INVESTIGATING THE ETIOLOGY OF THE SHORT ROOT ANOMALY

Ashley Teresa Hill

A thesis submitted to the faculty at the University of North Carolina at Chapel Hill in partial fulfillment
of the requirements for the degree of Master of Science in the School of Dentistry (Orthodontics).

Chapel Hill
2017

Approved by:

Sylvia Frazier-Bowers
Lorne D. Koroluk
Timothy Wright

Donald Tyndall



© 2017
Ashley Teresa Hill
ALL RIGHTS RESERVED



ABSTRACT

Ashley Teresa Hill: Investigating the Etiology of the Short Root Anomaly
(Under the direction of Sylvia Frazier-Bowers)

Objectives: Short Root Anomaly (SRA) is an emerging clinical problem but the clinical features
and etiology are poorly understood. In order to test the hypothesis that one or more genes contribute to the
SRA phenotype, we aimed to 1) characterize the SRA phenotype and its associated risk for
orthodontically induced external apical root resorption (OIEARR) and 2) complete mutational analysis.
Methods: The affected teeth and presence of other dental anomalies was assessed. PCR based mutational
analysis was completed for 9 SRA samples for BMP4, BMP2, NFI-C and PTHIR. Pre- and post-
treatment panoramic radiographs for 7 patients were evaluated for incidence and severity of OIEARR of
SRA affected maxillary central incisors. Results: We identified 3 broad types of SRA and 5 SNPs.
OIEARR was observed in 64% of affected maxillary central incisors. Mild resorption was observed in
50%, moderate resorption was observed in 7% and severe resorption was observed in 7% of teeth.
Conclusions: SRA can present as three distinct phenotypes. SRA affected maxillary central incisors are

not more susceptible to OIEARR or severe root resorption.
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A REVIEW OF THE LITERATURE

Developmental Disorders of Root Formation

Odontogenesis is a complex, yet eloquent process that begins in the developing human at six
weeks in utero. The tooth is derived from the cells of the ectoderm and the underlying ectomesenchyme
of the neural crest. Each tooth develops through the initiation, bud, cap, bell, apposition and maturation
stages. After crown formation, root development begins. The root is vital to the existence of the tooth in
the alveolar bone as it allows for 1) anchorage of the tooth in the alveolar process by the fibers of the
PDL, 2) attachment of gingival fibers, and 3) provides a foramen for passage of vessels and nerves.'

In clinical orthodontics, tooth movement relies not only on optimal forces but also on the
presence of healthy and normal tissues, particularly related to the tooth root. From an orthodontic
perspective, the risk of root developmental problems altering effective tooth movement remains a
concern. When a sustained force is applied to a tooth, molecular and cellular changes occur that allow
orthodontic tooth movement.” On the side opposite the applied force, blood vessels within the periodontal
ligament (PDL) become compressed.” In contrast, blood vessels on the opposite side of the force dilate.”
This leads to a change in normal blood flow which triggers the release of chemical messengers that
influence cellular changes in the PDL.> Remodeling of the alveolar bone by osteoclasts and osteoblasts
allow for root movement.” Just as the alveolar bone remodels during orthodontic tooth movement, the root
remodels as well. Normally, cementum is removed and replaced on the root surface. If resorption occurs
at the level of the dentin, the dentin is not replaced, cementum is laid down and the root remains short.
This process of orthodontically induced external apical root resorption (OIEARR) occurs in most

individuals during treatment.’



Developmental defects such as dentinogenesis imperfecta, dentin dysplasia and the Short Root
Anomaly (SRA) all result in abnormally short roots.’ Providing orthodontic treatment to these patients
given the unavoidable outcome of external apical root resorption provides a challenge to clinicians and
more importantly a concern for the outcome of the affected teeth. Most studies that have investigated
orthodontic treatment in patients with these disorders are case studies and lack the large cohorts needed to
provide evidence of proper management of these affected individuals.

Outside of their orthodontic implications, extensive molecular research related to dentinogenesis
imperfecta and dentin dysplasia is available in the literature. Mutational analyses have revealed mutations
in one key gene, dentin sialophosphoprotein as the cause.’ SRA on the other hand has an etiology that has
not been investigated and remains poorly understood in the dental community. SRA has received less
attention because it is less common and often misdiagnosed as root resorption.4 However, as minority
populations in the United States continue to grow there is a concomitant increase in the prevalence of
SRA patients in dental practices that will likely continue to increase. Taken together this trend presents a
challenge to dental professionals, particularly orthodontists.

