, time-intensive, have high per-sample reagent costs, and 

have no or limited flexibility to reformulate the protocol if the regions of interest change 

over time. Furthermore, targeted hybridisation sequencing remains poor for the reliable 

detection of subclonal variations that have allele frequency less than 1% (a parameter that is 

of particular interest to the oncology field). Hiatt and colleagues (Hiatt et al., 2013) 

optimized a simple and scalable, massively parallel sequencing-based method for the 

detection of low frequency somatic variation in cancer causing genes. The method is called 

the molecular inversion probes (MIP) technique and was originally developed for detecting 

SNPs for patients with immunoglobin nephropathy or Berger’s disease (Hardenbol et al., 

2003). The technique was further improved by incorporating a series of random nucleotides, 

the unique molecular identifiers (UMIs), to the MIP backbone to capture single molecular 

events and distinguish them from PCR duplicates (Turner et al., 2009). PCR duplicates result 

in an overrepresentation of sequences in the sequence data. This skews the representation 

of genomic regions, potentially masking low-abundance variants and affecting the accuracy 
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of variant calling, leading to the identification of false-positive variants or an inaccurate 

estimation of variant allele frequencies. The combination of MIPs and single molecule 

tagging created an ultra-sensitive assay called single molecule molecular inversion probes 

(smMIPs). The smMIPs approach uses a PCR based targeted sequencing method to 

selectively capture many genomic positions of interest in hundreds of samples 

simultaneously. The library preparation method allows target amplification without the need 

for the target-capture steps required by WES. The method is also cost-effective and can be 

used to analyse small quantities of degraded DNA (Cantsilieris et al., 2017; Hiatt et al., 2013). 

 

The smMIPs method involves designing oligonucleotide probes consisting of a common DNA 

backbone flanked by target-specific sequences located at the 3’ and 5’-end called extension 

and ligation arms. These arms hybridize to the complementary sequence at the target DNA 

in the same way as PCR primers, but they are physically linked. A DNA polymerase fills the 

gap between the arms, this being the target region of interest. Finally, the probe is 

circularized with the addition of DNA ligase. The circular target is then amplified by PCR 

using universal primers complementary to the smMIP backbone. The primers contain 

sequencer specific sequences which are added to the target during the PCR, making the final 

PCR product ready for sequencing. The integration of UMIs uniquely tags each individual 

clone in the starting library to track single molecular events and removes PCR duplicates 

from the bioinformatics analysis, providing sensitive detection of variants at low frequencies 

(Hardenbol et al., 2003; Hiatt et al., 2013). Features of a smMIP probe is presented in Figure 

1. 10. 
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Figure 1. 10 Features of a smMIP probe. 

The schematic illustrates an smMIP probe consisting of a common DNA backbone flanked by 

gene-specific sequences at both ends; these are termed extension and ligation arms. A short 

stretch of random bases (UMIs) are incorporated in the backbone to capture each single 

molecular event. Complementary sequences for universal primers are located in the probe 

backbone. 
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1.3.3 Third generation sequencing 

The low-cost, high-throughput, capability of NGS has resulted in its universal adoption. 

However, one cited limitation is the production of relatively short sequence reads, typically 

150bp in length. This limits the scope of analysis for a number of applications. For example, 

assembling a complete genome or transcriptome, through complex or repetitive regions 

remains challenging using short-read data. The assembly approach considers highly similar 

sequences to have originated from the same genomic location, and therefore often fails to 

map the repetitive regions that are scattered throughout the genome sequence correctly. 

Instead these are algorithmically collapsed into only a few sequences due to their similarity, 

producing an incorrect genome assembly (Baptista et al., 2018). Resolving large, complex 

structural variants, including insertions, deletions, duplications, inversions and 

translocations, is also difficult using short read sequence data because the read lengths are 

insufficient to detect the breakpoints of these changes (Snyder et al., 2015). Haplotype 

analysis, detecting inheritance patterns of genetic variants and assigning parental origin of 

de novo variants are also not within the scope of short-read sequencing analysis because it 

represents the sample as a haploid genome, introducing assembly errors in regions that 

diverge between haplotypes (Snyder et al., 2015; Vinson et al., 2005). 

 

Long-read sequencing technologies address many of these limitations by enabling the 

sequencing of DNA fragments thousands, to tens of thousands of bases in length, providing 

a more comprehensive view of the genome. Long-read sequencing can produce megabase-

scale phase blocks at chromosome scale, enabling the study of complex genomic features, 

repetitive regions and structural variations with reduced number of gaps or biases. Also, it is 
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possible to get DNA methylation information by analysing native genomic DNA (Lin et al., 

2022). It also facilitates the identification and characterization of full-length transcripts and 

alternative splicing events by direct sequencing of the single-molecule native RNA without 

the need for amplification and reverse transcription (Loman & Watson, 2015). This has 

enabled the detection of isoform diversity, providing a more comprehensive understanding 

of the transcriptome and its functional implications (Logsdon et al., 2020). These benefits 

have broad implications in fields such as genomics, genetics, evolutionary biology, and 

precision medicine. Currently, Oxford Nanopore Technology (ONT) and Pacific Biosciences 

(PacBio) are the two most popular platforms, providing efficient long-read sequencing (Lu et 

al., 2016; Wenger et al., 2019). The workflows for these technologies are provided below. 

 

1.3.3.1 Nanopore sequencing 

Developed by Oxford Nanopore Technologies (ONT), nanopore sequencing works by passing 

single-stranded DNA or RNA molecules through a tiny protein pore. A sequencing flow-cell 

contains an array of nanopores, each with its own corresponding electrode connected to a 

channel and sensor chip, which measures electric current that flows through the individual 

nanopore. When the DNA or RNA molecule passes through the nanopore, a series of bases 

within the pore disrupt the flow of hydrogen ion producing a characteristic decrease in the 

current amplitude, which gets recorded by a detector. The change in the current provides 

information about the nucleotide sequence of the molecule, in real-time (Clarke et al., 

2009). ONT enables the attainment of a sequence read length up to 100 kb. ONT provides 

various types of flow cells, each offering variable data output capacities. For instance, a 

PromethION flow cell can generate up to 100 Gb (gigabase) of data. A graphic illustration of 

the nanopore sequencing process is shown in Figure 1. 11. 
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Figure 1. 11 Schematic representation of nanopore sequencing. 

A schematic illustrating the process of nanopore sequencing. A single-stranded DNA 

molecule passes through a nanopore disrupts a continuous electrical current. The change in 

the current is recorded, providing information about the nucleotide sequence of the DNA 

molecule. The image was adapted with permission from DataBase Center for Life Science 

(DBCLS), https://commons.wikimedia.org/w/index.php?curid=86372818. 
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1.3.3.2 PacBio/SMRT sequencing 

PacBio uses SMRT (Single-Molecule, Real-Time) technology to sequence read lengths up to 

25 kb with 99.99% accuracy and can generate data in the range of several Gb to over 100 Gb 

per run, depending on the specific instrument and chemistry version (John Eid et al., 2009). 

Below is an overview and description of the key features of SMRT technology. 

 

Principle of SMRT Technology 

SMRT bell library preparation begins with the generation of blunt-end high quality, high 

molecular weight double stranded DNA (250 bp to greater than 25 kb). The double stranded 

template DNA is then circularized by adding SMRT bell hairpin adaptors. SMRT Bell adapters 

provide a binding site for a sequencing primer from which DNA sequencing is primed. The 

circular DNA template allows sequencing of both forward and reverse DNA strands 

simultaneously. Sequencing primers and DNA polymerases are added to the library and 

placed on the PacBio instrument for sequencing. A schematic representation of SMRT bell 

library preparation and sequencing is displayed in Figure 1. 12. 

 

The polymerase used in PacBio sequencing is highly processive, meaning it can remain 

attached to the DNA template for an extended period, allowing sequencing of long DNA 

fragments in a single pass (J. Eid et al., 2009). Also, it is designed to have high fidelity by 

reading the molecule multiple times, which is crucial for generating accurate sequencing 

data. The core of SMRT sequencing is the SMRT cell, which is a small, disposable, and 

microfabricated device that serves as a sequencing chamber. Within the SMRT cell, there are 

millions of tiny wells called zero mode waveguides (ZMW). Each ZMW is a nanoscale well. A 

DNA template-polymerase complex is immobilized at the bottom of the ZMW. 



86 
 

 
 

Phospholinked dNTPs each labelled with a different coloured fluorophore are introduced 

into the ZMWs. As the DNA polymerase incorporates nucleotides during sequencing, the 

fluorescent signal generated by each nucleotide is detected by sensitive detectors within the 

ZMW (Korlach et al., 2008). The signal is detected in real-time using specialized optical 

systems, and the dynamics of the fluorescence signals determines the DNA sequences. 
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Figure 1. 12 Schematic illustration of SMRT bell sequencing. 

A schematic illustration of SMRT-bell sequencing. The circular SMRT bell library is prepared 

by adding hairpin adaptors to the double stranded template DNA. As the DNA polymerase 

synthesizes the complementary strand, the incorporation of nucleotides emits light pulses 

that get detected by the SMRT cell's optical system in real-time for sequence determination. 
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1.4 Aims 

Following the ubiquitous adoption of NGS, WES had become the preferred approach to AI 

research over the past decade. As a result, 20 novel genes were discovered to be associated 

with NS AI and 95 syndromes have been reported to have an enamel phenotype among 

their disease description in OMIM (Wright, 2023). Identifying disease associated genes and 

further studying the molecular pathways implicated in AI has increased our understanding of 

disease pathogenesis, benefitting AI patients and dentists around the world. However, there 

are still many AI families for whom it was not possible to determine a genetic diagnosis. The 

primary objective of this project was to develop a custom DNA sequencing reagent using 

smMIPs, for rapid, relatively low cost first-pass sequencing of genomic DNA from AI patients, 

that would enable sequencing of the coding and splicing site regions of the genes known to 

be associated with NS AI. The method aimed to provide flexibility in including or excluding 

further target regions later point, and to be cheaper than other conventional targeted DNA 

sequencing approaches. Consequently, this project began with an attempt to develop a low-

cost rapid screening method applicable to a cohort of 181 AI patients. We subsequently 

directed our limited WES resources towards families negative for coding or splice site 

variants in known genes, to identify novel disease-associated genes underlying AI. 

 

The aims of this project were to: 

1. Develop and validate a targeted DNA sequencing method, single molecule molecular 

inversion probes (smMIPs), for the sequencing of coding and splice-site regions of 

nineteen genes known to cause NS AI. 
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2. Use the smMIPs reagent to screen all the unsolved cases in the Leeds AI cohort, to 

determine what proportion of cases are accounted for by mutations in the known 

genes. 

