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ABSTRACT

GENETICS OF SHORT ROOT ANOMALIES

Purpose: The purpose of this study is to define clinical features and identify specific gene
mutations that are associated with short root anomalies (SRA) among five affected families.
This study aims to determine the potential association between clinical features and genetic
mutations in order to provide scientific evidence for oral health providers to enhance diagnosis
and management of patients with short root anomalies.

Methods: Participants were recruited through the University of Pittsburgh and the University of
Michigan. Study explanation, pedigree construction, subject enrollment, clinical examinations
and collection of blood or non-stimulated saliva samples were completed under the proper
consenting procedure as approved by Institutional Review Board. Each sample was coded and
a small aliquot was used for genomic DNA isolation. Samples from parents and proband of
each family were selected for whole-exome sequencing. Sequencing results were analyzed
according to establish algorism. DNA samples from all other family members were used for
confirmation analyses. Prioritized DNA sequence variations and their segregation with short
root anomalies within each family were assessed. Phenotypic comparisons of the affected
subjects within the five study families were performed to determine whether these families can
be considered as having similar if not identical clinical presentation of SRA. Phenotypic
features analyzed include root length, root width, taurodontism, missing teeth, whether cases
were localized or generalized, and other pertinent dental anomalies.

Results: Genomic analyses identified 22 genes with rare and potentially damaging variants in
more than one affected individual of the five study families. Four out of five probands have
variants in THAP1 1 gene, three out of five probands have variants in PODXL, NIPAI and
VEZFI and two out of five probands have variants in additional 18 genes. The role of these
gene variants in tooth and root development is not immediately clear. There were no variants
involving the same gene present in all five or four families. Given WES data and literature
evidence, there were no logical variants or candidate genes that can be targeted for segregation
analysis. Phenotypic features documented in the affected study participants include short roots
of various types of teeth, wider than normal root widths, taurodontism in both maxillary and
mandibular arches, microdontia, ectopic eruption, and pulpal obliteration. Localized and
generalized SRA cases showed differences in phenotype features.

Conclusion: Phenotypic features of SRA vary from patient to patient. Correlating genotypes
and phenotypes of those with short root anomalies may facilitate clinical diagnosis. By
determining the genetic etiology of SRA, we may better understand the disease mechanism and
be able to make sound decisions on whether applying forces and manipulating the teeth might
lead to continued changes in root length and structure. Exploring the molecular mechanisms of
SRA allows an understanding of whether the condition is largely a developmental anomaly or a
progressive, long-term process. This foundational knowledge is relevant to many facets of
dentistry where root to crown ratio must be carefully considered in treatment plan
development.

viii



Chapter I

Introduction



1. Study Aim

The purpose of this study is to define clinical features and identify specific gene mutations that
are associated with short root anomalies (SRA) among five affected families. This study aims
to determine the potential association between clinical features and genetic mutations in order
to provide scientific evidence for oral health providers to enhance diagnosis and management

of patients with short root anomalies.

2. Definition and Diagnosis

Short root anomalies were first described in 1972 by Lind, who observed that the roots of
maxillary central incisors were, in few instances, so short that they must be anomalous. The
roots were described to have a characteristic “plump” and “onion shape”, and were found to
always affect the central incisors bilaterally. While the abnormally short and plump roots of
the maxillary central incisors were observed in some patients, the teeth and surrounding
tissues appeared normal both clinically and radiographically. In the same study, the “relative
root length” was described as a diagnostic reference and continues to be used as a reference
in subsequent studies (Lind, 1972). The relative root length is described as the ratio between
root length (R) and crown length (C), calculated by the equation: r-m/i-m= R/C. The apex
marker represents (r) while the midpoint of the incisal edge represents (i). (m) represents the
midpoint line between x and y, which mark the outer contours on either side of where the
root and crown meet. In this pioneer study, the mean relative root length of 1.6 was noted in
unaffected individuals while a mean relative root length of 1.1 was noted in affected
individuals. Subsequent studies support the average relative root length of the maxillary

central incisor to be 1.6, with short root teeth R/C presenting as less than or equal to 1.1



(Lind, 1972; Edwards et al.,1990; Jakobsson et al.,1973). While Lind’s method has been used
extensively in studies assessing relative root length, recent studies have also modified or
extended the criteria for SRA diagnosis. Such modifications include measurement of alveolar
bone level or cementoenamel junction (CEJ) as a reference point to measure anatomical or
clinical R/C ratios, use of pre-treatment CBCTs, and “normal" morphology determined as
maxillary central incisors with no significant dilacerations or alterations in root shape (Wang
et al., 2019; Cutrera et al., 2019). The diagnosis of short root anomalies is made when the
fully developed roots are the same length or shorter than the crown and is seen in at least one
pair of permanent teeth bilaterally (Edwards et al., 1990; Jakobsson et al., 1973). The
diagnosis is also made when other causes of root shortening including resorption from
orthodontic treatment, trauma, or developmental disturbance can be ruled out (Lind, 1972;

Apajalahti et al., 2002).

3. Teeth affected

Maxillary central incisors are markedly involved in patients diagnosed with short root
anomalies though other teeth have also been implicated in literature (Lind, 1972; Apajalahti
et al., 1999). Studies have shown a variation in the order of most prominent involvement.
However, premolars are often described as the next most diagnosed teeth with short roots
(Lind, 1972; Apajalahti et al., 2002; Apajalahti et al., 1999; Ando et al., 1967). In contrast,
mandibular central incisors, molars and canines are the least commonly involved (Lind,
1972; Puranik et al., 2015). Affected maxillary central incisors and premolars have been
reported to have a distinct, similar radiographic appearance: maxillary central incisors appear

plump with rounded apices radiographically and premolars present with blunted apices that



resemble root resorption (Puranik et al., 2015). A case report has been published on a non
syndromic SRA case of a 14 year old boy who had signs of generalized short root anomalies
in both his permanent and primary dentition. Although the primary teeth were affected, it
was especially apparent in the maxillary first primary molars bilaterally and maxillary and
mandibular second primary molars. Also reported in the same patient was taurodontism in
the mandibular canines and impaction of the permanent maxillary canines bilaterally. This
report is of significance as non syndromic occurrences of generalized SRA cases are

extremely rare (Venkataraghavan et al., 2014).

4. Prevalence (gender and ethnicity)

Short root anomalies have often been reported to have a 2.4-2.7% prevalence in Caucasians,
and have been reported to be as high as 10% in Mongolian and Japanese populations (Lind,
1972; Edwards et al.,1990; Jakobsson et al., 1973; Apajalahti et al., 1999; Ando et al., 1967).
There is recent evidence that a higher prevalence of short root anomalies may also exist among
Hispanic populations. A recent study that observed 27 patients in a Mexican cohort reported
that short root anomalies occur frequently in the Latino population with a strong predilection
for anterior teeth. A different study that recruited patients with short root anomalies to assess
for a possible increased risk for external apical root resorption in orthodontic patients was
inclusive of a largely Hispanic population (Cutrera et al., 2019; Puranik et al., 2015). A study
that compared root lengths and crown heights of African American, Caucasian, and Hispanic
populations reported the Hispanic population to have significantly lower ratios of root lengths
and crown heights compared to the other two groups, highlighting that ethnicity may play an

important role in establishing specific reference values for diagnosis. In this study that



observed 333 patients consisting of 109 Caucasians, 112 African Americans and 112
Hispanics, the mean R/C ratios varied from 1.8-2.21 for maxillary teeth and 1.83-2.49 for
mandibular teeth, with Hispanics representing the significantly lower R/C ratios for most teeth
compared to the other two groups. It was also reported that significant differences in R/C ratios
existed between African Americans and Caucasians in the upper lateral incisors, lower central
incisors, and lower first premolars. The findings of this study suggest that ethnicity may have a
stronger influence on the tooth morphology in Hispanic patients presumably due to variations

in genes regulating normal root development (Wang et al., 2019).

Short root anomalies appear to have a predilection for females, as studies have reported that
the anomaly is three times more common in females than males (Lind, 1972; Jakobsson et al.,
1973). It has also been reported that 2.3% of the population have extremely long roots, and
boys are more likely to have this presentation with a boy: girl ratio of 5:1 (Jakobsson et al.,

1973).

A study analyzing panoramic radiographs of a healthy Finnish population reported that
males tend to have higher R/C ratios compared to females, with mean R/C ratios for males
ranging from 1.86-2.44 and values ranging from 1.78-2.46 in females. In maxillary and
mandibular arches of both boys and girls, highest R/C mean values were found in the second
premolars and first premolars, and the lowest R/C mean values reported in the maxillary
central incisors, mandibular central incisors, and first molars. The reported mean R/C ratios
were significantly larger in males for the permanent maxillary and mandibular central
incisors, permanent maxillary lateral incisors, and first and second molars. The results
highlight that reference values for R/C ratio assessment should be made separately for males

and females to aid in diagnosis (Holtta et al., 2004).



5. Association with other dental anomalies

There is evidence in literature that suggests short root anomalies may be implicated with the
presence of other dental anomalies. One study reported a 46% and 33% association with tooth
agenesis and ectopic canines, respectively, along with supernumerary teeth and the presence of
mesiodens when observing eight SRA affected families. Another study reported that
hypodontia, taurodontism, peg shaped, invaginations, and ectopic position frequently occurred
in affected teeth other than maxillary central incisors and maxillary first premolars when
studying a sample of nearly 2000 panoramic radiographs of healthy young adults (Apajalahti et

al., 2002; Apajalahti et al., 1999).

Case reports have made an association with microdontia and SRA presence in the primary
dentition of affected individuals (Venkataraghavan et al., 2014). Those with short root
anomalies have been reported to be at higher risk for root resorption in the maxillary front
teeth, with a study reporting the frequency of root resorption in individuals with a mean R/C
of 1.1 as high as 41.1%. In contrast, it has been reported in the same study that individuals
with a R/C ratio higher than 1.1 has a much lower frequency of resorption at 30%. (Lind,
1972). An additional study reported that 48% of the individuals in the short root group had
diagnosed root resorption on one or more maxillary incisor teeth, while no root resorption
was found in the individuals belonging to the long root group. This study made comparisons
of children either with exceptionally short (short root with R/C < or equal to 1.1) or
exceptionally long roots (R/C> or equal to 2.2), with a prevalence of 2.4% and 2.3%

respectively. (Holtta et al., 2004).



6. Malocclusion

Several facets of malocclusion have a reported association with short root anomalies. A higher
frequency of anterior cross bite has been reported in patients with short root anomalies (Lind,
1972). A higher tendency for crowding in a group of patients with short root anomalies when
compared to a group of Caucasian patients with diagnosed long roots has also been reported. In
this study, crowding was diagnosed in 22/25 patients with short roots, while only 4/24 subjects
were diagnosed with crowding in the long root group (Jakobsson et al., 1973). A pioneer study
in 1967 evaluating 300 elementary school children in Japan inferred that biting load naturally
tends to be concentrated on the upper central incisors that have had their root formation
completed prematurely, and that the shift in biting forces may be responsible for a localized
etiology of root shortening rather than a more generalized etiology. A study evaluating 103
pairs of siblings reported that genetic susceptibility of external apical root resorption is unlikely

to be related to an individuals’ malocclusion (Ando et al., 1967).