The Short Root Anomaly

The prevalence of SRA is low and varies for different populations.*® The prevalence has been
reported in Japanese populations as 10% and 1- 3% in European populations.*® Puranik et al. investigated
a cohort of primarily Hispanic patients with SRA’ representing the first known report documenting SRA
in a Hispanic sample. Although the prevalence rate among this population still has not been published,
Puranik et al. have seen an increase in prevalence of SRA that correlates well with the increase in the US
Hispanic population.® The relatively recent increase in the Hispanic population is responsible for a large
portion of the population growth in this country.” As of 2015, the Hispanic population had grown to be
the largest minority group in the United States.® Although the Pew Research Center found that in the last
ten years the Hispanic growth rates have fallen to record lows of 2% due to the recession, lower

immigrate rates and lower birth rates, the Hispanic population is projected to reach nearly 30% of the



entire US population by 2060.*’ With the expected growth of this minority group, we can expect
continued rise in the prevalence of SRA, making it vitally important to investigate this anomaly.

To date, only radiographic signs indicate that the condition is present which contributes to the low
reported prevalence.” In 1972, Volmer Lind was the first to describe SRA and described it as “abnormally
short roots of characteristic plump shape mainly affected maxillary central incisors.” SRA most often
presents as bilaterally short maxillary central incisor roots but can also affect lateral incisors, bicuspids,
mandibular incisors or the entire dentition.*” Mandibular second premolars are most commonly affected
behind maxillary central incisors.” No attempt has been made to determine if different types or variations
of SRA exist given that different teeth can be involved; establishing a pattern of affection can aid in ease
of SRA diagnosis. Affected teeth also have a distinctive appearance.” Maxillary central incisor roots are
often plump with rounded apices while mandibular second premolars often have blunted apices.” Teeth
are always affected bilaterally.” The crown length: root length ratios are approximately 1:1 with normal
crown size and shape.*’ The tissues surrounding the teeth are normal and the hard tissues of the tooth are
also normal which distinguishes the abnormally short roots from dentinogenesis imperfect and dentin
dysplasia.”

Root resorption will most often be included in the differential diagnosis for SRA. Root
resorption, like SRA, can be idiopathic which makes the distinction between the two difficult.
Comparison of chronological radiographs to determine whether the roots were short at time of eruption or
have shortened over time is the most predictable way to distinguish SRA from root resorption. Because
pediatric dentists and especially orthodontist often monitor patients over time and may take multiple x-
rays as the child transitions from the mixed to permanent dentition, they are most likely to be the first to
diagnose a patient with SRA. Given that previous records are not always available, evaluating the root
contour is another mode of distinguishing root resorption from SRA. External apical root resorption does
not typically occur bilaterally unless occurring as a result of orthodontic treatment and usually leaves the
root with an irregular apical contour while in SRA the teeth are affected bilaterally and the contour of the

root is not often irregular but rounded.



The Etiology of the Short Root Anomaly

Series of patient radiographs prior to the establishment of the permanent dentition with evidence
of lack of continued root formation as well as family history have provided evidence of a distinction of
SRA from root resorption caused by trauma or occlusal load. *37 Familial cases of SRA indicate a
potential genetic etiology that has yet to be explored. Identification of the specific genetic etiology
provides an additional mode for diagnosis of SRA in affected individuals but will also contribute to the
growing body of literature on root development.

Although the specific etiology of SRA remains unknown, an autosomal dominant inheritance
pattern for SRA has been documented.**” Lind was the first to hypothesize a possible genetic etiology.*
Lind evaluated 112 SRA cases and found that siblings and parents of SRA affected individuals also
presented with the anomaly, although he did not report the percentage of sporadic versus familial
cases.*Apajalahati investigated 8 families of probands with SRA.’ In 3/8 families there was evidence of
autosomal dominant inheritance and 5/8 families showed affection in only one generation.’ Apajalahati
speculated that the cases lacking an autosomal dominant inheritance pattern may be the result of
spontaneous mutations.” Puranik et al. also provided evidence of familial cases with 7 affected individuals
in two generations of a single family.” The evidence of SRA as a heritable condition in the literature
warrants investigation of the specific genetic etiology. Given that the crown remains unaffected in SRA
and only the root is malformed, the likely cause of reduced root length in SRA patients has been
hypothesized to lie in the mechanisms of root formation. A review of the cellular and molecular
mechanisms involved in root development below provide a basis for understanding the processes of
abnormal root development in the SRA.