3. Test the hypothesis that more genes underlying AI remain to be identified, by 

studying AI cases/families negative for smMIPs-AI gene panel analysis by whole 

exome sequencing (WES). 
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CHAPTER 2 A targeted smMIPs screen of non-syndromic Amelogenesis Imperfecta 
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This chapter introduces the subsequent paper, providing crucial background information, 
outlining the rationale for the research, detailing methodologies employed, and 
acknowledging the significant contributions made by other collaborators to enrich the 
overall work. 
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2.1 Research Rationale 

This paper describes the development of a targeted screening reagent using single molecule 

Molecular Inversion Probe (smMIPs) technology, for the genetic analysis of patients with AI 

and details how it was successfully deployed to provide a molecular diagnosis for unsolved 

AI cases. The primary goal was to develop a sequencing workflow for targeted sequencing of 

the 19 genes known to harbour pathogenic variants causing NS AI, which could then be used 

routinely as a first screen for AI patients. These genes were selected on the basis that, in 

prior screening of cases from the Leeds AI cohort, they had comprised a significant 

proportion of the mutation spectrum associated with AI, and they were composed of a 

relatively small number of exons, requiring fewer probes to cover the target regions. The 

genes LAMA3, LAMC2 and COL7A1 were not included in the panel because they are large, 

and the contribution of these genes to the development of the AI phenotype was not 

established in the literature.  

 

In the past, WES had been used by the Leeds group and others to identify genetic variants in 

AI patients. WES focuses on sequencing all approximately 20,000 (Frankish et al., 2019) 

protein-coding genes of the human genome, which is both time- and money-intensive. By 

contrast, the smMIPs method that we report has been devised to target only the protein 

coding and splice-site regions of 19 genes known to cause NS AI. The workflow requires less 

sequence yield than WES, is less challenging to analyse, constitutes less of a data storage 

issue thereafter and is quicker and cheaper. NHS England has commissioned genetic testing 

for AI patients. The eligibility criteria that are detailed in the national genomic test directory 

indicate that a patient should be referred by a specialist dentist, and the proband is eligible 

for a WES/medium panel genetic screen/CNV detection by MLPA (multiplex ligation-
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dependent probe amplification). Since the AI research community does not have access to 

this service, smMIPs screening could provide a quick pre-screen for AI patients, or additional 

family members, for research purposes. 

 

A further rationale for developing a targeted genetic screening method was to keep the 

analysis focused on genes already implicated in AI. Traditional genetic testing risks the 

discovery of incidental/secondary findings that raise ethical questions about how and when 

to communicate these findings to the individual who underwent testing or participated in 

research. Incidental genetic findings refer to unexpected genetic information that is 

discovered during a genetic test or research but is unrelated to the primary purpose of the 

testing or study. In contrast secondary (or pertinent) genetic findings refer to genetic 

information that is deliberately sought out or analysed as part of a genetic test or research 

study but is separate from the primary reason for the testing or research. The ACMG 

(American College of Medical Genetics and Genomics) has published a position statement, 

which recommends that pathogenic and likely pathogenic variants in 73 genes, associated 

mainly with hereditary cancer and cardiac disease, should be reported for patients 

undergoing diagnostic genetic testing (Miller et al., 2021). The question of whether 

incidental findings should be communicated to patients, particularly those who represent 

paediatric groups, remains contentious. It is important to note that the utility of these 

findings is context-specific and can vary based on the specific genetic variants, the 

healthcare setting, and the individual's values and preferences. A thoughtful approach to 

informed consent, genetic counselling, and clear communication of findings is essential to 

maximize their utility while respecting individual choices and autonomy. A focused genetic 

screening approach like smMIPs side-steps this issue by reducing the likelihood of 
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encountering incidental findings, as it intentionally avoids sequencing regions of the genome 

that are unrelated to the primary research or clinical question. 

 

2.2 Research Contribution 

Patients were diagnosed and recruited either by my supervisor Dr Alan Mighell or by other 

dental colleagues who collaborate with him. With oversight from my supervisory team, I 

designed the research study, planned, and undertook all the wet laboratory work, carried 

out all the data analysis and drafted the manuscript. All of the variants detected by smMIPs 

screening were further confirmed and segregated in available family members by Sanger 

sequencing. I designed PCR primers targeting all these variants, and under my supervision, 

Lu Liu, a technician funded by the Rosetrees Trust, carried out the wet laboratory work 

required to complete this Sanger sequencing. Some key steps of method development are 

described below. 

 

2.2.1 Designing smMIPs probes using MIPGEN 

I used the MIPGEN package available at https://github.com/shendurelab/MIPGEN (Hiatt et 

al., 2013) to design smMIPs probes targeting coding and splice-site regions of 19 genes 

causing non-syndromic AI. MIPGEN needs a C + + compiler and was used in conjunction with 

the human reference genome build hg19. Dr James Poulter installed the software on a local 

server. I then designed smMIPs probes for the AI gene panel using the Unix command line 

and Python. Details of the MIPGEN workflow are included in Appendix 1. 

 

https://github.com/shendurelab/MIPGEN
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2.2.2 Sample preparation for smMIPs screening 

I have used the smMIPs probe-based approach for preparing sequencing libraries for patient 

DNA and carried out the laboratory work required for library preparation for smMIPs 

sequencing. In brief, the steps involved in smMIPs library preparation are probe pooling, 

probe phosphorylation, target capture and ligation, exonuclease treatment, and post-

capture PCR amplification (Cantsilieris et al., 2017). Sequencing was carried out using SBS 

chemistry on platforms manufactured by Illumina. Depending on the number of patients 

included in the experiment, this was analysed on either the MiSeq or NextSeq500. To 

sequence smMIPs libraries using an Illumina sequencer, custom sequencing primers were 

required; details of these primers are included in Appendix 2. The protocol for sequencing 

smMIPs libraries using MiSeq and NextSeq platforms are provided in Appendix 3.  

 

2.2.3 Data analysis 

To process the smMIPs data, Dr Christopher Watson deployed an in-house data processing 

pipeline that was based on the MIPVAR v.0.7.17 (https://sourceforge.net/projects/mipvar/) 

framework. MIPVAR is a Java application that uses the bioinformatics tools BWA (v.0.7.12), 

GATK (v.3.2.2) and BEDTools (v.2.24.0). I received training from Dr Watson on installing 

required software using Bioconda and on how to perform analysis using the pipeline. I then 

carried out data analysis for variant identification and analysed results for all the patients’ 

samples included in this study. Details of the commands used to process the smMIPs data 

are provided in Appendix 4. 

 

https://sourceforge.net/projects/mipvar/
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2.2.4 Additional methodology 

Details of the probe design, library preparation, sequencing and data analysis are included in 

the manuscript. 
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CHAPTER 3 Novel ameloblastin variants, contrasting Amelogenesis Imperfecta phenotypes  

Hany U, Watson CM, Liu L, Nikolopoulos G, Smith CEL, Poulter JA, Brown CJ, Patel A, Rodd 
HD, Balmer R, Harfoush A, Al-Jawad M, Inglehearn CF, Mighell AJ. Novel Ameloblastin 
Variants, Contrasting Amelogenesis Imperfecta Phenotypes. J Dent Res. 2024 Jan;103(1):22-
30. doi: 10.1177/00220345231203694. Epub 2023 Dec 6. PMID: 38058155; PMCID: 
PMC10734210. 
 
This chapter introduces the subsequent paper, providing crucial background information, 
outlining the rationale for the research, detailing methodologies employed, and 
acknowledging the significant contributions made by other collaborators to enrich the 
overall work. 
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3.1 Research Rationale 

This paper summarizes findings specifically related to AI caused by variants in the AMBN gene. 

Reported data were from both the smMIPs screen and subsequent WES screening of cases 

unsolved by smMIPs analysis. AMBN plays a critical role in amelogenesis, and biallelic variants 

in AMBN are known to cause AR AI (Poulter, Murillo, et al., 2014). However, the suggestion 

that dominant AI can be caused by monoallelic AMBN variants remains controversial. There 

was only one study that reported a heterozygous AMBN variant p.(Pro357Ser) in patients with 

a mixed AI and DI (dentinogenesis imperfecta) phenotype that segregated in a large family 

with a clear dominant pattern of inheritance (Lu et al., 2018). In our study, we detected five 

novel AMBN variants, in combinations that constituted both monoallelic and biallelic 

genotypes, in eleven families with contrasting AI phenotypes that correlated with their 

underlying genotypes. In this paper we discussed the potential molecular mechanisms behind 

these differing phenotypes and evaluated possible disease mechanisms for both dominant 

and recessive AI caused by AMBN mutation. 

 

To validate the hypothesis that AMBN variants can cause dominantly inherited AI we further 

investigated monoallelic cases by sequencing the entire AMBN gene, using long-read 

nanopore reads, to look for second variants in the non-coding regions (introns and promoters) 

and determine the phase (whether or not they are arranged in trans) when multiple variants 

were found. Using these long-read data we were able to carry out haplotype analysis of three 

variants that were shared by multiple families, to confirm inheritance from a common 

ancestor. 
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3.2 Research Contribution 

Patients were diagnosed and recruited either by my supervisor Dr Alan Mighell or by other 

dental colleagues who collaborate with him. I carried out the wet laboratory work including 

smMIPs, WES, and long-read sequencing for all the patients involved in this study. As 

previously and again under my supervision, Lu Liu performed the wet laboratory work for the 

Sanger sequencing. I analysed the data generated using the three sequencing techniques. I 

wrote the first draft of the paper and managed the master copy, entering feedback from 

others during the writing process. 

 

3.2.1 Additional methodology 

Further details of the methodology are reported in the manuscript. 
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CHAPTER 4 Heterozygous COL17A1 variants are a frequent cause of Amelogenesis 

Imperfecta  

Hany U, Watson CM, Liu L, Smith CEL, Harfoush A, Poulter JA, Nikolopoulos G, Balmer 
R, Brown CJ, Patel A, Simmonds J, Charlton R, Acosta de Camargo MG, Rodd HD, Jafri H, 
Antanaviciute A, Moffat M, Al-Jawad M, Inglehearn CF, Mighell AJ. Heterozygous 
COL17A1 variants are a frequent cause of amelogenesis imperfecta. J Med Genet. 2023 
Nov 18:jmg-2023-109510. doi: 10.1136/jmg-2023-109510. Epub ahead of print. PMID: 
37979963. 
 