7. Association with systemic disturbances

Shortness of the roots have been associated with systemic disturbances including Stevens
Johnson syndrome, Down syndrome, severe short limbed dwarfism, and scleroderma, among
others (Bajaj et al., 2012; Shaw et al.,1995). In a case report of a patient with severe short
limbed dwarfism, in addition to generalized short roots, the dentition also had observed
agenesis, conical short roots, and obliterated pulp chambers. Little bone support was noted on

radiographs although clinical crowns appeared normal on all affected teeth (Shaw et al., 1995).



A case report on a fifteen- year-old Stevens Johnson syndrome patient reported generalized
short roots in her dentition besides the lower first molars and lower central incisors due to a
cessation in root development post- acute attack of SJS at age eight. This study is of special
note because the generalized short roots observed had marked differences in root lengths (Bajaj
et al., 2012). It is also well known that treatment regimens for some childhood cancers have a
part in affecting crown and root development. While chemotherapy has been associated with a
higher prevalence of enamel defects, including opacities and hypomineralization, radiotherapy
has been implicated in producing the most severe defects affecting both crown and root
morphology. Such disturbances in root morphology have been reported to include both
foreshortening and blunting of the roots. In a study comparing groups receiving either
chemotherapy alone, chemotherapy in combination with cranial radiation, or radiotherapy with
total body irradiation (TBI) and bone marrow transplant (BMT), it was a statistically
significant finding that root surface area was the least in the group receiving TBI/BMT.
Further, there was no difference reported in the root surface areas according to the patients’ age
of cancer diagnosis, providing evidence that the effect of radiotherapy and cancer treatment
regimens can affect various age groups at different points of tooth development (Duggal,
2003). Although there is evidence in literature of an association of short root anomalies with
systemic disorders and treatment, there are also reports that support isolated diagnoses of short
roots. One study reported a 1.3% prevalence of SRA in a population of 2000 healthy university
students with no known medical history or concerns, while 10% (30/300) of healthy Japanese
school children were diagnosed with short roots in another study (Apajalahti et al., 2002; Ando

etal., 1967).



8. Differential diagnosis: trauma, EARR, orthodontic treatment sequelae

When diagnosing short root anomalies, common differential diagnoses include trauma related
etiology and external apical root resorption (EARR) secondary to orthodontic treatment. Since
the upper front teeth are prone to trauma, short root anomalies in this region can be
misdiagnosed as root resorption. Root malformations have been reported as possible sequelae
of trauma, and can include root duplication, dilacerations, and partial or complete arrest of root

formation (Neto et al., 2013).

External apical root resorption is described as a decrease in root length once full root
development has been completed. A study that evaluated two groups with short roots: one
group with external root resorption of the maxillary front teeth and the other group with
abnormally short roots of the maxillary central incisors, reported that the etiology of the
resorption was either the pressure coming from the embedded canines, chronic trauma from
orthodontic stress, or from traumatic occlusion (Ando et al., 1967). External apical root
resorption in the maxillary central incisors has also been reported to have a high heritability
component relative to other teeth, attributed to the fact that these roots are moved greater

distances during treatment compared to others (Al-Wawasmi et al., 2003).

The heritability component of EARR was further explored in another study that evaluated
103 sibling pairs and found that siblings experience similar levels of EARR in response to

orthodontic treatment (Harris et al., 1997).

Orthodontically induced root resorption is defined as an injury resulting from the pressure
applied to the root during tooth movement resulting in localized ischemic necrosis of the PDL

in the area of pressure (Weltman et al., 2010). Although histologic studies have reported up to



a 90% occurrence of root resorption in orthodontically treated teeth, in most cases, the
resorption is minor and appears less than 2.5mm radiographically. Severe root resorption is
defined as either 1/3rd of the original root length or greater than 4 mm, which is seen in 1- 5%
of teeth (Weltman et al., 2010). Risks of orthodontic treatment complication depends on a
myriad of factors, including treatment duration, force magnitude, direction of movement,
method of force, treatment technique, and patient related risk factors including developmental
and genetic susceptibility (Weltman et al., 2010; Mavragani et al., 2000). An individual’s
biochemical or physiological composition has been reported to play an important role in the
effects of orthodontic forces influencing EARR, with a heritability component of 60-80%
reported in one study (Harris et al., 1997). It has been suggested that although root resorption
may occur in patients that have never undergone orthodontic treatment, the incidence is much

higher with patients that have had a history of orthodontic treatment (Weltman et al., 2010).

One study reported as high as 1/3rd of orthodontic patients presenting with signs of
resorption, while another study found that 13/25 SRA identified individuals had undergone
earlier orthodontic treatment (Wang et al., 2019; Harris et al., 1997). Still, it has been
reported that having short root anomalies is not necessarily a contraindication for orthodontic
treatment. One study reported that the incidence of severe apical root resorption of the
incisors after orthodontic treatment was 14.5% (Marques et al., 2010), while another study
evaluating CBCT’s of SRA patients and control patients found no significant difference in
mean values for both root and tooth length after orthodontic treatment (Cutrera et al., 2019).
In this study, the mean values for both groups decreased by a range of 0.6-1.3 mm (Cutrera et

al., 2019).
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9. Orthodontic Considerations

Several considerations and treatment modifications have been described for patients with short
root anomalies undergoing orthodontic treatment. Unfavorable root to crown ratios play a large
role in the prognosis of orthodontic treatment plans when considering anchoring and the ability
of the teeth to withstand force application (Neto et al., 2013). Several factors heavily influence
the likelihood of apical root resorption, including the use of compressive forces (instead of
tensile forces), apical displacement, longer treatment duration, and the introduction of intrusion
and lingual root torque (Chan et al., 2006; Weltman et al., 2010; Han et al., 2005; Parker et al.,
1998; Costopoulos et al., 1996). A study using finite element models (FEMs) investigated the
stress distribution at the root from orthodontic forces on deviated root shapes including short
roots, blunt roots, roots with a bent apex, and roots with a pipette shape. External orthodontic
forces were vertical (intrusive) and horizontal (lingual) in nature. A variation in the location of
stress concentration was reported for the different study groups. When compared to normal
root shapes, roots that were short, bent, or pipette shaped resulted in greater loading of the root,
although the loading was concentrated in different parts of the root. In the short root model, it
was reported that the decrease in the root-crown ratio might have contributed to enhanced root
loading, leading to significant stress concentrated in the middle of the root. This study
highlights the considerations for root shape prior to orthodontic treatment, as specific shape
deviations may lead to a greater loading of the roots with force application (Oyama et al.,
2007). It has been suggested that once root resorption is detected, two to three month pauses in
force, with a passive arch wire, can minimize further damage. The discontinuous force can be
advantageous to allow for the resorbed cementum to heal before force is applied and treatment

resumes (Acar et al., 1999). Another method that has been reported is to maintain light,
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intermittent forces with longer intervals in between as extensive repair of the cementum occurs
between activations that occur over longer intervals (Oppenhiem, 1942; Reitan, 1957). It has
also been suggested that periodic radiographs are taken to monitor the movement of teeth with

concerns of critical root length (Neto et al, 2013).

10. Genetics

Genetic influence has been reported to contribute significantly in the diagnosis of short roots.
In the limited case reports and studies on patients with short roots, a familial occurrence has
been established and an autosomal dominant mode of transmission has been suggested (Lind,
1972; Edwards et al., 1990; Jakobsson et al., 1973; Apajalahti et al., 2002; Puranik et al.,
2015). In a study evaluating 8 families affected with short root anomalies- in 3/8 families the
condition was seen in parent and child, in 2/8 families the condition appeared only in siblings,
and in 3/8 families the condition appeared only in the affected individual. In another study,
several cases (total of six) were noted to have a familial occurrence (Lind, 1972). One case
report evaluating a family of 32 with 7 affected individuals reported an autosomal dominant
pattern of inheritance after performing a pedigree analysis (Puranik et al., 2015). A case report
on a 10- year-old girl with short roots reported that the patient’s dad, paternal uncle, aunt, and
two cousins also had short roots while her mom and brother were not affected (Edwards et al.,
1990). The genetic susceptibility and origin of root length has also been reported. A study
analyzing radiographs of permanent maxillary central incisors of a normal Swedish population
of 1038 children reported clinical evidence of root length variation is of genetic origin

(Jakobsson et al., 1973). In this study, familial occurrences of root length variation were
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reported, with an example of long roots affecting the dentitions of the son, mother and father of
a subject as having above average R/C ratios. In addition, the study found that short root

anomalies affect girls significantly more often than boys, with a ratio of 2.7: 1.

Specific genes related to matrix metalloproteinases or MMP’s and nuclear factor genes have
also been reported to have a correlation with patients diagnosed with short roots. Matrix
metalloproteinases are a family of structurally related extracellular matrix or cell surface
associated enzymes, where activation is typically associated with destruction of tissue and
subsequent pathological sequelae. In a study evaluating the gingival crevicular fluid (GCF) of
patients with short root anomalies, it was reported that MMP-9 is characteristic in subjects
with short roots. The findings of an activation and complex formation of MMP-9 contribute
to evidence suggesting that GCF of patients with short roots have low collagenolytic and
pathological activity. The presence of MMP-9 is also characteristic to patients with active
periodontitis (Apajalahti et al., 2003). Nuclear factor I genes have also been suggested to
have a correlation in the development of short roots. Nuclear factor I genes have been
previously reported to play a critical role in the development of the brain, lungs, and roots of
teeth. The function of odontoblasts is to contribute to the formation of root dentin and crowns
of teeth. A mouse study found that disruption of the NFIC gene still allowed for the
formation of normal Hertwig’s Epithelial Root Sheath (HERS), but disrupted the
differentiation of odontoblasts. Since the function of NFIC genes are known to play a role in
the postnatal stages of tooth development, while crown formation occurs in the embryonic
stage, the disruption of the NFIC gene impacted root odontoblast differentiation and did not

affect the crown of the tooth. The consequence of disruption in odontoblast formation during
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the critical early-stage root formation resulted in the study’s findings of decreased cementum

and short and abnormal root development (Park et al., 2007).
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Chapter 11

Significance and Study Approach
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Significance

Based on the gender, ethnic, and familial predispositions influencing diagnosis of short root
anomalies in available literature, a genetic etiology has been strongly suggested. Because the
condition of short roots can affect clinical management and influence best practice for
treatment planning in susceptible patients, determining the etiology or etiologies of SRA to
facilitate accurate diagnosis is potentially valuable. For instance, establishing an etiology may
improve a clinician's understanding of how the application of forces on teeth may lead to the
altered response on teeth with short roots, or, conversely, how these responses may cause
harm. By improving the understanding of its etiology, we can better understand the disease
mechanism and be able to extrapolate predictions on whether applying forces and
manipulating the teeth might lead to continued changes in root structure. Further, exploring
the molecular mechanisms allows an understanding of whether the condition is largely a
developmental process or a progressive, long-term process. If it were a developmental
process, clinicians might expect root shortening to be settled around the time development
has plateaued, compared to a progressive condition where a worsening of root shortening can
be expected. Furthermore, the etiology may provide insights on potentially associated defects
or late onset phenotype making monitoring and prevention a possibility. This foundational
knowledge can be applied broadly in many facets of dentistry where root to crown ratio must

be heavily considered in treatment plan development.
Study Approach
Five families were recruited through the School of Dentistry at the University of Michigan and

the Repository at the University of Pittsburgh. Study explanation, pedigree construction,
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subject enrollment, clinical examinations and collection of saliva samples were completed
under the proper consenting procedure specified in the study protocol. Saliva samples were
subjected to genomic DNA isolation and samples from parents and the proband of each family
were selected for whole exome sequencing (WES). Following the comparisons between
affected and unaffected individuals, a list of prioritized variants were then be subjected to
segregation analysis through Sanger sequencing. Assuming all five families have the same
phenotype of SRA, sequence data were completed and a list of potential candidate variants
from each proband were constructed. Cohort analyses using the list of candidate variants from
the pro bands of five families were conducted to filter variants that were not shared by these
probands. Following the filtering, the list of variants was compiled. Literature evidence of gene
function associated with those variants were reviewed and variants likely associated with the
root development were prioritized. Validation experiments were to be conducted based on
comparison of variants from additional families with SRA or evaluation of animal models with
comparable gene variants. We anticipated that the experimental results would shed light on the

etiology of SRA.
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1. Subject Recruitment and Enrollment