Overview of Root Development

Root development begins after crown morphogenesis. Our understanding of root morphogenesis
is based on light and electron microscopy of rodent and dog teeth during the twentieth century.'”'' Bath-
Balogh and Fehrenbach describe the beginning of root formation as the elongation of the cervical loop or

junction of the inner enamel epithelium (IEE) and outer enamel epithelium (OEE) into the mesenchyme



once the crown is developed.' Hertwig’s epithelial root sheath (HERS) is formed by the bi-layered
epithelium of the cervical loop.' HERS has been considered the region controlling root development just
as the enamel knot controls crown formation. While continuing to elongate apically, HERS moves
laterally at a forty five degree angle to form the epithelial diaphragm.' The epithelial diaphragm
eventually creates the narrow opening of the apical foramen.' Multirooted teeth form by extensions of the
epithelial diaphragm that separate the initially single apical foramen into two or three.'

The epithelial cells of HERS play a major role in dentinogenesis and cementogenesis, which lead
to the formation of the hard tissues of the root.' The inner cell layer of HERS, the IEE, stimulates the
outer cells of the dental papilla to differentiate into preodontoblast and subsequently odontoblasts.' The
odontoblasts secrete the predentin layer.' As calcification centers form in the predentin, odontoblasts
recede and continue secreting predentin.””'' Contact of dental follicle cells with the surface dentin after
disintegration of HERS has traditionally been considered the impetus for cementoblast differentiation and

secretion of the cementum matrix. !

Mineralization occurs after cementum matrix deposition. Areas
lacking embedded cementocytes are called acellular cementum, which covers the coronal two-thirds of
the root while cellular cementum covers the remainder of the root.! HERS proliferation slows once the

tooth enters the oral cavity.z’12

Signaling Pathways Involved in Root Formation

Signaling between the dental epithelium and ectomesenchyme mediate the cellular processes of
root formation discussed above. Signaling molecules bind to receptors on cell membranes and trigger
intracellular gene expression for transcription factors that control odontogenesis.'’ The pathways of
signaling molecules are well documented in crown formation and are suggested to also control root
formation but less evidence exists to support their role in root formation. Studies of transgenic rodents
have allowed for continued increase in knowledge of the molecular pathways controlling root
morphogenesis but overall, the mechanisms have not been thoroughly explained."*** TGF- B, BMP4,
BMP2, BMP7, Shh, NFI-C, WnT, Osterix and PTH are signaling molecules and transcription factors that

have been documented in the literature to have key roles in root development and may provide insight



into the potential etiology of SRA."***In this manuscript we consider the individual contributions of
selected genes to the root developmental process and the potential role they may play in the pathogenesis
of SRA.

Transforming Growth Factor Beta (TGF-p)

TGF-P signaling with Smad4 is required for root development. TGF-$ and BMPs are members of
the transforming growth factor family.'* TGF-p and BMP signaling involve Small Mother Against
Decapentaplegic (Smad) proteins. TGF-B binds its receptor and causes phosphorylation of the Smad
proteins, which then form a complex with Smad4 and leads to targeted gene expression in the cell. 1
Inactivation of Smad4 inhibits root formation by inhibiting HERS development and elongation."*
Therefore, regulation of HERS by TGF-f signaling may impact root size, shape and number. Lack of
elongation of HERS can lead to reduction of root length and may contribute to the SRA phenotype.

Bone Morphogenetic Proteins (BMPs)

BMP signaling plays a major role in all stages of odontogenesis. BMP2, BMP4 and BMP7 have
all been detected locally during root formation."> Evidence suggests that BMP2 and BMP4 are necessary
for normal root development. One major role of BMP4 in root development is its influence on HERS.'
BMP4 is expressed by the dental mesenchyme adjacent to HERS where the epithelial cells have BMP4
receptors.'® Hosoya et al. showed that this local BMP4 expression regulates HERS elongation.'®
Inhibition of BMP4 signaling by the antagonist Noggin leads to lengthening of HERS, while increase in
BMP4 leads to decreased HERS elongation.'® BMP4 like TGF-B may influence root length through HERS
regulation and disruption of these signaling pathways may lead to abnormal root length as seen in SRA.