 
This chapter introduces the subsequent paper, providing crucial background 
information, outlining the rationale for the research, detailing methodologies 
employed, and acknowledging the significant contributions made by other 
collaborators to enrich the overall work. 
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4.1 Research Rationale 

This paper describes findings from the smMIPs screen and subsequent WES analyses 

specifically relating to AI due to variants in COL17A1, and the potential links to skin and 

corneal disease. It is well documented in the literature that biallelic COL17A1 variants 

are a cause of Junctional Epidermolysis Bullosa (JEB; OMIM: 619787) (Has et al., 2020), 

and that monoallelic COL17A1 variants cause the corneal dystrophy Epithelial 

Recurrent Erosion Dystrophy (ERED; OMIM: 122400) (Jonsson et al., 2015). However, 

despite recognition that heterozygous carriers in JEB families can have AI, 

heterozygous COL17A1 variants are not listed in the OMIM database (www.omim.org) 

as a cause of dominant non-syndromic AI. They are described in association with JEB, 

but only via the non-specific term ‘enamel hypoplasia’. Interestingly, we found that 

COL17A1 gene variants are the most frequent cause of dominant AI in our cohort. We 

reported seventeen heterozygous, potentially pathogenic COL17A1 variants causing 

non-syndromic AI in nineteen unrelated families. All the families share a common 

phenotype in which enamel has near normal thickness but variable focal hypoplasia, 

with surface irregularities including pitting. We showed that the mutation spectra for 

JEB, ERED, and AI were comparable, and that there may be some mutations that are 

involved in causing two or even all three conditions. Therefore, we propose that 

patients with these three conditions, caused by COL17A1 variants, require 

multidisciplinary care, and that people with AI and ERED caused by COL17A1 variants 

should be treated as potential JEB carriers and given the appropriate counselling. A 

further important consideration is that carriers in JEB families may require additional 

dental and ophthalmological care. 

 

http://www.omim.org/
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4.2 Research Contribution 

Patients were diagnosed and recruited either by my supervisor Dr Alan Mighell or by 

other dental colleagues who collaborate with him. For all of the patients and additional 

family members that participated in this study, I carried out the wet laboratory tasks 

relating to smMIPs and WES genetic screening. Lu Liu performed the wet laboratory 

work for Sanger sequencing under my supervision. I analysed all of the data generated 

by smMIPs and WES. During the writing process, I created the initial draft of the paper, 

edited the master copy, and added comments from reviewers. 

 

4.2.1 Additional methodology 

Further details of the methodology are available in the manuscript. 
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CHAPTER 5 Discussion and Conclusion 
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5.1 Summary of the project, problems encountered and lessons learned 

This study began with the successful development and testing of a genetic screening 

reagent using smMIPs technology that enabled selective screening of variants in 

nineteen genes known to be involved in NS AI. The smMIPs method provides a cost-

effective approach for multiplex-targeted genomic capture, especially in situations 

where a group of genes (exons and immediate splice sites) or genomic regions are to 

be tested in a large cohort. It may not be cost-effective to develop the method 

targeting a large number of genes when screening a small number of patients, as there 

is a substantial start-up cost involved in synthesizing smMIPs probes. Initially, eight 

genes were selected for targeting when developing the smMIPs reagent because there 

was only limited funding available to cover this start-up cost. These eight genes were 

chosen because they accounted for a large proportion of the mutation spectrum linked 

to AI in previous AI cohort screening and were comprised of a relatively low number of 

exons. A first screen with this limited gene set was successfully accomplished. 

 

The positive impact of this early success with the smMIPs method gave confidence to 

add more genes to the smMIPs reagent when funding was secured from the Rosetrees 

Trust. The negative impact of this approach was that adding genes in batches made 

probe rebalancing more complex. Sequence coverage in the initial smMIP experiment 

can vary significantly. Adjusting for intraprobe read-depth variability (probe 

rebalancing) is one part of the method development when usings smMIPs. It is usually 

done by calculating the average read-depth value per probe from the first trial, then 

adjusting the volume of each underperforming/overperforming probe, either 

increasing or decreasing their concentration in the second trial. Probes which give little 
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or no sequence are replaced. In this way, it required four sequencing experiments to 

optimise the smMIPs reagent targeting nineteen NS AI genes. Adding genes in multiple 

batches introduced biases in probe coverage in the subsequent experiments, which 

complicated the overall probe rebalancing. Here are some recommendations that 

could have improved the smMIPs method development and could be implemented in 

future research to achieve better performance. 

 

5.1.1 Improvement in wet lab methods 

The quality of the genomic DNA had a significant effect on the method development. 

The DNA in the Leeds AI cohort had been extracted by different users using different 

methods, over the last two decades. It was observed that, in the same sequencing run, 

the same genomic regions were sequenced with differing efficiency in different DNA 

samples. This could be the result of DNA degradation occurring from laboratory 

handling (e.g. mechanical shearing from the use of a pipette), or repeated rounds of 

defrosting and refreezing. Using consistently high-quality DNA during methods 

development may have reduced experimental biases introduced by DNA degradation 

or contamination, making it possible to obtain more consistent coverage in a larger 

number of samples in a single sequencing run. 

 

5.1.2 Selecting appropriate data analysis algorithms 

The choice of bioinformatics tools and algorithms for read alignment and variant calling 

also affected initial results. At first, a bioinformatics pipeline was developed using BWA-

MIPS (https://github.com/brentp/bwa-mips) to process the smMIPs data. However, the 

BWA-MIPS algorithm had biases towards specific types of sequences and failed to 

https://github.com/brentp/bwa-mips
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retain sequence reads from all nineteen genes due to inappropriate removal of the 

probe arms. Later, data were processed using MIPVAR 

(https://sourceforge.net/projects/mipvar/), which retained sequencing reads from all the 

genomic regions targeted by the reagent. Systematic errors introduced by different 

algorithms need evaluation at method development before being implemented 

routinely. 

 

5.1.3 Possible explanations for cases screening negative in smMIPs  

Finally, a targeted smMIPs reagent was successfully developed for AI, which achieved a 

mean capture efficiency of 97% at greater than 20 reads across all the probes for all the 

nineteen genes. The method was proven to have high throughput diagnostic capability, 

established by screening 181 genomic DNA samples from previously unsolved AI 

patients, solving 36% of these cases. After smMIPs screening, 64% (115) of cases 

remained unsolved. Factors that may have contributed to the failure to find variants in 

the unsolved cases are detailed below. 

 

Since the smMIPs reagent had a mean capture efficiency of 97%, 3% of target regions 

were not sufficiently well captured by any probes. Genes like FAM83H and ACP4, that 

have high GC content, as well as GC-rich regions in other genes, were 

underrepresented by the smMIPs screening. Regions with high GC content in the 

genome are more stable as G and C base pairs are bound by three hydrogen bonds 

rather than the two in an A and T pairing, which makes GC-rich DNA harder to 

denature during the sequencing process, leading to uneven coverage. Any variants that 

may exist in these areas could have been missed.  

https://sourceforge.net/projects/mipvar/


209 
 

 
 

 

The current variant filtering criteria excuded synonymous variants. Synonymous 

variants are changes in the DNA sequence of a gene that does not change the amino 

acid sequence of the protein. In the past these have typically been considered to have 

no functional consequences (Kimura, 1977). However, more recent research has 

revealed that synonymous variants can affect the splicing of mRNA, leading to the 

inclusion, exclusion or mis-splicing of specific exons in the mature mRNA. Synonymous 

changes can also affect mRNA secondary structure, potentially influencing the stability 

of the mRNA and its translation (Vihinen, 2022). Several studies reported synonymous 

variants were associated with diseases (Kim et al., 2020; Tang et al., 2020).  

 

In addition, the complete genetic spectrum of AI is not known, with further, probably 

less commonly mutated genes associated with both NS AI and syndromic AI likely to be 

implicated over time, and these will not be covered by the smMIPs analysis. Also, 

smMIPs did not cover the non-coding regions (deep intronic, UTRs or promoter 

variants) of the genes, so any variants in these regions would not be detected. 

Furthermore, short-read smMIPs data is less sensitive at identifying large structural 

variants and also has limitations in detecting highly repetitive regions in the genome. 

Therefore, the likelihood of solving cases may increased by using more comprehensive 

sequencing and data analysis approaches, as described. 

 

5.2 Main findings 

For the patients that tested negative after smMIPs screening, WES analysis was 

employed in an effort to find novel gene variants that could be responsible for causing 
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AI. A summary of key findings from the combined smMIPs and WES sequencing efforts 

are presented below. 

 

5.2.1 COL17A1 variants are a frequent cause of nonsyndromic AI 

Following smMIPs and WES, it was noted that COL17A1 variants were the most 

common cause of AI in the Leeds AI cohort. Variants in COL17A1 are well known to 

cause recessive JEB and dominant corneal dystrophy ERED, as established in the 

literature (Has et al., 2020; Jonsson et al., 2015). However, the disease database OMIM 

does not include reference to COL17A1-associated AI, while in the literature it is 

primarily described in association with JEB via a non-specific term ‘enamel hypoplasia’. 

The work detailed in this thesis showed that COL17A1-related AI can occur as an 

isolated disease in families with no previous family history of JEB. This study described 

in detail for the first time the phenotypes underlying COL17A1-associated dominant AI 

in nineteen families, with implications for likely disease mechanisms and improving 

patient care. These findings suggest that AI patients should be considered as carriers 

for JEB, and should be regarded as at risk of developing ERED. Likewise, patients with 

ERED should also have their teeth examined for AI. For better disease management, a 

multidisciplinary strategy is proposed to address AI, JEB, and ERED collectively. 

 

5.2.2 Variants in AMBN cause both dominant and recessive AI with contrasting 

phenotypes 

Another intriguing finding that came from this study was that AMBN variants can cause 

both dominant and recessive AI, which are associated with contrasting disease 

phenotypes. Recessive AI caused by AMBN is well documented in the literature, and 

the molecular mechanism underlying this is likely to be a complete loss of function of 
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the AMBN protein, though this has not been proved experimentally. Contrastingly, the 

molecular mechanism behind dominant AI due to AMBN variants is unclear. It was not 

possible to explain why the variant c.209C>G; p.(Ser70*) caused recessive AI when in a 

homozygous state, but without an obvious phenotype in carriers, in one group of 

families, while causing dominant AI as a heterozygous variant in a further two families. 

Interestingly, these two groups also presented with differing phenotypes. In addition, a 

third phenotype was associated with another group of apparently dominant families 

heterozygous for the c.76G>A; p.(Ala26Thr) variant. This variant alters an amino acid 

immediately adjacent to the AMBN secretory signal peptide cleavage site, which may 

imply a dominant negative mechanism through failure to export the altered protein. 