The study protocol and subject consent forms were reviewed and approved by the Institution
Review Board at the University of Michigan and the University of Pittsburgh. Five unrelated
families with short root anomalies were characterized and recruited. One family was recruited
by Dr. Kim-Berman at the University of Michigan. Two families from Chile were recruited by
Dr. Vieira at the University of Pittsburgh. Their samples were obtained from the University of
Pittsburgh School of Dental Medicine Dental Registry and DNA Repository (IRB#0606091).
Two families were recruited by Dr. Hu at the University of Michigan. Study explanation,
pedigree construction, subject enrollment, clinical examinations and collection of saliva
samples were completed under the proper consenting procedure specified in the approved

study protocol.

2. Whole-Exome Sequencing & Bioinformatics Analysis

Non-stimulated saliva sample of 2ml was collected from each participant. Each sample was
inspected, coded, then a small aliquot used for genomic DNA isolation following the
manufacturer’s protocol (Norgen Biotek Corporation, Thorold, ON, Canada). Genomic DNA
quality was assessed by 1.5% agarose gel electrophoresis and quantity determined using
QubitTM Fluorometer (Thermo Fisher Scientific, Waltham, MA). Samples from parents and
proband of each family were selected for whole exome sequencing (WES), and DNA samples
from all other family members were used for confirmation analyses. Trio DNA samples
following the initial quality control were submitted to Johns Hopkins Center for Inherited

Disease Research (CIDR, Baltimore, MD) for WES. Each DNA sample at the concentration of
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50 ng/uL, volume of 50 pL, total amount of 2.5 micrograms were plated onto a 96 well plate.
A manifesto file with coded sample information and the plated samples were shipped to the
CIDR on dry ice. Each sample was genotyped using [llumina QC Array. Once sample
aliquoting errors were ruled out and performance potential and genotypes were determined to
be appropriate then samples were subjected to WES procedure. Exome capture were completed
using the Agilent SureSelect Human All Exon Enrichment System. Using the Illumina HiSeq
2500 (CIDR, Baltimore, MD, paired- end sequencing was generated. Sequencing reads were
aligned to the 1000 genomes phase 2 (GRCh37) human genome reference using BWA version
0.7.8 (Li H. 2013). Duplicate reads were flagged with Picard version 1.109. Local realignment
around indwells and base call quality score recalibration were performed using the Genome
Analysis Toolkit (GATK) (McKenna et al., 2010) version v3.3-0. GATK’s reference
confidence model workflow was used to perform joint sample genotyping to generate a multi
sample VCF file. Variant filtering was done using the Variant Quality Score Recalibration
(VQSR) method. Multi-sample VCF files from each family containing variants that were
polymorphic among the family members were extracted from the multi sample VCF file
derived from the specific cohort with similar phenotypes. All variants in individual VCF files
were annotated using VarSeq (Golden Helix, Bozeman, MT) against a variety of data sources
including gene annotation, function prediction and frequency information (a cut off value of
0.01 for the minor allele frequency). Following the comparisons between the affected and
unaffected individuals, literature review of potential function of the gene variants related to

root development, a list of prioritized variants was then subjected to segregation analysis.
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3. Segregation Analyses using Sanger Sequencing

The prioritized DNA sequence variations and their segregation with the short root anomaly
within each family were assessed by Sanger sequencing. The PCR primers were designed to
bracket the candidate variant and the reactions were conducted following established protocols.
The PCR amplicons were subjected to Sanger sequencing and the sequencing results were

analyzed and compared among the members of each study family.

4. Phenotypic Analyses

Phenotypic comparisons of the five families were performed to determine whether these
families can be considered as having similar if not identical clinical presentation of SRA.
Families with different presentation of phenotypes may not have the same genetic etiology and
should be analyzed separately from the cohort. Phenotypic characteristics that were analyzed
for each subject include root length, root width, taurodontism, missing teeth, pulp chamber
findings, whether the cases of SRA are localized or generalized, and other pertinent dental

anomalies.

Root Length

Root length was analyzed with the use of the “R/C ratio”, which measures the root to crown
ratio of each tooth. According to Lind, the criteria for classification of short roots is when the
root to crown ratio of a tooth is equal to or less than 1.1. The formula used to calculate this

ratio is described as “R/C Ratio= r-m/i-m” (see Figure 1).
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Although Lind describes this classification only for maxillary anterior teeth, the criteria of
short roots defined by the root to crown ratio equaling or being less than 1.1 is applied to all
types of teeth in this current study, including all incisors, canines, premolars, and molars.
Measurements were made using the “Ruler” tool on Adobe Photoshop, with “Pixels” as the
measuring unit. All panoramic radiographs were imported into Adobe Photoshop and viewed at
250% with the x-axis on 380 and y-axis set on 240. Once images were set to the correct
magnitude, measurements were made using the formula “r-m/i-m” to calculate the root to
crown ratio. Two independent observers agreed upon the landmarks used in the formula before

measurements were carried out.

Localized vs. Generalized SRA

In the present study, subjects are classified as having localized or generalized cases of short
root anomalies based on the percentage of teeth affected. In order to have an absolute
denominator to calculate the percentage of affected teeth, 28 was the standard number used for
all subjects. Using the AAP 1999 Classification of Periodontal disease guideline, which
classifies localized cases as less than 30% of sites and generalized cases as more than 30% of
sites affected, the same criteria was used in this study to classify localized and generalized

cases of short root anomalies.

Root Width

One of Lind’s concurrent findings with the observation of short roots in maxillary anterior
teeth was the “onion shape” appearance found in affected teeth. Because the finding of “onion

shaped” roots is largely subjective, a modified formula was used to objectively assess whether
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affected teeth in the current study have an abnormal root width. This formula is described as
“Rx to Ry/x to y”, which is the ratio of the root width to crown width. Specifically, the width
of the root is measured from the middle 1/3™ of the root and the crown width is measured at the
CEJ (see Figure 2). Tilk et al. (1979) published a study that measured the mesio-distal width
of the roots at the cervical third, middle third, and apical third of 1500 permanent teeth. The
quantitative findings of this study were used to develop a criteria for determining if root widths

are classified as “wide” or “normal”.

For maxillary central incisors, the average root width in the middle third was reported as 5.15
mm with the standard deviation being 0.58 mm (see Figure 4). For the purposes of this study,
measurements to 2 standard deviations were calculated. Therefore, 5.15 + 0.58 + 0.58 mm =
6.31 mm and is the number used to calculate the average root width of a maxillary central
incisor at the middle third. Similarly, the average root width of the cervical third is measured
at 6.22 mm with a standard deviation of 0.51. Therefore, 6.22 + 0.51 + 0.51 = 7.24 mm, which
is the number used to calculate the average root width of the maxillary central incisor at the
cervical third. By using the formula “Rx to Ry/x to y” to apply to these numbers, “Rx to Ry”
is equivalent to the root width at the middle third and “x to y” is equivalent to the crown width
at the CEJ, or the root width at the cervical third. Therefore, middle 1/3™ at 6.31mm divided by
cervical 1/3" at 7.24 mm is equal to a ratio of 0.87. For the present study, root width ratios of
maxillary central incisors greater than 0.87 are consequently classified as “wide”, and
anything less than 0.87 is classified as “normal”. In the event that a measurement is two
standard deviations below the average, roots are still classified as “normal” in the present

study. Measurements of root widths and crown widths were made using the “Ruler” tool on
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Adobe Photoshop, with “Pixels” as the measuring unit. All panoramic radiographs were
imported into Adobe Photoshop and viewed at 250% with the x-axis on 380 and y-axis set on

240.

The same method was applied to classify root widths of mandibular central incisors as “wide”
or “normal”. In this case, the average root width for mandibular central incisors at the middle
third is reported at 2.85 mm with a standard deviation of 0.29 (see Figure 3). Therefore, the
calculated average root width at the middle 1/3™ with 2 standard deviations is 2.85 mm +
0.29mm + 0.29mm = 3.43 mm. The average root width of the mandibular central incisors at the
cervical third is reported at 3.44 mm with a standard deviation of 0.29mm. Therefore, the
calculated average root width at the cervical 1/3™ with 2 standard deviations is 3.44 mm + 0.29
mm + 0.29 mm= 4.02 mm. The root width ratio is determined by dividing the middle 1/3" root
width of 3.43 mm by the cervical 1/3™ root width of 4.02, which is equal to a root width ratio
of 0.85. In the present study, any root width ratio of a mandibular central incisor higher than
0.85 is therefore classified as “wide”, and any root width ratio of less than 0.85 is classified as
“normal”. Measurements were made using the “Ruler” tool on Adobe Photoshop, with “Pixels”
as the measuring unit. All panoramic radiographs were imported into Adobe Photoshop and
viewed at 250% with the x-axis on 380 and y-axis set on 240. Measurements were repeated a
second time, two weeks after the initial measurements were taken, in order to calculate intra-

class correlation.
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Taurodontism

In the present study, taurodontism in first and second molars of subjects were objectively
classified based on the modified formula described by MacDonald et al (2019). MacDonald et
al cited an article published in 1978 by Shifman and Chanannel who were the first to describe
“variables” of a tooth used to define a “Taurodont Index”. The formula used to classify
whether a molar is a taurodont is: (Variable 1/Variable 2) x 100, with Variable 1 being the
lowest point of the roof of the pulp chamber to the highest point of the floor of the pulp
chamber while Variable 2 is defined as the lowest point of the roof of the pulp chamber to the
apex of the longest root. Using the Taurodont Index, if the calculated number is less than 20,
the root shape is classified as “normal”. If the calculated number is between 20 to 30, it is
classified as hypotaurodont. If the calculated number is between 30 and 40, the tooth is
classified as a mesotaurodont, and if the taurodont index is any higher than 40, the tooth is
classified as a hypertaurodont. For the purpose of this study, only teeth that are classified as
mesotaurodont or hypertaurodont are classified as taurodonts in the phenotypic analysis.
Measurements of the “variables” that determine the “Taurodont Index” number were made
using the “Ruler” tool on Adobe Photoshop, with “Pixels” as the measuring unit. All
panoramic radiographs were imported into Adobe Photoshop and viewed at 250% with the x-
axis on 380 and y-axis set on 240. The landmarks used in the formula for each subject were

agreed upon by two independent observers before measurements were carried out.