BMP2 participates in odontoblast and cementoblast differentiation.'” ' BMP2 stimulates
differentiation of preodontoblasts to mature odontoblasts and then stimulates dentinogenesis.'” BMP2 also
induces expression of Osterix, an important transcription factor in root formation, and dentin
sialophosphoprotein, an important protein for mineralization.'” Lack of BMP2 gene expression in
odontoblasts leads to incomplete odontoblast differentiation and abnormal dentinogenesis.'”'" The

phenotype that results from BMP2 gene knock-out in mice is lack of root formation due to reduction in



root dentin formation and lack of cellular cementum.'”

Mutations present in BMP2 could potentially
contribute to reduction in root length in SRA.
Sonic Hedgehog

Sonic hedgehog signaling determines normal root lengthening and may be involved in SRA
phenotype expression. Sonic hedgehog (Shh) is the only hedgehog protein that participates in
odontogenesis.20 Smoothened (Smo), Patchedl (Ptc1) and Glil are transcription factors involved in Shh
signaling. *' Shh localizes in the IEE and epithelial diaphragm while Ptc1 and Glil are also expressed in
the epithelium and adjacent to HERs in the mesenchyme during root formation.”' Nakatomi inhibited Shh
signaling by alteration of PATCHED, the Shh receptor, and revealed a reduced cell proliferation in the
mesenchyme and reduction of root length.?' Shh expression by HERS acts through Glil in the dental
mesenchyme to induce the expression of NFI-C.">'* Shh’s regulation of NFI-C is likely what contributes
to its control of root development.
Nuclear Factor 1-C (NFI-C)

NFI-C is expressed by odontoblast and preodontoblast and is necessary for odontoblast

differentiation during root development.”**

Without NFI-C gene expression, odontoblasts are
dysmorphic and fail to differentiate properly which leads to decreased expression of proteins such as
dentin sialophosphoprotein and consequently a decrease in dentin formation.'***** Additionally, NFI-C
deficiency leads to suppression of cell proliferation and increase in apoptosis in the cervical loop and
mesenchmye.”*

A distinct phenotype exists when NFI-C is disrupted in mice. Steele-Perkins et al. removed the
second exon in the NFI-C gene in mice, which resulted in molars with normal crowns but no root

development; teeth were affected bilaterally.”>*

. The NFI-C knockout phenotype occurred due to
odonotoblast apoptosis and reduction in matrix formation.** Park et al. also performed knock-out of NFI-

C in mice and found short and abnormal molar root formation in mice.? Park et al. found that HERS

developed normally but the odontoblasts were irregularly shaped, disorganized and had reduced dentin



sialophosphoprotein expression.”* The NFI-C knock-out phenotype shares similarities with the human
SRA phenotype. NFI-C mutational analysis in humans may provide evidence of the cause of SRA.
Wingless-type

Whnts (wingless-type) are glycoproteins whose receptor binding leads to f-cantenin accumulation

25,26

in the cell cytoplasm and eventual targeted gene expression.””” Wnts are expressed by HERS and

odontoblasts and induce odontoblast and cementoblast differentiation.'> >

Inhibition of Wnt/ B-cantenin
signaling results in short or absent roots and reduced dentin formation, while the prolonged signaling
activation can accelerate odontoblast differentiation and excessive dentin and cementoblast formation.'>
2520 BMP2 and Wnt/ B-cantenin signaling both induce odontoblast differentiation and dentinogenesis and
interact in the process,lg BMP2 can intermingle with Wnt signaling by increasing B-cantenin expression
by the p38 mitogen-activated protein kinase pathway.'’
Osterix

Osx’s role in dentinogenesis and cementogenesis warrants its investigation in the SRA
phenotype. The transcription factor Osterix (Osx) is a well-known regulator of osteoblast differentiation
during bone formation but the literature also suggests its regulation of odontoblast differentiation and

2327 Kim et al. inactivated Osx in mice

cementoblast differentiation during root development.
odontoblasts to evaluate the impact on dentinogenesis.”” They found short molar roots and thin
interradicular dentin with normal crowns due to disrupted odontoblast maturation.”’

Parathyroid Hormone 1 Receptor (PTH1R)

Abnormal PTHIR may not only influence failure of eruption but evidence suggests is role in
abnormal root development.29 PTHIR is a transmembrane G-protein-coupled receptor that is activated
after binding of parathyroid hormone (PTH) and parathyroid hormone—related peptide (PTHrP).”” PTHrP
is expressed by dental follicle cells, cementoblasts and PDL cells while its receptor PTHIR is expressed
in odontoblasts and dental follicle cells during root formation.*® Ono et al. recently investigated

parathyroid hormone receptor signaling in mice and found that lack of the PTH1R receptor in

mesenchymal progenitor cells impairs proliferation of mesenchymal cells in the dental papilla and follicle



and leads to truncated roots.”® PTHIR signaling appears to be an important part of normal root formation
and should be investigated for contribution to SRA.