No second pathogenic mutation was identified after WES and long-read sequencing of 

the whole AMBN gene in any of the apparently dominant families. However, it remains 

possible that the second variant, in AMBN or another gene, is not detectable by the 

sequencing and analysis methods used in this study. It is plausible that a non-coding 

variant in a known AI-related gene or a completely different variant in an as yet 

unidentified amelogenesis-related gene or genes could contribute to the disease 

phenotype in these apparently dominant families. Alternatively, there could be a 

defective regulatory element on the allele in trans with the variant c.209C>G; 

p.(Ser70*) which modifies the penetrance of this variant, resulting in differing 

phenotypes in the dominant families (Castel et al., 2018). 

 

5.2.3 Potential novel candidate genes for AI 

By further analysing the WES data, a number of potential novel candidate AI genes 

were also identified. Although the biological significance of these new gene variants for 
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AI remains to be determined, their co-occurrence in multiple AI families, and 

segregation with the phenotype where additional family members are available, may 

indicate a link. In addition, a number of other lines of evidence support their 

involvement. These vary from one candidate to another and include expression in 

developing enamel and/or ameloblasts, association with enamel abnormalities in 

animal models, or sharing functional pathways with known AI-associated genes. The 

following are examples of genes, newly implicated in this project, that may have a role 

in AI. 

 

CFTR (Cystic fibrosis transmembrane conductance regulator)  

Putative pathogenic heterozygous variants in the CFTR gene were detected in probands 

from five apparently unrelated families with non-syndromic AI. CFTR  is a cAMP-

regulated chloride (Cl−) channel protein that functions in maintaining pH homeostasis 

and is required for mineral deposition in the enamel space. CFTR expression is 

significantly upregulated in the maturation stage of amelogenesis (Arquitt et al., 2002; 

Bronckers et al., 2010). It is hypothesised that the primary function of CFTR in 

amelogenesis is to transfer intracellular Cl− to the enamel matrix (Lacruz et al., 2012). 

The Cftr-null mice presented with hypomineralized, chalky-white enamel, but the 

enamel crystals might appear normal under a scanning electron microscope (Arquitt et 

al., 2002). A hypomineralized enamel phenotype was observed in both a CFTR-null and 

a CFTR-heterozygous porcine animal model (Chang et al., 2011). Mutations in CFTR 

cause autosomal recessive cystic fibrosis (CF) in humans, a condition characterized by 

buildup of sticky mucus in the lungs and digestive system, leading to bacterial 

infections which were often lethal in teens and twenties before the use of intensive 
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antibiotics and physiotherapy (Azevedo et al., 2006). CF is often associated with enamel 

abnormalities, though these have not been reported previously in heterozygous 

carriers of CF (Ferrazzano et al., 2012). 

 

TRPM7 (Transient receptor potential cation channel, subfamily M, member 7) 

Probands from three families with non-syndromic AI were found to carry potentially 

pathogenic heterozygous missense variants in the TRPM7 gene. TRPM7 is a 

transmembrane protein that functions to maintain the intracellular Mg2+ concentration 

required for cell proliferation and differentiation (Ryazanova et al., 2010). TRPM7 

expression is upregulated in maturation stage amelogenesis. Trpm7−/− is embryonic 

lethal but a heterozygous mutation in Trpm7 caused hypomineralized enamel in mice 

(Nakano et al., 2016; Rostagno et al., 1994). 

 

FN1 (Fibronectin1)  

Probands from six apparently unrelated families with non-syndromic AI were found to 

carry potentially pathogenic heterozygous mutations in the FN1 gene, with two families 

sharing the same genotype. FN1 is a multifunctional glycoprotein of the ECM, which 

plays a role in cell adhesion, cell motility, wound healing, and maintenance of cell 

shape (Owens & Baralle, 1986; Saito et al., 2015). FN1 is expressed in late maturation 

stage amelogenesis. FN1 binds to AMBN and then the AMBN-FN molecule adheres to 

the cell membrane by interacting with the corresponding integrin receptor (Beyeler et 

al., 2010). 
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RELN (Reelin)  

Probands from two apparently unrelated families with non-syndromic AI carried 

potentially pathogenic compound heterozygous variants in the RELN gene. RELN is a 

large extracellular matrix glycoprotein that plays an important role in neuronal 

migration during mammalian brain development (Lambert de Rouvroit & Goffinet, 

1998). RELN is expressed in human odontoblast cells, and RELN may play a role in the 

terminal process of recognition-adhesion between nerve endings and odontoblasts 

(Bleicher et al., 2001; Maurin et al., 2004). 

 

PCDH11X/Y (Protocadherin 11) 

Probands from one family were found to a carry a potentially pathogenic heterozygous 

mutation in PCDH11X, and interestingly, a family with apparent Y-linked inheritance 

was found to carry a heterozygous variant in PCDH11Y. PCDH11X/Y are a highly 

homologous gene pair that lie within a region of homology between the X and Y 

chromosomes. They encode protocadherin X and protocadherin Y, members of the 

protocadherin subfamily, and both the X and Y transcripts are expressed in near equal 

proportions according to data found in the GTEx (genotype tissue expression) portal 

(Lonsdale et al., 2013). These two cell-surface adhesion molecules are thought to play a 

fundamental role in cell-cell recognition, essential for the segmental development and 

function of the central nervous system. Disruption of this gene may be associated with 

developmental dyslexia (Blanco et al., 2000; Yoshida & Sugano, 1999). 
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UQCRC1 (Ubiquinol-cytochrome c reductase core protein 1) 

Probands from four apparently unrelated families with non-syndromic AI were found to 

carry heterozygous and plausibly pathogenic variants in the UQCRC1 gene, where two 

families share the same genotype. Human UQCRC1, an oligomeric enzyme, is a nuclear 

encoded component of the mitochondrial respiratory chain complex. The gene is highly 

expressed in the mammalian brain, particularly in the substantia nigra, and is located in 

the p21 region of chromosome 3, just upstream of the COL7A1 gene which encodes 

type VII collagen (Hoffman et al., 1993; Shan et al., 2019). Biological functions of 

UQCRC1 in mammalian cells are unknown. 

 

5.2.3.1 Potential novel CNVs associated with AI 

ODAM (Odontogenic ameloblast-associated protein) 

ExomeDepth analysis was carried out on the WES data to detect CNVs in the unsolved 

families. CNV analysis detected large heterozygous deletions in the ODAM gene in 

probands from three unrelated families. Even though the region of the deletion varied 

among these families, it is interesting to note that they all have in common deletion of 

last two exons, exon 9 and exon 10. ODAM is an EMP, and belongs to the SCPP family of 

proteins localized in maturation ameloblasts. ODAM functions in enamel mineralization 

by regulating the function of MMP20 (Lee et al., 2010; Park et al., 2007). 

 

PLXNB2 (Plexin B2) 

CNV analysis by ExomeDepth also detected a large homozygous deletion in the PLXNB2 

gene in one of the patients in the Leeds AI cohort. PLXNB2 is a member of a family of 

transmembrane receptors that participate in axon guidance and cell migration in 
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response to semaphorins (Perrot et al., 2002). Mutations in PLXNB2 are not associated 

with any human disease in the literature to date, though recently a study reported 

detecting mutations in PLXNB2 in association with euploid miscarriages (X. Wang et al., 

2023). However, other members of the Leeds Amelogenesis group, in collaboration 

with Prof Agnes Bloch-Zupan, are leading a research project investigating biallelic 

variants in Plexin B2 (PLXNB2) as a possible cause of syndromic amelogenesis 

imperfecta, hearing loss and intellectual disability. The detection of a novel variant in 

PLXNB2 in a further family with the same phenotype provided additional evidence that 

variants in PLXNB2 are a cause of syndromic AI (Smith et al 2023, mauscript submitted).  

 

5.3 Future of AI research 

Advancing AI research requires a multifaceted approach. First, continued investment in 

genomics research, with a focus on large-scale sequencing projects, is needed to 

expand our understanding of genetic variations and their roles associated with AI. 

Collaborative efforts to collect diverse genetic data from various research groups are 

also essential to expand the genetic spectrum of AI. At the same time it is vital to stay 

up to date with and adapt to the rapidly evolving research tools and technologies 

available in the AI research. The suggestions listed below could be used to advance AI 

research in the future to enhance disease diagnostics and clinical management of AI. 



217 
 

 
 

 

5.3.1 Improving our genetic and genomic understanding of AI 

5.3.1.1 Potential improvements in the analysis of short read sequencing data 

In AI research, short read sequencing is used for the identification of genetic variations 

within the protein-coding regions of the genome. The following strategies could be 

taken into account for optimizing variant detection by short read sequencing. 

 

Analysing non-coding regions of the genome 

Due to the Mendelian nature of AI and our present understanding of gene function, 

current research focuses primarily on the analysis of variants that affect the protein-

coding regions of a series of genes implicated in AI. While mutations in the exons of 

genes are well established in molecular pathogenesis of genetic diseases, mutations in 

non-coding regions, UTRs, promoters, silencers, mobile repetitive elements like SINEs 

(short interspersed element), LINEs (long interpersed elements) or uORFs (upstream 

open reading frames) can also lead to diseases by disrupting the precise regulation of 

gene expression, splicing, and other cellular processes (Plaisancié et al., 2018). For a 

more comprehensive analysis and understanding of the genetic basis of AI, it is essential 

to analyse both coding and non-coding regions of the genome by WGS. WGS provides a 

more comprehensive representation of an individual's genome, including all genes, 

non-coding regions, and regulatory elements. Bioinformatic tools like MELT (mobile 

element locator tool) and uORF Finder can be incorporated into the WGS data analysis 

pipeline for identifying and annotating mobile elements and uORFs (Gardner et al., 

2017; Scholz et al., 2019).  
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Using machine learning tools for the prediction of protein function 

It is reported that 98% of more than 4 million observed missense variants are classified 

as VUS. Lack of accurate classification of VUS variants limits diagnosis and clinical 

management of rare diseases (Cheng et al., 2023). A new tool ‘AlphaMissense’, a deep 

machine learning model that builds on the protein structure prediction tool AlphaFold2 

(Jumper et al., 2021), can accurately predict the effect of variants without the need for 

expensive and time consuming experimental methods (Cheng et al., 2023). This tool 

can be used to gain insights into the potential effects of pathogenic and VUS variants 

on the disease mechanism of AI. 

 

Custom whole gene sequencing 

Custom whole gene sequencing allows analysing a predefined set of genes that are 

known or suspected to be associated with the disease of interest (Tekin et al., 2016). 

This approach is more focused and cost effective and can be implemented in AI 

research to analyse the whole gene, including introns, UTRs and promotor sequences, 

of a panel of known and candidate genes associated with AI, for a more thorough 

screen for some patients. 