Pulpal findings, Missing Teeth/Agenesis, Other Dental Anomalies

The observation of pulp stones, missing teeth/agenesis, and other dental anomalies were

subjectively noted in each subject and agreed upon by two independent observers. Because
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phenotypic analyses are done using only panoramic radiographs, ratios are needed for objective
findings. Therefore, if ratios are not able to be determined, only subjective findings can be

reported.
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Combining the Genotypic and Phenotypic Analyses

Following the whole exome sequencing, data from five families with similar phenotype of
SRA were compiled, sequence variations annotated and a list of potential candidate variants
from each proband was constructed. A cohort analyses using the list of candidate variants from
probands of five families was conducted which allowed filtering of variants not shared by these
probands. Following this filtering, the list of potential variants was reviewed and prioritized
based on the functional impact of these variants. Validation experiments involving comparison
of variants from additional families or evaluation of the dentition from animal models with

comparable genetic variants or mutations were performed.
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1. Subject Recruitment and Enrollment

Family One (USSO): Family one was a two-generation Caucasian family, with a total of 5
subjects recruited for the study. The mother was reported to have short roots, while the father
was unaffected with normal tooth morphology. At the time of enrollment, they had two
daughters and one son, age 14, 8, and 7 respectively. Proband (labeled II:1) was a 14 year old
girl who’s affected with short roots, while second daughter/proband’s sister (labeled I1:2) was
an 8 year old girl who’s also affected by short roots. The only male offspring, labeled II:3, is
unaffected. Pedigree, oral photographs, and radiographs of subject II:1 is presented in Figure

6., and pedigree, oral photographs, and radiographs of subject II:2 is presented in Figure 7.

Family Two (USRE): Family two was a three-generation Caucasian family, with a total of 4
subjects recruited for the study: grandmother, mother, son/half brother, and daughter/half
sister. The family pedigree was constructed by report. At the time of enrollment, both mother
(I1:2) and grandmother (I:2) reported short roots. Radiographic confirmation of short roots was
obtained from proband’s mother (II:2) and proband (III:5) only. Grandmother, mother, and
daughter/half sister also reported to have hypodontia. The son/half brother (labeled II1:4) is
unaffected. Pedigree, available clinical photos, and panoramic radiographs for subjects 11:2 and

III:5 are presented in Figure 8.

Family Three (KRMO): Family three was a two-generation Korean family, with a total of 4
subjects recruited for the study: father, mother, daughter, and son. Proband (labeled I1:2) was
the only one affected with short roots, while father, mother, and son remain unaffected.

Following the genetic analysis, the parents were found to be related (illustrated with the double
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line between mother and father on the pedigree). Pedigree and panoramic radiographs for
proband (subject 11:2), unaffected father (subject I:1), and unaffected mother (subject 1:2) are

presented in Figure 9.

Family Four (CHII): Family four was a two-generation Chilean family, with a total of 3
subjects recruited for the study: mother, son, and second son (labeled I:2, I1:1, and 1I:2,
respectively). Proband (I1:2) was the only affected person with short roots who’s tooth 28 is
congenitally missing. Pedigree and panoramic radiograph for proband (subject 1I:2) is

presented in Figure 10.

Family Five (CHC): The proband was part of a five-generation Chilean family and was the
only one affected with short roots (labeled V:1). The proband has maxillary canine (11)
impaction, and agenesis of several teeth. Pedigree, clinical photos, and panoramic radiographs

for proband (subject V:1) are presented in Figure 11.

2. Whole-Exome Sequencing & Bioinformatics Analysis

Whole exome sequencing was performed on 15 subjects from those five families with SRA.
Initial QC screening of all samples demonstrated sufficient quality of the genomic DNA and
correct subject relationship and gender. A total of 16 samples were subjected (one sample
yielded no data due to poor sequencing performance) to sequencing, which yielded an average
sequencing depth of 89.2x (USSOAB had no data released thus was not included in this

calculation) and the average number of raw sequence reads was 129,580,435 with 125-bp
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sequencing length. Following the standard WES analysis pipeline that were optimized in our
lab, a list of heterozygous and homozygous variants with SIFT score, PolyPhen-2 score,

Combined Annotation Dependent Depletion (CADD), Alt Allele Frequency (AAF from

genomAD), and dbSNP 154 was compiled for each of the five families (Tables 1-5). These list

of variants were cross checked and the affected genes common to two or more families were

extracted and listed in Table 6.

There were no variants involving the same gene present in all five families.

PLEKHGS, pleckstrin homology domain-containing family G member 5, plays a role in
angiogenesis through regulation of endothelial cells chemotaxis. It affects also the migration,
adhesion, and matrix/bone degradation in macrophages and osteoclasts. CHII proband has a
novel heterozygous inframe deletion NM_020631.6:¢.2163 2165delGGA:p.Glu723del and the
USSO proband has novel compound heterozygous frameshift mutations

NM 020631.6:¢.2164 2165delGA:p.Glu722Glyfs*63 and

NM 020631.6:¢.2163delG:p.Glu722Argfs*43. Due to limited experimental data, how these

changes impact function of PLEKHGS cannot be deduced.

DENND#4B is a guanine nucleotide exchange factor which may activate Rab10 to promote the
exchange of GDP to GTP, converting inactive GDP-bound Rab proteins into their active GTP-
bound form. USRE proband has a heterozygous frameshift mutation

NM 014856.3:¢.2703 2730del:p.GIn902Serfs*38 while USSO I1:2 has the same mutation.

There is no reported data on expression and potential function of DENND4B during tooth and
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tooth root development.

IGFN1, immunoglobulin-like and fibronectin type III domain-containing protein , mediates
homophilic cell adhesion via plasma membrane adhesion molecules, retina layer formation and
synapse assembly. USSO II:2 has a heterozygous frameshift variant

NM _001164586.2:¢c.1664 1665delAA:p.Lys555Serfs*61 while CHC proband has a
heterozygous missense variant NM_001164586.2:¢.10154G>A:p.Ser3385Asn which is rare
(AAF 0.0017) and is predicted to be damaging. However, the functional significance of

IGFN1 and tooth root development cannot be predicted based on limited scientific data.

ATXN7 encodes a transcription coactivator that mediates the interaction of STAGA complex
with the CRX and is involved in CRX-dependent gene activation and it is necessary for
microtubule cytoskeleton stabilization. Proband of family CHC has a novel heterozygous 3
base-pair inframe deletion NM_001377405.1:c.116_118delAGC:p.GIn39del while proband of
USRE has a heterozygous 3 base-pair insertion

NM 001377405.1:¢c.123 125dupGCC:p.Pro43dup (rs1553686135, AAF 0.00570556). ATXN7

involvement in tooth root development is unclear.

DCHS2 encodes a calcium-dependent cell-adhesion protein. Proband of family CHC has a
novel 4 base-pair deletion resulting in frameshift NM_001358235.2:¢.4019-769 4019-
766delCAAA. Proband of family USRE has a single base change that resulted in a stop again
NM 001358235.2:¢.5392C>T:p.Argl798Ter (rs150179829, AAF 0.00134781). Both variants

are likely damaging to the function of DCHS2, however, its impact on tooth development is
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unknown.

ATXNI1 encodes a chromatin-binding factor that repress Notch signaling in the absence of
Notch intracellular domain by acting as a CBF1 corepressor. In concert with CIC and
ATXNIL, ATXNI1 involves in brain development. Proband of CHII has an inframe 3bp
insertion NM_001128164.2:¢.666_668dupGCA:p.GIn225dup while USRE proband has also a
heterozygous 3bp insertion NM_001128164.2:¢.624 626dupGCA:p.GIn208dup
(rs193922926). The significance of these variants on tooth root development cannot be

determined.

HLA-DRBI in complex with the alpha chain HLA-DRA, displays antigenic peptides on
professional antigen presenting cells (APCs) for recognition by alpha-beta T cell receptor
(TCR) on HLA-DRBI-restricted CD4-positive T cells. This guides antigen-specific T-helper
effector functions, both antibody-mediated immune response and macrophage activation, to
ultimately eliminate the infectious agents and transformed cells. CHII proband has a
homozygous frameshift variant NM_002124.4:¢.295delinsCGG:p.GIn99Argfs*31 and USSO
has a heterozygous frameshift variant NM_002124.4:¢.294delG:p.Glu98 Aspfs*31. HLA-

DRBI1 function in tooth development has not been determined.

PODXL encodes a protein that acts as a pro-adhesive molecule, enhancing the adherence of
cells to immobilized ligands, increasing the rate of migration and cell-cell contacts in an
integrin-dependent manner and induces the formation of apical actin-dependent microvilli. It

governs a positive regulation of cell-cell adhesion mediated by integrin. Both probands from
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the Chilean families carried the heterozygous novel inframe insertion variant,
NM _001018111.3:¢.78 83dupGTCGCC:p.Pro30 Ser31dup while USSO II:2 has a

heterozygous frameshift mutation NM_001018111.3:¢.70_85del:p.Pro24Argfs*138.

RP1L1, retinitis pigmentosa 1-like 1 protein, is required for the differentiation of photoreceptor
cells. It plays a role in the organization of outer segment of rod and cone photoreceptors.
Proband of USSO has a heterozygous stop gain mutation

NM _ 178857.6:¢.4054G>T:p.Glul352Ter while KRMO proband has a heterozygous frameshift
variant NM_178857.6:¢.324 325insT:p.Pro109Serfs*29. There is no literature evidence of

RP1L1 involving in tooth development.

PKHDI1L1 has a molecular function involving in signaling receptor activity of the immune
response and sensory perception of sound. USSO proband has a missense mutation

NM 177531.6:¢.442A>G:p.1le148Val that is damaging while CHII proband has a splice donor
site mutation NM_177531.6:¢.6507+1G>A that has been reported to have an alternative allele

frequency of 0.00767286 (rs72687022).

ZDHHCI16, palmitoyltransferase, is required during embryonic heart development and cardiac
function, possibly involved in apoptotic process, cellular damage to DNA damage stimulus and
telencephalon development. USSO proband has a heterozygous missense mutation

NM 198046.3:c.117G>C:p.Trp39Cys (rs766784631) that is rare (AAF 0.00001599) and
predicted to be damaging and USRE proband also has a missense heterozygous mutation

NM 198046.3:¢.973G>A:p.Gly325Ser (rs377074050) that is also rare (AAF 0.00001989) and

damaging. ZDHHC16 expression during tooth development is unknown.

34



KRT76 were identified in two of the five families. Probands of the KRMO and CHC have an
identical inframe deletion mutation NM_015848.4:¢.1639 1641delAGT:p.Ser547del or
rs370657661 which has a AAF of 0.00128743. The putative functions of KR776 include
cornification, keratinization, pigmentation, cytoskeleton organization, and sebaceous gland
development. KRT76 is typically present in epidermis. Among the many keratins expressed in
the oral cavity, KRT76 has been previously reported to be the topmost down regulated gene
amongst all differentially expressed genes (Ambatipudi et al., 2012). In a study conducted by
Ambatipudi et al. (2013), who examined the differential expression of KRT76 in human and
hamster oral precancerous and cancerous lesions, it was reported that a loss of KRT76 is
sufficient to cause hyperplasia in the oral cavity of the mice. A possible theory on why KRT76
loss may contribute to cancer development is that it contributes to a barrier defect in the
epithelium, allowing it to be more exposed to potential carcinogens. The same study reported
that there was a strong association of reduced KR76 expression with increased risk of oral
precancerous lesions and oral squamous cell carcinoma development. Its potential role in
development of tooth root, a mesenchyme-derived structure, is not immediately clear.
However, understanding that existing studies are able to correlate downregulation of KRT76
gene with pertinent oral findings may be important to form potential associations with presence

of short roots in future studies.