Evidence of TGF- B and BMP4 as regulators of HERs and mice phenotypes lacking normal root
length due to abnormal signaling involving BMP2, SHH, NFI-C, WnT, Osterix and PTHIR provide a
starting point for investigation of the etiology of SRA.

Risk of Root Resorption with the Short Root Anomaly

As stated previously remodeling of the root surface normally occurs during orthodontic treatment.
When a portion of the root is not replaced, resorption has occurred. Root resorption during orthodontic
treatment is most often unavoidable but usually not clinically significant.’® The incidence of
orthodontically induced external apical root resorption (OIEARR) as observed radiographically has been

%.3%31:32 When OIEARR does occur it is often minor or less than 2.5 mm.*°

reported to be between 66-73
Severe OIEARR where at least a third of the root has resorbed occurs only in 1-5% of teeth.’®** The risk
for OIEARR has been found to be multifactorial and dependent on both biologic and environment or

3033 Interleukin 1 receptor antagonist gene for example, has been linked to a predisposition

clinical factors.
for OIEARR.As the literature suggests, SRA may be another factor that contributes to the risk for
OIEARR.

Lind found the prevalence of root resorption among an SRA sample to be 41%, much higher than
the normal sample that he evaluated.® The observed root resorption was did not include OIEARR but
resorption due to other factors such as impacted teeth. Because of the high prevalence or resorption, Lind
hypothesized that SRA affected teeth may have a low resistance to resorption.* This theory has remained
associated with SRA although little evidence supports a true elevated risk of resorption in SRA patients.
No studies have evaluated orthodontic treatment in an SRA sample; only case reports have been
presented.

Farret, Marques and Valladares published case reports of SRA patients treated orthodontically. In

all three cases none or minor resorption was present radiographically on the SRA affected teeth.”° On

the other hand, Newman investigated OIEARR in patients with “idiopathic short roots” and found that



30.8% of these teeth had moderate or severe OIEARR and concluded that these patients tend to have
more severe resorption than the normal population.”” Because Newman did not specifically include SRA
patients in his study the relevance of his conclusion is unclear. It can be concluded that there is lack of
sufficient evidence regarding the risk of OIEARR in SRA patients or teeth. This is likely due to the low
prevalence of SRA and difficulty in establishing a large cohort. Without evidence of the outcome after
orthodontic treatment for SRA patients, it is not possible to provide adequate informed consent to
patients. Additionally, whether these patients are more likely to experience OIEARR and potentially more
severe resorption will impact an orthodontist’s’ treatment plan and mechanics. The decision to extract or
not in a case could be influenced by the patient’s risk and therefore investigation of the risk of resorption
in these patients is necessary.

Summary

Many gaps remain in the complete understanding of SRA because it has received little attention
by the dental community due to its rarity. Hence, it is often misdiagnosed and presents with no clinical
signs until a radiograph is taken. No efforts have been made to identify the specific genetic etiology and
no studies have attempted to determine the risk of OIEARR in an SRA sample. Establishing a better
understanding of SRA and determining its etiology aids in distinguishing the anomaly from other
conditions such as root resorption and contributes to our understanding of root development. Investigating
the outcome of SRA affected teeth after orthodontic treatment directly impacts the patient’s treatment
plan and long-term health of their dentition.

The mechanisms of root development at the cellular level have been researched since the early
twentieth century, however, gaps still exist in our understanding at the molecular level. The assumption
was made that the molecular mechanism in crown and root development, particularly dentinogenesis are
similar if not the same. However, because in the examples presented of disruption of signaling pathways
in mice such as in BMP and NFI-C signaling, minimal crown defects occur but abnormal root formation
is present, the idea that pathways controlling crown formation overlap with root formation is not entirely

valid. It is now more apparent that molecular mechanisms of root formation are unique from crown

10



formation and must be further researched. Understanding the molecular mechanisms of root
odontogenesis is important first because it provides a basis for investigating etiologies of root
developmental disorders such as SRA and secondly because it lays the foundation for tissue engineering
and regeneration research.

This project aims to further characterize the SRA phenotype, determine whether one or more
genes are responsible for the presence of SRA and determine the clinical outcomes of SRA. The results
will draw greater attention to SRA as a distinct anomaly, improve our understanding of root development

and provide affected patients the opportunity for informed consent.
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