 

Resolving reference genome coverage and bias 

The choice of reference genome can affect the outcome and interpretation of the data 

analysis. Build hg19 of the human reference genome has been used for the 

interpretation of genetic variants identified in AI cases in this study. The reference 

genome assemblies like GRCh37 (genome reference consortium human build 37 or 

hg19) and GRCh38 (or hg20) have gaps and ambiguities in certain genomic regions, 
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particularly in regions with complex structural variants, repetitive elements, or regions 

that are highly polymorphic. These reference genomes were also built based on 

sequencing data from a small number of individuals and may not accurately represent 

the genetic variation present in certain populations, leading to reference bias. To 

address these limitations the T2T (telomere-to-telomere) consortium recently finished 

the first complete sequence of a haploid human genome, T2T-CHM13, providing a 

contiguous representation of all the chromosomes including centromeres (Nurk et al., 

2022). Furthermore, to address the reference bias issue, a draft pangenome consisting 

of 47 diploid assemblies from a cohort of genetically diverse individuals is underway 

(Liao et al., 2023). Using a complete T2T pangenome as a reference genome in AI 

research will make previously uncharacterised genomic regions accessible, perhaps 

revealing new genes and genomic features involved in human diseases, and will make it 

easier to distinguish disease-causing variants from neutral changes that are population 

specific. As additional genomic data become available, the dataset underlying the 

pangenome can be expanded and updated to keep the analysis current and relevant. 

 

Investigating digenic/oligogenic inheritance of AI 

Although the underlying cause of AI is genetic, there can be other contributing factors 

or modifiers that influence the severity or manifestation of the disease. For example, 

proteins encoded by genes at modifier loci can alter the function of the proteins which 

harbour variants that cause Mendelian disease, without affecting the genes that 

encode the affected proteins. The bioinformatics platform ORVAL can predict potential 

digenic/oligogenic interactions between rare variants in multiple genes that may 

contribute to the disease risk (Renaux et al., 2019). Investigating the role and 
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interactions of multiple gene variants may identify additional modifier genes that 

interact with the primary causative gene, contributing to the AI phenotype. 

 

5.3.1.2 Long read sequencing technology 

Even after implementing the improvements in short-read sequencing described above, 

limitations remain in its ability to detect variants causing human diseases. The PCR 

steps involved in producing short-read sequencing libraries can cause non-uniform 

coverage, haplotype phasing is rarely possible with sequences assembled from 150 bp 

fragments, structural variants can prove difficult to detect and assembling sequence in 

repetitive regions is challenging. These issues are increasingly being addressed by 

implementing long-read sequencing, in AI research as in other areas of human genetics 

study.  

 

Implementing long-read sequencing (rather than short-read sequencing) for routine 

diagnostics may be prohibitively expensive at present. However, with technological 

advancements the cost per genome is falling and throughput is increasing. A 

PromethION flow cell can generate ~100 Gb of data in real-time, which is revolutionary. 

Therefore, it seems likely that, within a few years, long read sequencing technology will 

be adapted for routine genetic disease diagnostics. 

 

Long-read DNA sequencing 

Long-read sequencing of genomic DNA can provide a more comprehensive view of 

structural variants, and can accurately interpret the length of repeat expansions and 

phasing of variants (Sedlazeck et al., 2018). Long-read sequencing also allows 
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sequencing the native DNA without amplification, preserving the structural information 

in the DNA molecule, the epigenetic markers which can be critical for understanding 

gene regulation, and chromatin conformation (Gouil & Keniry, 2019).  

 

Long read transcriptome sequencing 

Long-read transcriptome sequencing allows sequencing of full-length transcripts, 

determining the underlying exon combinations directly. Therefore long-read 

transcriptome sequencing can distinguish variations in usage of different transcript 

isoforms in different tissues or in normal and disease states, leading to the discovery of 

rare/novel isoforms and novel gene fusions. Detecting specific transcript isoforms 

related to AI subtype could lead to the identification of previously missed mutations. 

Capturing rare transcript isoforms may help in resolving AI cases, when only one 

heterozygous variant is identified in a recessive gene (Marwaha et al., 2022). 

 

5.3.2 Disease modelling 

To understand the function of the proteins identified in this and other AI genetics 

studies, and the functional consequences of the novel variants implicated in AI, cellular 

models can be created using the CRISPR/Cas9 gene editing technique in human 

induced pluripotent stem cells (iPSCs). CRISPR (clustered regularly interspaced short 

palindromic repeats) refers to specific DNA sequences found in the genomes of 

bacteria and archaea, and Cas9 is an endonuclease. Cas9 enzyme can use CRISPR 

sequences as a guide to recognize specific sequences to make precise cuts in the DNA 

(Gaj et al., 2013). By using this technique, novel mutations associated with AI could be 

introduced into iPSCs in culture. These modified stem cells could then be differentiated 



222 
 

 
 

into ameloblast-like cell types (Miao et al., 2022). By creating mutation-bearing cell 

models it will be possible to assess how these mutations impact cellular processes and 

contribute to the development of AI. With the improved understanding of the disease 

pathophysiology, interventions can be implemented targeting critical cellular and 

molecular pathways. For example, there are cases of AI resulting from ameloblast 

endoplasmic reticulum stress (Brookes et al., 2017). These may be treatable using 

molecular chaperones like 4-PBA, which has been studied for its potential role in 

facilitating the proper folding and stability of proteins, preventing their misfolding, 

aggregation, or degradation (Brookes et al., 2014). 

 

5.3.3 Clinical research 

The development of treatments for AI has been hampered by the fact that it is in fact 

not one disease but many. If genetic findings are disseminated to clinicians caring for 

affected individuals, it may become possible to improve AI treatment strategies 

significantly. Some mutations cause severe forms of AI, while others result in a milder 

phenotype. Some mutations affect the quantity of enamel, while others affect its 

quality. Knowing the exact genetic cause(s) might give new insights into the likely 

prognosis of the disease for each patient and for their relatives. Based on this 

information, dentists can make informed choices concerning treatment plans for 

patients, offering restorative treatments to some while recognising that others may 

require more extensive interventions, such as full dental coverage or crowns. Also, the 

existence of groups of patients with defined genetic subtypes of AI will help to facilitate 

clinical trials and will help patients get recruited to any trials that are running.  
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5.3.4 Biobank 

Biobanks have the potential to advance AI research. The biobank refers to a large 

collection of well-annotated clinical, molecular and pathological data from 

patients/volunteers that can be used in medical research for improving understanding 

of the causes of a wide ranges of disease, for biomarker identification and for designing 

potential future treatments (Coppola et al., 2019). In AI research, biobanks can provide 

a centralized resource for the storage and management of clinical data, imaging studies 

(e.g., dental X-rays), genetic data and biological samples. This resource can help in 

linking specific genetic variants to the specific clinical presentations of AI for accurate 

diagnosis and treatment planning.  

 

5.3.5 Shared platform between geneticists and clinicians 

AI research will also benefit from having a shared platform for better communication 

between geneticists and clinicians. This collaboration will foster greater understanding 

of human genetics in the dental community and will ensure that genetic information is 

effectively considered and included in the patient's medical evaluation and treatment 

plan. 

 

5.4 Benefit of genetics testing  

As well as directly informing clinical care, obtaining a genetic diagnosis can benefit 

patients, their families and the clinicians who care for them in a number of ways, as 

described below. 
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5.4.1 Psychosocial support 

Genetic information empowers patients to make informed lifestyle choices and 

implement risk mitigation strategies. Genetic testing may provide reassurance to 

patients who are concerned about their genetic predisposition to certain diseases. A 

study conducted on the psychological consequences of predictive testing for 

Huntington's disease showed improvement of the psychological health of persons who 

received results irrespective of the outcome (Wiggins et al., 1992). Confirmed genetic 

diagnoses can direct proactive health care, while negative results can reduce worry.  

 

5.4.2 Personalised medicine 

Personalised medicine aims to identify specific subtypes of a disease by identification 

of specific genetic variants that cause the disease, in order to tailor treatment 

strategies accordingly. As detailed above, at present AI is largely treated as a single 

disease of varying severity. However, this and other AI research projects have shown 

that AI can result from mutations in various genes, each of which can affect enamel 

development differently. To date, mutations in more than 20 different genes have been 

associated with NS AI. Different genetic subtypes and different specific variants lead to 

variations in the clinical features of AI. Even within families with the same genetic 

variant, there can be variability in the phenotypic expression of AI (Aldred & Crawford, 

1997). Again the genetic variability in AI interacting with environmental factors, 

including dietary habits, oral hygiene practices, and exposure to fluoride adds further 

complexity in the clinical appearance and prognosis of AI (Wright, 2023). All these 

factors underscore the importance of personalized treatment, which is only made 

possible by finding out the exact genetic cause underlying AI in each patient. A precise 
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molecular diagnosis will allow clinicians to develop bespoke treatments targetted at 

specific sub-types of disease in a personalized medicine approach. Genetics based 

clinical treatment strategies will help dentists to tailor treatment and support to the 

unique characteristics and needs of each individual. For example, AI patients carrying 

muations in COL17A1 and LAMB3 genes need to be aware that they are carriers for EB 

or they may develop ERED in the future, while AI patients with biallelic variants in 

FAM20A will need to have their kidney function assessed. 

 

5.4.3 AI gene-disease catalogue 

Creating a comprehensive database of the genetic variants associated with AI will be a 

valuable resource for finding information about specific genes, variants and their roles 

associated with AI. This will serve as a centralized repository of knowledge and 

research findings for students, researchers and healthcare professionals. 

 

5.4.4 Support group network 

AI patients will benefit from connecting through social support networks and 

communities. This can provide emotional support and valuable resources for managing 

their health conditions (Desine et al., 2021). 

 

5.5 Future of genetics in healthcare 

In 2020, the UK government published a ‘Genome UK: the future of healthcare’ 

strategy led by Genomics England in partnership with the NHS to develop the world's 

most cutting-edge genomic healthcare system and provide better health results at a 

lesser cost. One of the key points of this plan is implementing WGS in newborns to 
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speed up diagnosis and treatment of rare genetic diseases. The program aims to 

sequence 500,000 whole genomes and to make WGS a part of routine health care. The 

whole genome sequence can provide a wealth of information about an individual's 

genetic makeup, and will enable detection of rare diseases at birth that might 

otherwise go unnoticed until symptoms develop. This will facilitate personalized 

medical care and enable interventions for improving lifestyle and mitigating risk.  

 

Long term management of genetic data presents substantial ethical challenges as it 

carries potential consequences for future generations (Eichinger et al., 2021). 

Determining the ownership and control of access to genetic data is an ongoing debate 

(Pinxten & Howard, 2014). WGS can reveal information that may result in genetic 

stigmatization and discrimination, impacting various aspects of a person’s life, including 

employment, insurance, and education. There are psychological and emotional impacts 

associated with discovering genetic risks and predispositions. WGS of minors is a 

complex issue in the context of consent, privacy, and the right to know or not know 

genetic information. It is important to establish clear ethical guidelines, informed 

consent procedures, data-sharing frameworks and robust privacy safegurds to ensure 

that WGS is conducted in a responsible and ethical manner, respecting the freedom 

and privacy of individuals. 