EP400 is a component of the NuA4 histone acetyltransferase complex which is involved in
transcriptional activation of select genes principally by acetylation of nucleosomal histones H4
and H2A. It binds to DNA, ATP and chromatin to impact helicase, nucleosome-dependent

ATPase activity. An inframe insertion heterozygous variant was identified in CHC,
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NM 015409.5:¢.8223 8225dupGCA:p.GIn2748dup. While an inframe deletion heterozygous
variant was found in USRE proband, NM_015409.5:¢.8223 8225delGCA:p.GIn2748del

(rs528214697). Functional impact of these novel variants is unclear.

ZICS is essential for neural crest development, converting cells from an epidermal fate to a
neural crest cell fate. Probands from CHC and CHII carried a heterozygous inframe deletion

NM 033132.5:c.1176_1178delGCC:p.Pro400del mutation.

NIPAI encodes a transmembrane transporter of Mg”", although it can also transport other
divalent cations such as Fe*", Sr*", Ba*", Mn*" and Co”" but to a much less extent. Proband of
family KRMO has a heterozygous inframe deletion

NM 144599.5:c.42 47delGGCGGC:p.Alal5_Alal6édel (rs531550505, AAF 0.000346947)
while families CHC and CHII shared the same novel heterozygous inframe deletion

NM 144599.5: ¢.39 41delGGC:p.Alalédel. The deleted amino acid Alanine is located in the
topological domain of this transporter presumably interacts with the ion ligand. The speculated
functional impact of these deletions concentrates on ligand binding. There is no literature

evidence of this transporter regulating tooth root development.

LMF1, lipase maturation factor 1, involves in the maturation of specific proteins in the
endoplasmic reticulum. Required for maturation and transport of active lipoprotein lipase
(LPL) through the secretory pathway. USSO proband has a heterozygous missense variant
NM 022773.4:c.1567C>T:p.Arg523Cys while CHII proband has a stop gain heterozygous

mutation NM_022773.4:¢.1431C>T:p.Asnd77= (rs772646362). Both variants are rare, AAF of
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0.00003467 and 0.00011285, respectively, and their potential impact on LMF1 function is

unknown.

DNAH3 encodes Dynein axonemal heavy chain 3 which is a force generating protein of
respiratory cilia. It produces force towards the minus ends of microtubules. Dynein has ATPase
activity. Both CHC and CHII probands carried a heterozygous variant

NM 017539.2:¢.2724G>C:p.Arg908Ser (rs117470111, AAF0.00624139) which is predicted to

be damaging.

THAPI1I encodes a transcriptional repressor that plays a central role for embryogenesis and the
pluripotency of embryonic stem (ES) cells. It is a sequence-specific DNA-binding factor that
represses gene expression in pluripotent ES cells by directly binding to key genetic loci and
recruiting epigenetic modifiers. Proband of CHC has a heterozygous inframe deletion

NM 020457.3:¢.597_611delAGAGGGCGCAGCCGC: p.Glu200_Ala204del (rs750317616,
AAF 2.84322E-05), proband of CHII has a novel heterozygous inframe deletion

NM _020457.3:¢.394 396delCAG:p.GInl32del, while proband of USRE has a homozygous
frameshift mutation NM_020457.3:exon 1:¢.369delG:p.GIn123Hisfs*42 (rs111586870).
Proband KRMO has compound heterozygous mutation

NM 020457.3:¢.363 364delGC:p.GIn122Thrfs*117 and

NM 020457.3:¢.366_369delACAG:p.GIn122Hisfs*42. All mutation sites are located between
functionally important regions, motifs, and domains. There is no literature evidence on how
these mutations may impact the transcriptional repression of THAPI 1. However, four out of

five porbands with rare frameshift variants that are potentially damaging to the gene function is
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interesting. There is no literature evidence of this gene expression during tooth or tooth root
development. Important experiments to carry out will include gene expression study by
detection of mRNA transcripts during tooth development using both the in situ riboprobes and

Reverse transcription polymerase chain reaction (RT-PCR).

VEZF1 is a transcription factor specifically binds to the CT/GC-rich region of the interleukin-3
promoter and mediates tax transactivation of IL-3.USSO proband has compound heterozygous
frameshift variants NM_007146.3:c.1044delG:p.GIn348Hisfs*9 and

NM 007146.3:c.1041_1042delGC:p.GIn348Alafs*27 while proband of CHC has a

heterozygous inframe insertation variant NM_007146.3:¢.1032_1034dupGCA:p.GIn354dup.

ZSCAN30, zinc finger and SCAN domain-containing protein 30, may be involved in
transcriptional regulation. Family CHC proband has a heterozygous missense variant
NM 001112734.4:¢.1186C>T:p.Arg396Trp and CHII proband also has a heterozygous stop
gain mutation NM_001112734.4:¢.325C>T:p.Argl109Ter. No literature evidence supporting

the involvement of this gene in tooth root development.

CACNATIA encodes voltage-dependent P/Q type calcium channel subunit alpha-1A. The
voltage-sensitive calcium channels (VSCC) mediate the entry of calcium ions into excitable
cells and are also involved in a variety of calcium-dependent processes, including muscle
contraction, hormone or neurotransmitter release, gene expression, cell motility, cell division

and cell death. Both probands of family CHC and CHII carried a heterozygous variant
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NM 001127221.2:c.*161 *166delCAGCAG resulting in inframe deletion which will likely be

damaging to the gene function.

ANKLETI encodes an endonuclease that probably plays a role in the DNA damage response
and DNA repair. Proband of CHC has a heterozygous variant

NM 152363.6:c.*132_*139delGTGTGTGT (rs5853575, AAF 0.0092908) resulting in a
frameshift mutation, while proband of USRE also carried a heterozygous variant

NM 152363.6:c.*141 *145delTGTGT resulting in a frameshift mutation as well.

Given the diverse genetic background of the study families, we had anticipated a short list of
variants that is shared among the affected. Unfortunately, the majority of the variants were
shared by only two families making them unlikely to be the causative variants. The most
logical candidate THAP11 is selected for further investigation because of potentially
significant, functionally damaging variants identified in four study families with Hispanic,

Asian and Caucasian background.

3. Segregation Analyses using Sanger Sequencing

When selecting candidate variants for segregation analyses, factors including number of
probands from the study families, number of affected from the study families, literature
evidence, animal models depicting gene function were carefully assessed and reviewed. The
sequencing results of additional affected individual III:2 from USSO (Family 1), unaffected
III:3 from USSO (Family 1), unaffected individual II:2 from KRMO (Family 3), and

unaffected individual III:1 from USRE (Family 2) were referenced when filtering candidate
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variants identified from 5 study probands. Given the WES data and literature evidence, there

were no logical variants or candidate genes that can be targeted for segregation analyses.

4. Phenotypic Analysis

Localized and generalized cases of short root anomalies

Out of the seven subjects that underwent phenotypic analysis, four were classified as localized
cases based on having less than 30% of the dentition affected by short root anomalies. Among
the four subjects that were classified as having localized short root anomalies, two of the
subjects were from the same family while the other two subjects were from a different family.
The remaining three subjects were classified as generalized short root anomaly cases based on
more than 30% of the dentition being affected. Among the three subjects with generalized

cases of short root anomalies, none of them belonged to the same family (Table 7).

Root length (short roots)

The most frequently affected teeth with short roots in this study are maxillary central incisors
(Table 8), maxillary first premolars (Table 11) and maxillary second premolars (Table 12).
These teeth appeared to affect subjects with both localized and generalized cases. Maxillary
first molars were affected in one subject with a localized case and one subject with a

generalized case (Table 13).

Short roots were also noted in maxillary lateral incisors, maxillary canines, maxillary second

molars, mandibular central incisors, mandibular lateral incisors, mandibular canines,
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mandibular first premolars, mandibular second premolars, mandibular first molars, and
mandibular second molars, but only appeared to affect cases classified as having generalized

short root anomalies (Table 9, 10, 14, 15, 16, 17, 18, 19, 20, and 21).

Root width

Wide root widths affecting the maxillary central incisors, determined by whether root to crown
ratio was greater than 0.87, affected five subjects, two of which were classified as localized
cases of SRA and three of which were classified as generalized cases of SRA. In all five

affected subjects, wide root widths of both central incisors (#8 and 9) were noted (see Table

22).

Wide root widths were also determined on mandibular central incisors in three subjects, one of
which was classified as having localized SRA while the other two cases were classified as
generalized cases of SRA (Table 23). Wide root width was determined if the tooth had a R/C
ratio of >0.85. In the localized case (Family 1 Subject II:1), only #25 was noted to have a wide
root width. In one generalized case (Family 3- Subject I1:2), both mandibular central incisors
were noted to have wide root widths (#24, 25) while the other affected generalized case

(Family 5 Subject V:1) was noted to have wide root width in #25 only.

Taurodontism

For the purposes of this study, only mesotaurodont and hypertaurodont classifications were

noted to be significant as having taurodontism for the purposes of this study.
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Maxillary taurodontism was noted in three cases, two of which were noted in localized cases of
SRA and one noted in a generalized case of SRA. Worth noting is that the two affected
subjects (both localized cases) belong to the same family (Family 1- Subjects II:1 and I1:2). In
all three cases, both second molars (#2 and #15) were affected (Table 24).

Mandibular taurodontism was less common, and was only noted in Family 1- Subject I1:2, who
is classified as a localized case of SRA. In this case, the mandibular second molars were

affected (Table 25).

Other Dental Anomalies

The presence of a peg lateral was determined by the ratio of mesial-distal (M-D) width
dimension of central incisors compared to ratio of M-D dimension of lateral incisors. A normal
central incisor (CI) M-D width to lateral incisor (LI) M-D width ratio should equal 1.3. A
central incisor (CI) M-D width to lateral incisor (L1) M-D width ratio of 1.6 was observed in
one subject. Based on this criteria, a peg lateral was observed in one subject with a localized

case of short root anomalies (Table 26).

Missing teeth/agenesis was also noted in several of the subjects. Four subjects were noted to
exhibit agenesis/ have missing teeth. Of the four subjects, only one subject was classified as a
localized case while the other three were ones having generalized cases of SRA. In Family 2
Subject II1:5 (localized SRA case), #7 was noted to be missing. In Family 4 Subject 11:2, #16
was noted to be missing. In Family 5 Subject V:1, #7, 10, and 26 were also noted as missing
(Table 29). It is important to note that we did not include missing third molars as missing teeth

in our study.
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Pulp stones were noted in three subjects. In Family 1 Subject II:1, pulp stones were noted in
maxillary molars #3, 14, and 15. In Family 3 Subject I1:2, pulp stone was noted in mandibular
molar #30. In Family 5 Subject V:1, pulp stones was noted in maxillary molar #3. Other
significant pulpal findings include the presence of what appears to be generalized pulpal
obliteration in Family 3 Subject II:2, who was classified as having a generalized case of short

root anomaly (Table 29).