 

Another key point of the government’s strategy is implementing tailored genomic 

sequencing of research participants from under-represented ancestry groups. 

Historically, genomic research has been heavily biased towards individuals of European 

ancestry (Sirugo et al., 2019). This lack of diversity can result in biased or incomplete 
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insights into the genetic basis of diseases and traits. Including participants from under-

represented groups will help overcome this gap. This will further increase our 

understanding of genomic diversity, impacting clinical management of genetic disease 

to improve patient outcomes across all communities. 

 

Recently, using artificial intelligence in the disease diagnosis has gained significant 

attention. Machine learning algorithms can analyse vast amounts of patient data, 

including medical records, imaging, and genetic information, to identify patterns and 

detect diseases at an earlier stage. An artificial inteligence tool, AlphaFold developed 

by DeepMind, has been designed for predicting the three-dimensional (3D) structure of 

proteins, deciphering their functions and how they contribute to various biological 

processes and diseases. Another tool, AlphaMissense, was developed to use the 

protein structure predictions of AlphaFold for classifying missense variants. These 

machine learning tools are invaluable in exploring the pathogenicity of unannotated 

variants without the need of expensive experimental procedures (Cheng et al., 2023). 

 

A promising area for development in future clinical genetics practise is the use of 

polygenic risk scores (PRS) for disease risk assessment for early diagnosis. PRS quantify 

an individual's genetic predisposition to polygenic diseases by considering the 

cumulative effect of multiple genetic variants, potentially extending the benefits of 

genetic prediction from Mendelian to complex inherited diseases. PRS can help assess 

an individual's risk for conditions such as coronary artery disease, atrial fibrillation, 

hypertension, type 2 diabetes, breast cancer, Alzheimer's disease, schizophrenia, 

bipolar disorder, major depressive disorder and many more (Ala-Korpela & Holmes, 
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2019; Leonenko et al., 2021). Knowing in advance of an individual's risk of diabetes, 

hypertension or coronary disease allows them to make choices and gives them the 

option to change lifestyle practices to reduce the risk of these diseases. However, it 

may not that easy to take a decision for prophylactic mastectomy for breast cancer 

prevention or it may be controversial to inform a child if found that they are at high risk 

of early onset of Alzheimers or schizophrenia (Lewis & Vassos, 2020). There is also a 

concern that genetic information obtained through PRS could be used for 

discriminatory purposes, such as in employment or insurance decisions. Legal 

protections, such as GINA (the genetic information nondiscrimination act) in the United 

States aim to prevent such discrimination, but the effectiveness of these laws may vary 

by jurisdiction (Underhill-Blazey & Klehm, 2020). 

 

In conclusion, the field of genetic research has a wide range of opportunities and 

challenges in the future. On the positive side, genetic research has the potential to 

transform healthcare and medicine. It presents the possibility of personalized therapies 

based on an individual's genetic makeup through precision medicine. Considerable 

progress has already been made in the understanding of the genetic causes of disease 

and the development of novel treatments thanks to genetic research. It can assist in 

identifying those who are more susceptible to genetic disease, allowing for early 

diagnosis and treatment. However, advance in genetic research also comes with 

ethical, privacy, and security issues, particulary when it comes to the use of genetic 

data and the possibility of discrimination. For genetic research to continue in an ethical 

and responsible manner, it is imperative that concerns about privacy, ethical 

considerations, and equal access to genetic advancements be addressed. As this field 
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of research continues to develop, finding the right balance between innovation and 

ethical safeguards will become increasingly important. 
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APPENDICES 

Appendix 1 Running MIPgen to design MIP probes.  

Create bed files in the genome browser: To run the MIPGEN command for designing 

smMIPs probes for a genomic region, genomic coordinates are needed to include as an 

input file. Using genome browser, a bed file containing all the genomic coordinates was 

generated as below,  

• Tools > Table Browser. 

• Click genome in the region 

• In the Identifiers section, click Paste list and enter the gene names. 

• Then in the Output format: put BED. 

• Give the file a name.bed in the Output File section, and then get output. 

It will ask a few questions on the next page (so you want to flank the regions etc.) and 

then press get bed. To include the immediate splice site select exons plus 5-10 bases at 

each end. 

 

Generate smMIPs probes using the following command 

/home/MIPGEN/mipgen -regions_to_scan /home/meduh/AI-mips.bed -project_name 

/AI-mips -min_capture_size 150 -max_capture_size 150 -bwa_genome_index 

/home/ref/b37/human_g1k_v37.fasta -snp_file /home/ref/b37/dbSnp151.b37.vcf.gz -

tag_sizes 8,0 

 

Generate a UCSC track to visualize online or on IGV 

python /home/MIPGEN/tools/generate_ucsc_track.py your_file_name.picked_mips.txt 

your_file_name.ucsc_track 

 

More detailed instructions can be found in the link 

https://github.com/shendurelab/MIPGEN. 

 

 

 

 

 

https://github.com/shendurelab/MIPGEN
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Appendix 2 Sequences of MIP backbone, Custom read 1, read 2 and index primers. 

 

 

 

Appendix 3 MiSeq and NextSeq MIP sequencing protocol using custom primers. 

 

MiSeq 
 

1) MiSeq – custom primers spike-in with existing illumine primers: 

Volume Illumina primers: 680 µL (0.5 µM) 
Spike in custom primers: 3.4 µL of 100 µM (results in 0.5 µM custom + 
Illumina primers) 

NextSeq 
 

2) NextSeq – custom primers spike in with existing illumina primers: 

Volume Illumina primers: 1.8 mL (0.5 µM) 
Spike in custom primers: 9 µL of 100 µM (results in 0.5 µM custom + 

Illumina primers) 

 
 
 
 
 

MIP Backbone CTTCAGCTTCCCGATCCGACGGTAGTGTNNNNNNNNNNNN 

Illumina overhang (P5) AATGATACGGCGACCACCGAGATCTACAC 

Forward PCR Primer 

AATGATACGGCGACCACCGAGATCTACACATACGAGATCCGTAATCGGGA

AGCTGAAG 

Reverse PCR Primer 

CAAGCAGAAGACGGCATACGAGATXXXXXXXXACACGCACGATCCGACG

GTAGTGT 

Illumina Overhang (p7) CAAGCAGAAGACGGCATACGAGAT 

Read 1 sequencing primer CATACGAGATCCGTAATCGGGAAGCTGAAG 

Index sequencing primer ACACTACCGTCGGATCGTGCGTGT 

Read 2 sequencing primer ACACGCACGATCCGACGGTAGTGT 
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MiSeq protocol 
 

• Label three tubes 1.5 µL tube for each primer (read1, read 2 and index 

primers), and combine 145 µL HT1 with 5 µL primer (100µM); vortex; spin 

down. 

• Make sure the cartridge is fully thawed. 

• Punch holes in the sample well and wells 12, 13, and 14 using a 1000 µL pipette 

tip 

• Load 600 µL of sample DNA (9 pM) to sample well 

• Load the full amount of the primer dilution (150 µL) of the read 1 primer to well 

12,  

• Load the full amount of the primer dilution (150 µL) of the index primer to well 

13,  

• Load the full amount of the primer dilution (150 µL) of the reverse/r2 primer to 

well 14  

• So in brief: (read 1 = well 12, index = well 13, read 2 = well 14) 

 
 

NextSeq 500: 
 

• Label three 1.5 ml tubes as 20_read 1, 21_read2 and 22_index. 

• Pierce the NextSeq cartridge on the well positions 20 (read1); 21 (read2),  22 

(index) each with a clean pipette tip. 

• Take 500 µL aliquot from position 20 (read 1) and add it to labelled tube 

20_read 1 

• Take 500 µL aliquot from position 21 (read2) and add it to labeled tube 21_read 

2 

• Take 500 µL aliquot from position 22 (Index) and add it to labeled tube 

22_index 

• Add 9 µL of each custom primer to their corresponding labeled tubes.  

• Mix all the tubes, and add the 509 µL back to the respective cartridge positions: 

o Add 509 µL from tube 20_read 1 to position 20 (BP10, Read1) 

o Add 509 µL from tube 21_read 2 to position 21 (BP11, Read2) 

o Add 509 µL from tube 22_index to position 22 (BP12, Index1) 
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Appendix 4: Setting up the MIPVAR pipeline. 

1. Download the MIPVAR pipeline from SourceForge: 

https://sourceforge.net/projects/mipvar/ Unpack it into the mips-

pipe/programs/mipvar directory. The latest release is MIPVAR-0.1.0-

package.tar.gz 

 

2. Move the file MIPVAR-0.1.0.jar from the lib directory into the directory above it 

(so that it’s out of the way) and replace it with the jar file that Agne compiled. 

This resolves the BWA output stream error. The file that Agne compiled is 

named “MIPVAR.jar”. It doesn’t matter that the filename is not the same as the 

name of the file that was removed. 

 

3. Make sure you have BWA (v.0.7.12), BEDTools (v.2.24.0) and samtools (v.0.1.19) 

installed and available on the $PATH. This can be done using a Conda 

environment. The conda environment that we’re using is named “MipVarPipe”. 

Activate the environment ($source activate MipVarPipe). The versions of BWA 

and BEDTools are not the latest versions but are releases that were available at 

the time when the MIPVAR (v.0.1.0) package was uploaded onto SourceForge 

(14th March 2016). Samtools is needed to index the reference FASTA rather than 

being needed to run MipVar. To install a specific version of a tool into a Conda 

environment use e.g. 

 
$conda install bwa==0.7.12 
$conda install bedtools==2.24.0 
$conda install samtools==0.1.19 

 
4.  Download GATK v.3.2.2 from Google Cloud 

(https://console.cloud.google.com/storage/browser/_details/gatk-

software/package-archive/gatk/GenomeAnalysisTK-3.2-2-gec30cee.tar.bz2) and 

unpack it into the mips-pipe/programs/gatk directory. The most recent versions 

don’t seem to work due to a change in the GATK command line argument 

structure (and there’s no option to change the system call in MIPVAR). Version 

3.2.2 was detailed in the runConfigExample.txt file in the example dataset that 

is available to download from SourceForge (Example_input_data). 
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5.  Edit the variables in the runConfig.txt file and save this in mips-

pipe/programs/mipvar/MIPVAR-0.1.0-package. It should look like the following 

screenshot. 

The fasta file may need to be updated to Hg38 at some point (this will require 

the dbSNP file to also be updated). 

The annotation properties and coverage statistics_properties variable should 

not be modified. 