Several other dental anomalies were noted during phenotypic analysis of our subjects. In
Family 2 Subject III:5, classified as having a localized case of short roots, we also noted a peg
lateral on #10 and invaginatus on #8. In Family 4 Subject I1:2, hypercementosis was noted on
the roots of #3, 14, 18, 30, and 31. In Family 5 Subject V:1, ectopic eruption of upper left

maxillary canine (#11) was noted (see Table 29).

Reliability in Measurements

I. Intraclass Correlation Coefficient (ICC)

Intraclass correlation coefficient at p<0.05 was calculated for root length and crown length
measurements taken at time one (T1) and time two (T2) across all subjects and tooth types.
Most measurements had an ICC of 0.8 or higher, which represents a good-strong correlation
between repeated measurements. Measurements with an ICC of > 0.7 but < 0.8 represent a fair
correlation, and this was noted in the root length measurements for #8 and #9 and the crown
length measurement for #9. One measurement, the crown length of tooth #14, had an ICC of
0.591, which represents a less than ideal correlation between the measurements taken at both

time points.
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Intraclass correlation coefficient was also calculated for root width and crown width
measurements of central incisors taken at time one (T1) and time two (T2) across all subjects.
All measurements had an ICC of 0.9 and above, which represents a very strong correlation

between repeated measurements (See Table 29).

I1. Bland Altman Plots

Several Bland-Altman plots were created to illustrate the reliability of repeated measurements

taken.

In Figure 12, a Bland-Altman plot depicting root length taken the first time (R1) compared to
root length taken the second time (R2) across all subjects and tooth types found that most
measurements (all but four), are within five pixels of each other.

In Figure 13, a Bland-Altman plot depicting crown length taken the first time (C1) compared to
crown length taken the second time (C2) across all subjects and tooth types found that most

data points tend to cluster around the “mean”, with limited points that appear as outliers.

In Figure 14, a Bland-Altman plot depicting root width measurements of maxillary central
incisors taken the first time (RW1) compared to root width measurements taken the second
time (RW2) across all subjects found that all measurements are within one pixel of each other.
The data appears scattered due to the limited number of data points illustrated in the plot.
Similarly, in Figure 15, a Bland-Altman plot depicting root width of mandibular central
incisors taken the first time (RW1) compared to root width measurements taken the second

time (RW2) across all subjects found that most measurements cluster around the “mean”, and

44



are within one pixel of each other. Due to the limited number of data points, data appears

scattered although data points are within an acceptable range of error.

In Figure 16 and 17, Bland-Altman plots depicting crown width of maxillary central incisors
and mandibular central incisors taken the first time (CW1) compared to crown width
measurements taken the second time (CW2) across all subjects found that most measurements
cluster around the mean and are within 1-1.5 pixels of each other, with the exception of a few

outlier data points.

In Figure 18 and 19, Bland-Altman plots depicting Variable 1 measurements (to calculate
Taurodont Index) of maxillary first and second molars taken at time point one (V1 _1) and time
point two (V1_2) across all subjects found that most data points cluster around the mean,

which are within two pixels of each other.

In Figures 20 and 21, Bland-Altman plots depicting Variable 2 measurements (to calculate
Taurodont Index) of maxillary first and second molars taken at time point one (V2 1) and time
point two (V2_2) across all subjects found that most data points cluster around the mean,

which are within three pixels of each other.
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Chapter V

Discussion
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1. Findings

This study represents a comprehensive genetic and phenotypic evaluation of five families
(seven subjects total) with non-syndromic short root anomalies. The aim of this study was to
define clinical features and identify specific gene mutations that are associated with short root
anomalies, and to determine the potential association between clinical features and genetic
mutations in order to provide scientific evidence for oral health providers to enhance diagnosis

and management of patients with short root anomalies.

Among the five families in this study, affected probands in USSO (Family 1) and USRE
(Family 2) presented with localized short roots while probands of KRMO (Family 3), CHC
(Family 4) and CHII (Family 5) families have generalized short roots. The number of
participants recruited from the study families was small, which limited the power to identify
potential candidate variants. Family USSO is the only family with affected individuals in both
the parents’ and the children’s generation, which was very important for filtering variants to
narrow down potential causality. The other four families have simplex cases making

determining the mode of inheritance difficult.

I. Genotypic Analysis

There were no variants involving the same gene present in five families. Four out of five
probands have genetic variants in THAP11. All variants are located between functionally
important regions, motifs, and domains. How these variants may impact the function of
THAPII cannot be predicted. Variants of gene KR776 were identified in two of the five

families. Probands of the KRMO and CHC have an identical inframe deletion mutation which
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was interesting as these two families are diverse in their genetic background. This alternative

allele, rs370657661, has a frequency of 0.00128743 in the general population.

There were 20 additional unique genes with potentially damaging variants shared by at least
two of the five study families. Each unique gene annotation and function was reviewed. We
cross checked those variants with the variants from the sequencing results of additional
affected individual (II1:2) in USSO family, and not a single one of those genes was identified
among the list of variants of USSO III:2 producing no logical candidates for further
segregation analysis. Given this finding, our decision was made to focus the study on 1) careful
analysis of all data sets to ensure accuracy, and 2) active recruitment of additional families

with SRA with both generalized and localized cases.

I1. Phenotypic Analysis

Determining Reliability in Measurements

Reliability of measurements was evaluated in two different ways. First, all measurements taken
(root length, crown length, root width, crown width, variables for determining taurodontism,
and mesial-distal widths to calculate ratio between central and lateral incisor for peg lateral
determination) were repeated twice, spaced two weeks apart. The measurements taken at time
point one and time point two were then used to calculate intraclass correlation coefficients
(ICC) for each measurement. A two-way mixed effects model was used where subjects are
random and the measurer effect is fixed. The intraclass correlation coefficients were done

using an absolute agreement definition, where p value was < 0.05.

48



An ICC value of 0.9 and above is classified as having a strong correlation, value of 0.8-0.9 is
classified as having a good correlation, 0.7-0.8 as having fair correlation, and any ICC equal to

0.5 or below is classified as having poor correlation.

The second way to evaluate reliability was to create a series of Bland-Altman plots for the
different measurements (root length, crown length, root width, crown width, variables used to
calculate Taurodont Index, values to calculate ratio for peg lateral) to illustrate whether
repeated measurements tend to “cluster” around a mean, which would be interpreted that most
measurements are within an acceptable range of error. Alternatively, if repeated measurements
vary significantly from the measurements taken at time point one, this would be illustrated by
data appearing more scattered on the plots and would suggest that the methodology to gather

data may not be as accurate.

Out of the seven subjects that underwent phenotypic analysis, four were classified as localized
cases based on having less than 30% of the dentition affected by short root anomalies. The
remaining 3 subjects were classified as generalized short root anomaly cases based on more
than 30% of the dentition being affected. All subjects in the present study self-reported a non-
contributory medical history. As non-syndromic occurrences of generalized short root
anomalies are rare, the finding of three out of seven of our subjects being considered as having

generalized short root anomalies is of significance.

The most frequently affected teeth with short roots in this study are maxillary central incisors,
maxillary first premolars and maxillary second premolars. These teeth appeared to affect
subjects with both localized and generalized cases. This finding supports previously reported

studies that short root anomalies typically affect maxillary central incisors, and premolars are
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often described as the next most diagnosed tooth type with short roots (Lind, 1972; Apajalahti
et al., 2002; Apajalahti et al., 1999; Ando et al., 1967; Puranik et al., 2015). Maxillary first
molars were affected in one subject with a localized case (Family 2 Subject I1:2), and one

subject with a generalized case (Family 5, Subject V:1).

Short roots were also noted in maxillary lateral incisors, maxillary canines, maxillary second
molars, mandibular central incisors, mandibular lateral incisors, mandibular canines,
mandibular first premolars, mandibular second premolars, mandibular first molars, and
mandibular second molars, but only appeared to affect cases classified as having generalized
short root anomalies. This finding is supported by previous studies that found the tooth types
that are least affected by short root anomalies include mandibular central incisors, molars, and

canines (Lind, 1972; Puranik et al., 2015).

The characteristic of a “plump, onion shape” root appearance in affected maxillary central
incisors as described by Lind in 1972 was quantified in the present study. Wide root widths
affecting the maxillary central incisors, determined by whether root to crown ratio was greater
than 0.87, affected five subjects, two of which were classified as localized cases of SRA and
three of which were classified as generalized cases of SRA. In all five affected subjects, wide
root widths of both central incisors (#8 and 9) were noted. Our findings, using a formula to
quantifiably assess the “wide root width” or “plump, onion shape” characteristic supported
Lind’s (1972) report that maxillary central incisors affected by short roots tend to have this

characteristic shape.
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Wide root widths were also determined on mandibular central incisors in three subjects, one of
which was classified as having localized SRA while the other two cases were classified as
generalized cases of SRA. Wide root width was determined if the tooth had a R/C ratio of
>(.85. In the localized case (Family 1 Subject II:1), only #25 was noted to have a wide root
width. In one generalized case (Family 3- Subject I1:2), both mandibular central incisors were
noted to have wide root widths (#24, 25) while the other affected generalized case (Family 5
Subject V:1) was noted to have wide root width in #25 only. The finding of a wide root width
or characteristic “plump, onion shape” in affected mandibular central incisors with short roots

has not been reported previously.

Taurodontism is identified based on radiographic assessment and affected teeth typically take
on a rectangular shape tapering towards the roots. A typical presentation of taurodont-affected
teeth include an exceedingly large pulp chamber, absence of the cervical constriction, and
significantly shorter roots (Dineshshankar et al., 2014; Shifman and Chanannel, 1978). Only
mesotaurodont and hypertaurodont classifications were noted to be significant as having
taurodontism for the purposes of this study. Maxillary taurodontism was noted in three cases,
two of which were noted in localized cases of SRA and one noted in a generalized case of
SRA. Worth noting is that the two affected subjects (both localized cases) belong to the same
family (Family 1- Subjects II:1 and II:2). In all three cases, both second molars (#2 and #15)
were affected. Mandibular taurodontism was less common, and was only noted in Family 1-
Subject I1:2, who is classified as a localized case of SRA. In this case, the mandibular second
molars were affected (#18 and #31). Our findings from this study support previous studies that

have suggested taurodontism and short roots may occur together (Apajahlati et al. 2002;
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Apajahlati et al., 1999). In our present study, taurodontism was only considered and
measurements made for all maxillary and mandibular first and second molar tooth types.
However, a previous case report found that taurodontism in the mandibular canines occurred in
a patient who had non-syndromic generalized short roots (Venkataraghavan et al., 2014).
Therefore, taurodontism for more than just molar tooth types may be considered for

exploration in future studies.

Missing teeth/agenesis was noted in several of the subjects. Four subjects were noted to exhibit
agenesis/ have missing teeth. Of the four subjects, only one subject was classified as a
localized case while the other three were ones having generalized cases of SRA. In Family 2
Subject II1:5 (localized SRA case), #7 was noted to be missing. In Family 4 Subject 11:2, #16
was noted to be missing. In Family 5 Subject V:1, #7, 10, and 26 were also noted as missing. It
is important to note that we did not include missing third molars as missing teeth in our study.
The observation of agenesis/missing teeth phenotype in several of our subjects gives the
impression that short root phenotypes may coexist with the finding of agenesis. The findings of
agenesis in several of our affected subjects is supported by previous studies that have reported
a significant association between short roots and tooth agenesis, with one study even reporting

as high as a 46% association (Apajalahti et al., 2002; Apajalahti et al., 1999, Shaw et al., 1995).

Pulp stones were noted in three subjects. In Family 1 Subject II:1, pulp stones were noted in
maxillary molars #3, 14, and 15. In Family 3 Subject I1:2, pulp stone was noted in mandibular
molar #30. In Family 5 Subject V:1, pulp stones was noted in maxillary molar #3. Other
significant pulpal findings include the presence of what appears to be generalized pulpal

obliteration in Family 3 Subject II:2, who was classified as having a generalized case of short
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root anomaly. A previous case report of a patient with severe short limbed dwarfism reported
the observation of obliterated pulp chambers in addition to generalized short roots and agenesis
(Shaw et al., 1995). Interestingly, our subject (Family 3 Subject I1:2) was found to also have
generalized short roots and pulpal obliteration. However, our subject has reported no
significant health concerns and is therefore considered as having a non-syndromic case of short

root anomalies.

Several other dental anomalies were noted during phenotypic analysis of our subjects. In
Family 2 Subject II1:5, classified as having a localized case of short roots, we also noted a peg
lateral on #10 and invaginatus on #8. In Family 4 Subject I1:2, hypercementosis was noted on
the roots of #3, 14, 18, 30, and 31. In Family 5 Subject V:1, ectopic eruption of upper left
maxillary canine (#11) was noted. These findings are consistent with previous studies that
report the incidence of peg shaped teeth, invaginations, ectopically positioned teeth,
mesiodens, and other dental anomalies are higher in patients with affected short root anomalies

(Apajalahti et al., 2002; Apajalahti et al., 1999).
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Summary of Phenotypic Conclusions

1.

The most frequently affected teeth with short roots in this study are maxillary central
incisors, maxillary first premolars, and maxillary second premolars. These teeth
appeared to affect subjects with both localized and generalized cases. This supports
previous studies that report these tooth types as most commonly affected by SRA.

Other tooth types appeared to be affected by short roots, but were only seen in subjects
with generalized cases of short root anomalies. These teeth include maxillary lateral
incisors, maxillary canines, maxillary second molars, mandibular central incisors,
mandibular lateral incisors, mandibular canines, mandibular first premolars, mandibular
second premolars, mandibular first molars, and mandibular second molars.

Our findings, using a formula to quantifiably assess the “wide root width” or “plump,
onion shape” characteristic supported Lind (1972)’s report that maxillary central
incisors affected by short roots tend to have this characteristic shape.

Wide root widths were seen in mandibular central incisors in three subjects, one who
had a localized case of SRA while the other two cases were classified as generalized
cases of SRA. The finding of a wide root width or characteristic “plump, onion shape”
in affected mandibular central incisors with short roots has not been reported
previously.

Our findings from the study support previous studies that have suggested taurodontism
and short roots may occur together.

Missing teeth/agenesis was noted in four of seven subjects. Of the four subjects, only
one subject was classified as a localized case of SRA while the other three were
generalized cases.

Pulp stones were noted in one subject with a localized case of SRA, and in two subjects
with generalized cases of SRA. Generalized pulpal obliteration was noted in one
subject with a generalized case of short roots.

Several other dental anomalies were noted during phenotypic analysis of all our
affected subjects. These include peg shaped teeth, invaginations, hypercementosis, and
ectopically positioned teeth.

There appears to be a phenotypic difference between localized and generalized SRA. Localized

SRA is generally limited to maxillary teeth, specifically, maxillary central incisors and 1st and

2nd premolars. The results seem to indicate that SRA localized and generalized cases may

have different etiologies, therefore, representing different disease entities.
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2. Limitations

The study has a significant limitation that includes having a small number of study families
with a limited number of available family members for enrollment. Our study participants were
recruited from the United States and Chile. The small number of participants drawn from two
different countries limits the generalizability of our results to a particular population. It is also
difficult to determine the relative size of the genetic effect, as there are many known factors,
which can be sources of variation in disease risk such as environmental effects, which may
vary across the different geographic regions. Due to the limited number of study participants, it
is also difficult to draw correlations with the potential role of ethnicities and gender and the
prevalence of short root anomalies as reported in previous literature. Further, only two of the
five families had more than one affected family member for analysis. Therefore, it is difficult
to draw conclusions or comment on the mode of inheritance based on the limited number of
recruited subjects. It is important to note, however, that both subjects in Family 1 USSO had
localized cases and both subjects in Family 2 USRE also had localized cases. Therefore, it is
possible that there is a genetic component in determining whether short root anomalies present

similarly within the same family.

Another limitation is in the inconsistencies with quality and number of radiographs, clinical
photos, and diagnostic information obtained across the families/subjects. For instance, some
available radiographs were not of reasonable quality to allow for measurements and this was
noted in our raw data tables. Additionally, we used panoramic radiographs rather than
periapical radiographs for phenotype characterizations. If periapical radiographs were used

instead, we might expect more precise measurements when compared to measurements taken
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from a panoramic radiograph. Phenotypic assessment was carefully completed with the data
and diagnostic information available. Two independent raters agreed on whether various
phenotypic features were present or not, but neither raters were able to complete individual
clinical examinations to confirm or negate agreed findings. Only one rater completed
measurements at time point 1 and time point 2 (two weeks later), therefore measurements have
only intra-rater reliability but no external validity or inter-rater reliability. Information on
dental history and past dental treatment was also not readily available to us, so it is unclear
whether some teeth were congenitally missing or due to past treatment rendered. Due to the
inconsistencies in diagnostic information, it is possible that additional clinical features may be

present and undocumented in this study.

The absence of a comprehensive and standard medical assessment across all subjects may have
led to an inaccurate diagnosis of non-syndromic short root anomalies. All subjects are
presumed to be healthy based on self-reporting, however, it is possible that medical histories
reported were not complete or accurate. This would be especially significant in determining
whether there is a mutual etiology between subjects that exhibit localized cases of short roots
versus those with generalized cases of short root anomalies. It is possible that subjects in our
study population identified as having non-syndromic short root anomalies have subclinical

characteristics that would suggest a systemic etiology.

3. Future Directions

From this pilot study, we learned that a systematic approach to define specific phenotype

associated with each SRA case is critical. It is our impression that SRA localized and
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generalized cases may have different etiologies, therefore, representing different disease
entities. The contributions made by this study included the establishment of an assessment
scheme for phenotype characterization. Additionally, those five fully characterized study
families are valuable resources for cohort analysis when additional SRA families are recruited

and their sequence data available for comparisons.

As with all genetic disorders, the quest to determine causality has to begin with proper
characterization of phenotype, which will allow distinguishing cases with similar phenotypic
presentations but different disease entities. The more consistently accurate the clinical
diagnosis can be determined for a case, the more likely it will be to determine the genetic

etiology of the case.

We considered this study a pilot study with objectives to establish the 1) enrollment and
characterization protocol, 2) phenotypic assessment scheme, and 3) sequencing data analysis
strategies. The logical follow up study will include enrollment and characterization of
additional families with SRA, both generalized and localized types, and cohort analysis of
sequencing data from all affected individuals who presented with similar if not the same

clinical phenotypic features of SRA.
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In this study, there were no shared variants in genes across the subjects across the five affected
families. We identified variants of gene THAP 1 in four of the five probands which are rare
sequence variants that may impact gene function. However, further study of the expression of
THAPI1 during tooth development is necessary in order to determine its role on tooth root
formation. Additionally, we found 22 additional unique genes with potentially damaging
variants shared by at least two of the five study families. However, after cross checking these
candidates with the sequencing results of additional affected individuals in Family 1, we were
unable to produce any logical candidates for further segregation analysis. Because this is a pilot
study in exploring the genetic etiology of short root anomalies, there is ongoing active
recruitment for subsequent studies of subjects with both localized and generalized expression
of short roots. Findings from genotypic analysis in subsequent studies may be able to reference

and draw from the identification of unique genes and variants reported in this current study.

We were able to develop a protocol for phenotypic analysis of our subjects across the families
that can be referenced in subsequent studies/future directions. We were able to apply existing
criteria from previous literature, make modifications to existing indices, and create quantifiable
metrics to characterize phenotypic characteristics such as classifying localized vs. generalized

cases, short root length, wide root widths, taurodontism, and other significant dental anomalies.

In subjects with localized cases of short root anomalies, we observed the anomaly in maxillary

central incisors, first premolars, second premolars, and first molars. Other tooth types were
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affected by short roots, but this was only seen in subjects with generalized cases of short roots.
We also observed that the characteristic of wide root widths affected both maxillary and
mandibular central incisors in both localized and generalized cases of short root anomalies.
Taurodontism was noted in the second molars of subjects with both localized and generalized
cases of short roots. Other dental anomalies, such as agenesis, peg lateral, invaginatus, ectopic
eruption, and pulpal findings, were noted in subjects with both localized and generalized cases
of short roots, supporting previous literature that suggests short root anomalies tend to co-exist

with other dental anomalies.

Phenotypic variability among the subjects and families recruited in our study suggest that there
may be multiple causative genetic and epigenetic factors at play that determine whether short
root anomalies are expressed in a localized or generalized manner, and additional studies

should continue to explore these etiologies.

60



Chapter VII

References

61



. Acar A, Canyurek U, Kocaaga M, Erverdi N. Continuous vs. discontinuous force
application and root resorption. Angle Orthod 1999;69:159-164. (23)

. Alhabib S, Alruwaili A, Manay S., et al. 2020. "Prevalence of Peg-Shaped Lateral
Incisors in Non-Syndromic Subjects: A Multi-Population Study." Pesquisa Brasileira
em Odontopediatria e Clinica Integrada.

. Al-Qawasmi R, Hartsfield Jk, Everett, ET, Flury L, Liu L, Foroud TM, Macri JV
Roberts WE, Genetic pre disposition to external apical root resorption, AJODO 2003
123:242-52

. Ambatipudi S, Gerstung M, Pandey M, Samant T, Patil A, et al. (2012) Genome-wide
expression and copy number analysis identifies driver genes in gingivobuccal cancers.
Genes Chromosomes Cancer 51: 161-173.

. Amin F, Akber S. 2011. “Prevalence of Peg Laterals and Small Size Lateral Incisors in
Orthodontic Patients -- A Study.” Pakistan Oral and Dental Journal 31 (1): 86-89.

. Ando,S., Kiyokawa, K., Nakashima, T., Shinbo, K, Sanka, Y., Oshima, S., Aizawa, K.,
Studies on the consecutive survey of succedaneous and permanent dentition in the
Japanese children. Part 4. Behavior of short rooted teeth in the upper bilateral central
incisors. J. Nihon. Univ. Sch. Dent. 1967:9:67-82.

. Apajalahti S, et al. Short root anomaly in families and its association with other dental
anomalies.; Eur J Oral Sci. 1999. 107(2): 97-101.

. Apajalahti, Holtta, et al. "Prevalence of short root anomaly in healthy young adults.";
Act Odontol Scand. 2002. 60(1): 56-9.