 

 

Running the MIPVAR pipeline 

1. When FASTQ.gz files are generated by the MiSeq they have the following 

format: 

$zcat /nobackup/meduh/AI-MIPS-01/Sample_AI-163-4486/AI-163-

4486_S9_L001_R1_001.fastq.gz | head -n 1 

 

 

 

In the above example the 4 refers to the index number rather than the index 

sequence, the latter of which is required for MipVar to run. 

 

Consequently, the :N:0:4 needs to be changed to :N:0:<INDEX SEQUENCE>. The 

index sequence is checked by the megapool.txt file, which assigns the sample 

name to the index. N.B. Reads 1 and 2 and represented differently 1:N:0:4 and 

2:N:0:4 respectively. 

$zcat AI-239-4864_S1_L001_R2_001.fastq.gz | head 
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To make the changes first unzip (gunzip fastq.gz) the FASTQ file then adapt the 

following example sed command: 

 
Forward 1:N:0:1, reverse 2:N:0:1 (last number corresponds to S1, S2 etc in the 
fastq) 
$sed -i s/:N:0:1/:N:0:TGCTAGAG/g AI-239-4864_S1_L001_R2_001.fastq 
(where <INDEX> represents the nucleotide sequence of the index. 
Then re-gzip the FASTQ file (gzip). 

 

2.  Create a megapool.txt file that links the SampleIDs to the Index sequence 

contained in the header row of each FASTQ file. An example for AI_MIPS_04 is 

recorded below. Put this in the AI_MIPS_04 directory. (The directory directly 

above each of the Sample_ folders.) The sample directory column has to match 

the suffix after the beginning of the “Sample_” as this is what is looked for by 

the submission script. The file should be named with the format 

AI_smMIPs_<BATCH_NUMBER>.txt 

 

For the Amelogenesis Imperfecta panel use the prefix “AI” 

i.e.: AI_MIPS_04.megapool.txt 

 

 

3. Setup a new sampleConfig.txt file for each sample. This is quite fiddly to do. Put 

the sampleConfig.txt file into each of the Sample_ directories. Prefix the 

sampleConfig.txt file with the Sample ID. i.e. AI-291_5091.sampleConfig.txt 

 

Change the following variables for each sample: The megapool_file variable only 

need setting once for each run. 

Mapping_folder 
Forward_file 
Reverse_file 
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4.  Load the submission script using the “megapool” file to select which samples 

need to be run: 

 
$source activate MipVarPipe 
$qsub -t 1-6 submission.sh 
$qstat 

 

This will write out a MIPS_out_<date> direcotry into each of the Sample_dirs It will also 

attempt to run Annovar on the produced VCF. 

 

 

Additional notes 
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The file 2021-02-11_All_probes.picked_mips.txt was created from the following 
MIPGEN files: 
180220.picked_mips.txt 
AI-mips8.picked_mips.txt 
COL17A1.picked_mips.txt 
new-genesv1.picked_mips.txt 
 

To create a useable reference sequence: 

The reference FASTA file was first indexed using BWA v.0.7.12 (the same version that is 

installed in the conda environment: 

$bwa index ucsc.hg19.fasta 
 
The FASTA file was then indexed using samtools 
$samtools faidx ucsc.hg19.fasta 
 
GATK requires a Dictionary file. Picard v.1.102.0 is included with MipVar but this is too 

hard to install via conda. Therefore used the version of Picard (v.2.21.3) that was 

installed in the original MIPs environment to generate the Dictionary. 

$picard CreateSequenceDictionary R=ucsc.hg19.fasta 
 

Trimming parameter 

Decided to turn off the “Trimming” i.e. trimming=FALSE 

This has the following effect in the IGV. Upper track is the no-trim track. Lower track 

shows trimmed reads (which reduces coverage because bits of the read are removed – 

see grey horizontal line coming out of the back of the reads). With the trimming turned 

off there appears to be a number of additional variant calls that arise at the ends of the 

reads. 
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Appendix 5: Exome library prep using Twist comprehensive exome kit. 

The following protocol is a brief description, it will need consulting the detailed 

protocol ‘library preparation EF 2.0’ when preparing library for sequencing.  

 

Precapture library prep 

Genomic DNA libraries were prepared for exome sequencing using Twist library 

preparation kit EF 2.0 (104207: 96 reaction) following the manufacturer’s guidelines. 

An enzymatic fragmentation was carried out for DNA fragmentation and Twist 

universal adaptor system (101308) was used for multiplexing. A summary of the 

protocol is given below.  

 

50 ng high-quality genomic DNA (gDNA) was used to make libraries using enzymatic 

fragmentation protocol. 18 minutes of fragmentation time was used to target a size of 

200bp and subsequently end-repaired to generate dA-tailed gDNA fragments. Twist 

universal adaptors were ligated to the dA-tailed gDNA fragments followed by a 

paramagnetic beads clean-up using DNA purification beads. Next, Twist UDI (unique 

dual index) was added to dA-tailed gDNA fragments by a PCR reaction using 6 PCR 

cycles. The Indexed gDNA libraries were purified by paramagnetic beads and the size of 

the libraries was checked by tapestation using DNA BR 5000 kit (Figure 1).  
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Figure 1: A tapestation trace of an indexed gDNA library. 50 ng high quality gDNA was 
used for the library prep followed by an 18 minute fragmentation at 37°. The final 
library was PCR amplified using 6 cycles. 
 
 
Hybridization 

The DNA libraries were quantified by Qubit BR reagent. A hybridization capture 

reaction was made by pooling 187.5 ng of indexed gDNA library from each of 8 

samples. In this way, 12 hybridization capture reactions were made each pool 

containing 1500 ng DNA. 

 

Number of indexed 
samples per pool 

Amount of each indexed library per 
pool 

Total mass per 
pool 

8 187.5 ng 1500 ng 

 

After pooling, all the capture reaction tubes (12 tubes) were dried using a vacuum 

concentrator using no heat. The hybridization reaction mix was made using the 

comprehensive exome panel according to the manufacturer’s protocol and added to 

the dried capture reactions. The hybridization reaction was carried out at 70° for 16 

hours on a thermocycler. Hybridized targets were enriched by binding to Dyna beads 

streptavidin. These beads are biotinylated oligonucleotide probes (baits) that are 

complementary to the genetic sequence of interest. The biotinylated probes 

immobilize the oligonucleotide onto the bead surface and can be separated by 
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magnetic precipitations. The isolated and purified target regions were PCR amplified 

using 8 cycles to target a panel size of 10-50Mb. The post-capture libraries were 

purified with DNA purification beads at a 1:1 ratio according to the manufacturer’s 

protocol and visualized on a tapestation using DNA 1000 BR kit (Figure 2). Sequencing 

was done using P3 300 cycle kit on the NextSeq2000 instrument following 

manufacturer’s protocol. 

 

 

 

 

Figure 2: Tapestation trace of a post capture gDNA library 
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Appendix 6: Exome data analysis pipeline. 

1. Trim the adaptors and do quality control: 

#See https://github.com/FelixKrueger/TrimGalore/blob/master/Docs/Trim_Galore_Use

r_Guide.md 

trim_galore -q 20 --fastqc_args "--outdir /data/bs16gn/path/to/outdir" --illumina --gzip -o 

/data/bs16gn/path/to/outdir --length 20 --paired /data/bs16gn/path/to/file/sample_R1_001.fastq.gz 

/data/bs16gn/path/to/file/sample_R2_001.fastq.gz 

 

2. Align the sample to the human genome: 
bwa mem -t 12 -M /home/ref/b37/human_g1k_v37.fasta  /pathto/val_files_from_previous_step_R1.gz 

/pathto/val_files_from_previous_step_R2.gz -v 1 -R 

'@RG\tID:Add_sample_ID\tSM:Add_sample_ID\tPL:Illumina\tPU:HiSeq3000\tLB:$Samplename_exome

\' -M | samtools view -Sb - > /path/sample_bwa.bam 

 

3. Next sort the alignment: 
java -Xmx4g -jar /home/picard/picard-tools-2.5.0/picard.jar SortSam I=/path/sample_bwa.bam 

O=/path/sample_bwa.sort.bam SO=coordinate CREATE_INDEX=TRUE 

 

4. remove original bam to save space:  
rm -i /path/sample_bwa.bam 

 

5. Mark PCR duplicates: 
java -Xmx4g -jar /home/picard/picard-tools-2.5.0/picard.jar MarkDuplicates I=sample_bwa.sort.bam 

O=sample_bwa.sort.dedup.bam M=sample_bwa.sort.metrics CREATE_INDEX=TRUE 

 

6. Delete pre-deduplicated bam to save space:  
rm -i /path/sample_bwa.sort.bam 

 

7. Create indel realigner targets: 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T RealignerTargetCreator 

-R /home/ref/b37/human_g1k_v37.fasta -known /home/ref/b37/1000G_phase1.indels.b37.vcf -known 

/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -I sample_bwa.sort.dedup.bam -o 

sample_bwa.sort.dedup.intervals 

 

8. Perform indel realignment: 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T IndelRealigner -R 

/home/ref/b37/human_g1k_v37.fasta -known /home/ref/b37/1000G_phase1.indels.b37.vcf -known 

/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -I sample_bwa.sort.dedup.bam -

targetIntervals sample_bwa.sort.dedup.intervals -o sample_bwa.sort.dedup.indelrealn.bam 

 

https://github.com/FelixKrueger/TrimGalore/blob/master/Docs/Trim_Galore_User_Guide.md
https://github.com/FelixKrueger/TrimGalore/blob/master/Docs/Trim_Galore_User_Guide.md


246 
 

 
 

9. Delete pre-indelrealn bam and gzip interval file to save space: 
rm -i sample_bwa.sort.dedup.bam 

gzip sample_bwa.sort.dedup.intervals 

 

10. Perform base quality recalibration 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T BaseRecalibrator -R 

/home/ref/b37/human_g1k_v37.fasta -knownSites /home/ref/b37/1000G_phase1.indels.b37.vcf -

knownSites /home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -knownSites 

/home/ref/b37/dbSnp146.b37.vcf.gz -I sample_bwa.sort.dedup.indelrealn.bam -o 

sample_bwa.sort.dedup.indelrealn.recal.grp -nct 6 

 

11. print reads 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T PrintReads -R 

/home/ref/b37/human_g1k_v37.fasta -I sample_bwa.sort.dedup.indelrealn.bam -BQSR 

sample_bwa.sort.dedup.indelrealn.recal.grp -o sample_bwa.sort.dedup.indelrealn.recal.bam 

 

12. Delete old bam (the non-recal file) 
rm -i sample_bwa.sort.dedup.indelrealn.bam 

 

13. Generate g.vcf file for each sample using Haplotype Caller 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T HaplotypeCaller --

emitRefConfidence GVCF --variant_index_type LINEAR --variant_index_parameter 128000 -R 

/home/ref/b37/human_g1k_v37.fasta -D /home/ref/b37/dbSnp146.b37.vcf.gz -stand_call_conf 30 -

stand_emit_conf 10 -I /data/bssy/results/sample_bwa.sort.dedup.indelrealn.recal.bam -o 

/data/bssy/results/sample.g.vcf  

 

14. Convert the raw.g.vcf to a raw.vcf: (Optional: do for single samples for 

autozygosity): 
java -Xmx8g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T GenotypeGVCFs -R 

/home/ref/b37/human_g1k_v37.fasta -D /home/ref/b37/dbSnp146.b37.vcf.gz -stand_call_conf 30 -

stand_emit_conf 10 -V /data/bssy/results/sample.g.vcf -o /data/bssy/results/sample.combined.raw.vcf -

nda --showFullBamList -nt 8 

 

15. Merge g.vcf files to a combined .vcf: 
java -Xmx4g -jar /home/marc1_b/bs16gn/GenomeAnalysisTK-3.5.jar -T GenotypeGVCFs \ 
-R /nobackup/bgycels/human_g1k_v37.fasta \ 
-V /nobackup/bgycels/george/4880.g.vcf \ 
-V /nobackup/bgycels/george/5079.g.vcf \ 
-o /data/bs16gn/unsolved/combinedAI164_4481_4483.noBED.vcf  

 

echo "g.vcfs merged split variants for filtering" && \ 
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16. Split Variants SNP 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T SelectVariants -R 

/home/ref/b37/human_g1k_v37.fasta -selectType SNP --variant /data/bs16gn/path/to/file.vcf -o 

/data/bs16gn/path/to/file-snps.vcf  

 

17. Split Variants INDEL 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T SelectVariants -R 

/home/ref/b37/human_g1k_v37.fasta --variant /data/bs16gn/path/to/file.vcf -selectType INDEL -

selectType MNP -o /data/bs16gn/path/to/file-indels.vcf  

 

18. Hard filtering SNP 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T VariantFiltration -R 

/home/ref/b37/human_g1k_v37.fasta -V /data/bs16gn/path/to/file-snps.vcf --filterExpression "QD < 2.0 

|| FS > 60.0 || MQ < 40.0 || MappingQualityRankSum < -12.5" --filterName "snp_hard_filter" -o 

/data/bs16gn/path/to/file.fltd-snps.vcf  

 

19. Hard filtering INDEL 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T VariantFiltration -R 

/home/ref/b37/human_g1k_v37.fasta -V /data/bs16gn/path/to/file-indels.vcf --filterExpression "QD < 20 

|| FS > 200.0 || ReadPosRankSum < -20.0" --filterName "indel_hard_filter" -o 

/data/bs16gn/path/to/file.fltd-indels.vcf  

 

20. CombineFilteredVariants 
java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T CombineVariants -R 

/home/ref/b37/human_g1k_v37.fasta --variant /data/bs16gn/path/to/file.fltd-snps.vcf --variant 

/data/bs16gn/path/to/file.fltd-indels.vcf -o /data/bs16gn/path/to/file.fltd-combined.vcf --

genotypemergeoption UNSORTED  

 

21. Filter variants in gnomad >/= 1% 
perl /home/vcfhacks-v0.2.0/filterVcfOnVcf.pl -f /home/ref/ExAC/gnomad.exomes.r2.0.1.sites.vcf.gz -w -y 

0.0001 -b -i /data/bs16gn/path/to/file.fltd-combined.vcf -o /data/bs16gn/path/to/file.fltd-

combined.gnomAD.vcf 

echo "filtering finished, now doing VEP annotation" && \ 

 

22. Annotate variants with VEP 
perl /home/variant_effect_predictor/variant_effect_predictor.pl --offline --vcf --everything --dir_cache 

/home/variant_effect_predictor/cache_b37 --dir_plugins 

/home/variant_effect_predictor/cache_b37/Plugins --plugin SpliceConsensus --fasta 

/home/variant_effect_predictor/cache_b37/homo_sapiens/92_GRCh37/Homo_sapiens.GRCh37.75.dna.

primary_assembly.fa.gz -i /data/bs16gn/path/to/file.fltd-combined.gnomAD.vcf -o 

/data/bs16gn/path/to/file.fltd-combined_gnomad.vep.vcf -fork 6 
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23. Select Biallelic and X linked variants 
perl /home/vcfhacks-v0.2.0/findBiallelic.pl -i /data/bs16gn/path/to/file.fltd-combined_gnomad.vep.vcf --

x_linked 2 -s sample_ID --consensus_splice_site -n 1 -o /data/bs16gn/path/to/file.fltd-

combined_AR_gnomad.vep.hom  

# -z if looking for common variants in multiple samples 

#--check_all_samples if looking at all of them 

 

24. Rank on CADD Score  
perl /home/vcfhacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.gz -i 

/data/bs16gn/path/to/file.fltd-combined_AR_gnomad.vep.hom -o /data/bs16gn/path/to/file.fltd-

combined_AR_gnomad.vep.hom.cadd1.3 -n /data/bs16gn/path/to/file.fltd-

combined_AR_gnomad.vep.hom.cadd1.3_NOTFOUND.tsv --progress -d 

# -d gives unsorted list 

#upload the .tsv file to CADD to filter variants that were not filtered automatically 

 

25. GeneAnnotator_vcfhacks 
perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-v0.2.0/data/geneAnnotatorDb --i 

/data/bs16gn/path/to/file.fltd-combined_AR_gnomad.vep.hom.cadd1.3 -o 

/data/bs16gn/path/to/file.fltd-combined_AR_gnomad.vep.hom.cadd1.3.geneanno  

 

26. AnnovcfToSimple_vcfhacks_xlsx with -f gives only the functional variants 
perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i /data/bs16gn/path/to/file.fltd-

combined_AR_gnomad.vep.hom.cadd1.3.geneanno --vep --gene_anno --functional -o 

/data/bs16gn/path/to/file.fltd-combined_AR_gnomad.vep.hom.cadd1.3.geneanno.simple.xlsx  

 

27. AnnovcfToSimple_vcfhacks_xlsx with -f gives only the functional variants 

canonical_only 
perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i /data/bs16gn/path/to/file.fltd-

combined_AR_gnomad.vep.hom.cadd1.3.geneanno --vep --gene_anno --canonical_only --functional -o 

/data/bs16gn/path/to/file.fltd-

combined_AR_gnomad.vep.hom.cadd1.3.geneanno.simple.canonicalOnly.xlsx  

echo "finished AR filtering, now starting AD filtering" 

28. Select dominant variants: get functional variants 
perl /home/vcfhacks-v0.2.0/getFunctionalVariants.pl -i /data/bs16gn/path/to/file.fltd-

combined_gnomad.vep.vcf --consensus_splice_site -s sample_ID -o /data/bs16gn/path/to/file.fltd-

combined_AD_gnomad.vep.hom  

 

29. Rank on CADD Score  
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perl /home/vcfhacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.gz -i 

/data/bs16gn/path/to/file.fltd-combined_AD_gnomad.vep.hom -o /data/bs16gn/path/to/file.fltd-

combined_AD_gnomad.vep.hom.cadd1.3 -n /data/bs16gn/path/to/file.fltd-

combined_AD_gnomad.vep.hom.cadd1.3_NOTFOUND.tsv --progress -d  

# -d gives unsorted list 

#upload the .tsv file to CADD to filter variants that were not filtered automatically 

 

30. GeneAnnotator_vcfhacks 
perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-v0.2.0/data/geneAnnotatorDb --i 

/data/bs16gn/path/to/file.fltd-combined_AD_gnomad.vep.hom.cadd1.3 -o 

/data/bs16gn/path/to/file.fltd-combined_AD_gnomad.vep.hom.cadd1.3.geneanno  

 

31. AnnovcfToSimple_vcfhacks_xlsx with only the functional variants 
perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i /data/bs16gn/path/to/file.fltd-

combined_AD_gnomad.vep.hom.cadd1.3.geneanno --vep --gene_anno --functional -o 

/data/bs16gn/path/to/file.fltd-combined_AD_gnomad.vep.hom.cadd1.3.geneanno.simple.xlsx  

echo "finished with AD filtering, check output" 

 

Appendix 7: Data processing commands for long read sequencing. 

 
Include both pass and fail reads to easily define the “total” number of 
sequenced reads 

 
$mkdir analysis. $cd analysis 
$zcat ../fastq_sup/*.fastq.gz > all_reads.fastq 
$gzip all_reads.fastq  
$source activate nanopore_tools 
$porechop -i AI-312A-5319.fastq.gz -o AI-312A-5319.allRds.porechop.fastq.gz > 
porechop.log 

 
Filter by read length (+/- 500bp surrounding amplicon) 
 
$gunzip -c AI-312A-5319.porechop.fastq.gz | NanoFilt -l 8020 --maxlength 9020 
--logfile NanoFilt.length.log | gzip > AI-312A-
5319.porechop.8020_9020.fastq.gz 

 
$NanoStat --fastq PKD1_CB-8352.allRds.porechop.7003_8003.fastq.gz  
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Typically use Q10 as the cutoff; stick with this for this analysis 
 

$gunzip -c AI-312A-5319.porechop.8020_9020.fastq.gz | NanoFilt -q 10 --logfile 
NanoFilt.quality.log | gzip > AI-312A-5319.porechop. 8020_9020.Q10.fastq.gz 

 
$minimap2 -ax map-ont -t 4 
/nobackup/meduh/hg38/Homo_sapiens_assembly38.fasta AI-312A-
5319.porechop.8020_9020.fastq.gz 2>> minimap2.log >> AI-312A-
5319.porechop.8020_9020.Q10.sam 

 
$samtools view -bh AI-312A-5319.porechop.8020_9020.Q10.sam > AI-312A-
5319.porechop.8020_9020.Q10.bam 

 
$samtools sort -o AI-312A-5319.porechop.8020_9020.Q10.sort.bam AI-312A-
5319.porechop.8020_9020.Q10.bam 
$samtools index AI-312A-5319.porechop.8020_9020.Q10.sort.bam 

 
Remove supplementary and secondary alignments from the BAM so that they 
don’t affect the mapped read count. -F 2304 Exclude (not primary alignment, 
supplementary alignment) 

 
$samtools view -F 2304 -bh AI-312A-5319.porechop.8020_9020.Q10.sort.bam 
> AI-312A-5319.porechop.8020_9020.Q10.sort.ExSuppSec.bam 

 
$samtools index AI-312A-5319.porechop.8020_9020.Q10.sort.ExSuppSec.bam 

 

 