. Apajalahti S, Sorsa T, Ingman T. Matrix metalloproteinase -2, -8, -9, and -13 in

gingival crevicular fluid of short root anomaly patients. Eur J Orthod. 2003;25(4):365-9

62



10.

11.

12.

13.

14.

15.

16.

17.

Bajaj, Madan, Rathnam. “Cessation in root development: Ramifications of Stevens-
Johnson syndrome”. Journal of Indian Society of Pedodontics and Preventive Dentistry.
2012.30(3): 267-270.

Chan E, Darendeliler MA. Physical properties of root cementum: part 7. Extent of root
resorption under areas of compression and tension. Am J Orthod Dentofacial Orthop
2006;129:504-510.

Costopoulos G, Nanda R. An evaluation of root resorption incident to orthodontic
intrusion. Am J Orthod Dentofacial Orthop 1996;109:543-548

Cutrera, Allareddy et al. “Is Short Root Anomaly (SRA) a risk factor for increased
external apical root resorption in orthodontic patients? A retrospective case control
study using cone beam computerized tomography.”. Orthod Craniofac Res. 2019.
22(1): 32-37.

Deutsch A, Musikant B, Gu, S, Isidro M. 2005. "Morphological Measurements of
Anatomic Landmarks in Pulp Chambers of Human Maxillary Furcated Bicuspids."
Journal of Endodontics. 31(8): 570-573.

Deutsch A, Musikant B. 2004. "Morphological Measurements of Anatomic Landmarks
in Human Maxillary and Mandibular Molar Pulp Chambers." Journal of Endodontics.
30(6): 388-390.

Dineshshankar, Sivakumar, Balasubramanium et al. 2014. "Taurodontism." J] Pharm
Bioallied Sci. 6(Suppl 1): S13-S15.

Donatelli R and Lee SJ. 2013. “How to report reliability in orthodontic research: Part

1.” Am J Orthod Dentofacial Orthop; 144: 156-161.

63



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Duggal. 2003. “Root surface areas in long term survivors of childhood cancers.” Oral
Oncology. 39: 178-183.

Edwards, DM, Roberts, GJ. Short Root Anomaly. Br Dent J 1990; 169:292-3

Han G, Huang S, Von den Hoff JW, Zeng X, KuijpersJagtman AM. Root resorption
after orthodontic intrusion and extrusion: an intraindividual study. Angle Orthod
2005;75:912-918.

Harris EH, Kineret SE, Tolley EA A heritable component for external apical root
resorption in patients treated orthodontically AJODO 1997; 111:301-9

Holtta, Nystrom, et al. 2004. "Root-crown ratios of permanent teeth in a healthy
Finnish population assessed from panoramic radiographs."; European Journal of
Orthodontics: 26: 491-497

Jafarzadeh H, Azarpazhooh A, Mayhall JT. Taurodontism: a review of the condition
and endodontic treatment challenges. Int Endod J. 2008;41:375-88.

Jakobsson R, Lind V Variation in root length of the maxillary central incisors. Scand J
Dent Res 1973; 81:335-338.

Jamshidi D, Tofangchiha M, Jafari Pozve N, Mohammadpour M, Nouri B,
Hosseinzadeh K. Prevalence of taurodont molars in a selected Iranian adult population.
Iran Endod J. 2017;12:282-7.

Lind V, Short Root Anomaly. Scand J Dent Res 1972;80:85-93

Macdonald, D. 2019. "Taurodontism". Journal of Oral Radiology. 36: 129-132.
Marques LS, Generoso R, Armond MC, Pazzini CA. Short-root anomaly in an

orthodontic patient. Am J Orthod Dentofacial Orthop. 2010;138(3):346-8.

64



29.

30.

31.

32.

33.

34.

35.

36.

37.

Mavragani, Vergari, N.J. Selliseth, O.E. Boe, P.L. Wisth A radiographic comparison of
apical root resorption after orthodontic treatment with a standard edgewise and a
straight-wire edgewise technique. Eur J Orthod, 22 (2000), pp. 665-674

Neto JV, Neto JR, de Paiva B. 2013. “Orthodontic movement of teeth with short root
anomaly: should it be avoided, faced, or ignored?”” Dental Press J. Ortho. 18(6).
Oppenhiem A. Human tissue response to orthodontic intervention of short and long
duration. Am J Orthod 1942;28:263-301. (24)

Oyama K, Motoyoshi M, Hirabayashi M, Hosoi K, Shimizu N. Effects of root
morphology on stress distribution at the root apex. Eur J Orthod. 2007;29(2):113-7
Park J-C, Herr Y, Kim H-J, Gronostajski RM, Cho M-I. Nfic gene disruption inhibits
differentiation of odontoblasts responsible for root formation and result in formation of
short and abnormal roots in mice. J Periodontol. 2007;78(9):1795-802.

Parker RJ, Harris EF. Directions of orthodontic tooth movements associated with
external apical root resorption of the maxillary central incisor. Am J Orthod Dentofacial
Orthop 1998;114:672-683

Puranik, Hill et al. “Characterization of short root anomaly in a Mexican cohort--
hereditary idiopathic root malformation”. Orthod Craniofac Res. 2015. 18 Suppl 1:62-
70.

Reitan K. Some factors determining the evaluation of forces in orthodontics. Am J
Orthod 1957;43:32-47 (25)

Shifman A, Chanannel I. Prevalence of taurodontism found in radiographic dental
examination of 1,200 young adult Israeli patients. Community Dent Oral Epidemiol.

1978;6:200-3

65



38.

39.

40.

41.

42.

43.

Shaw. "Short root anomaly in a patient with severe short-limbed dwarfism".Int J
Paediatr Dent.1995. 5(4): 249-52.

Tilk, Lommel, Gerstein. 1979. "A study of mandibular and maxillary root widths to
determine dowel size." Journal of Endodontics. 5(3): 79-82.

Venkataraghavan, Karthik, et al. 2014. “Short Root Anomaly- A Rare Occurrence:
Review of Literature and Report Of A Case.” Indian Journal of Dental Sciences: 3(6):
103-106.

Wang, Rousso et al. "Ethnic differences in the root to crown ratios of the permanent
dentition". Orthod Craniofac Res. 2019. 22(2): 99-104.

Weltman B, Vig KWL, Fields HW, Shanker S, Kaizer EE. Root resorption associated
with orthodontic tooth movement: A systematic review. Am J Orthod Dentofacial
Orthop 2010;137:462-476.

Wiebe and Putnins. 2000. "The Periodontal Disease Classification System of the
American Academy of Periodontology- An Update". Journal of Canadian Dental

Association. 66: 594-7.

66



Chapter VIII

Tables

67



Table 1A. Candidate heterozygous variants in II:2 USSONO (affected 2™ child) of Family 1

s nes Gene Alt allele freq
Chr Position Ref Gene names Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
. NM_001205252.2:c.692C>G:p.  Damaging
1 1007255 G RNF223 missense exon Pro231Arg (0.006) N/A 19.47 0.00420806 rs534034872
) NM_020631.6:c.2164_2165del
1 6520186 1 PLEKHGS ~ frameshift  exon A BATI2GHEES N/A N/A N/A N/A N/A
) NM_020631.6:¢.2163de1G:p.GI
1 6520188 c PLEKHGS ~ frameshift  exon uT2Ags a8 N/A N/A N/A N/A N/A
S Probably
1 33960171 T ZSCAN20 missense exon NM'WNZS?";";{!H P N/A damaging 26.3 0.00046361 rs35642856
Cpra3tl 0.978)
) ] ) Probably
1 36752142 A THRAP3 missense  exon NM.005119.4:c3LIAGpTyrl  Damaging g0y ging 267 N/A N/A
04Cys (0.002)
(0.958)
) NM_012128.4:c 2634_2640del
1 87045802  ACCTACT cLcas frameshift  exon e oLatar2d N/A N/A N/A N/A N/A
) ) ) Probably
1 89448809 T RBMXL missense  exon  'M-001162536.3:c701A>G:p.  Damaging 0 20 000382183  re139713926
Tyr234Cys (]
0.996)
] . ) Probably
1 114340502 c RSBN1 missense  exon  NM_018364.5:cB60G>ApArg  Damaging g 0ing 237 000125507  rs41283514
287His (0.009)
(0.959)
1 144930589 c PDEADIP missense  exon nm_oousovs‘a;;:;um»:p N/A N/A N/A 000000398  (s782810306
fa{clalclas
GCTGCTG ) NM_014856.3:¢.2703_2730del:
! . A A A A A
1 153007279 oo DENND4B frameshift exon p.GIn902Serfs 38 N/, N/ N/ N/, N/
GCTGT
R Probably
1 155019738 T DesTE missense  exon  NM-154.4:c1562TCplleS  Damaging 4 00i0e 261 000021076  rs139043706
20Thr (0.002) P
) Probably
= Azp Pl
1 160168756 c casqr missense  exon  NM-00123LS:CBITCApPhe  Damaging oo 252  0.00002386  rs751160652
299Leu (0.017) P
) Probably
.3:¢. .
1 200867572 T NAVA missense  exon NM_ooqueslssr: AT>ApI 0"[‘;;""‘ damaging 279 000751174 541268923
0.958)
NM_001164586.2:¢.1664_1665
) K _ X 7
1 201175684  AA IGFN1 frameshift  exon I PE—— N/A N/A N/A 000020827  r<778348997
s G Alt allele freq
Chr Position Ref Gene names ence Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
inframe NM_001135650.3:¢.3485-
2 50574009 CGC NRXN1 deletion exon 109903 _3485-109501deIGCG N/A N/A N/A 0.00090727 r$750165040
. ) Probably
2 233272081 c ALPG missense  exon M-1313IL2B0GTpProd  Damaging 4 cine 233 000653363 146482704
4ser (0.012)
(0.954)
GGCGGLG inframe NM_001485.4:¢.180_188delGC
2 aroreez SO GBx2 deetion O " CGotacep o0 Prossdel N/A N/A N/A 000229971  rs545073704
3 37458026 G Clorf35 missense  exon nm_mzas.z;;.e;l'sscux.clys N/A N/A N/A  0.00416312 (5150550724
3 101370529 T 287811 '::e':u intron  NM_014415.4:¢.2645-2A5T N/A N/A 35 N/A 151488357348
. . ) Probably
3 121342050 A FBX040 missense  exon "M-0162984:c1774A>G:ipSer Damaging . oine 251 N/A £$1325477603
592Gly (0.003)
(0.958)
NM_001013622.3:.662G>A:p.  Damagi Probably
4 1656925 c FAMS3A missense  exon - o P Damaging damaging 234 0.00006097  rs370251492
Arg221His 0.007) p
. ) Probably
4 89020529 G ABCG2 missense  exon  M-004B73LUINCTpPro  Damaging e 206 000011619 4202192122
480Leu (0.002)
(0.985)
) NM_001008397.4:¢.245_246de
S 54456860  CA GPx8 frameshift  exon - N/A N/A N/A N/A 151283449938
_ ] ) Probably
6 7231682 c RREB1 missense  exon NM_001003639.4:¢3350C>T:p. Damaging 4,0 222 0.00015756  rs7B0852600
Prot117ley (0.03) a
. ) Probably
6 26638306 T 2NF322 missense  exon "M-ouszgl':';é?“*"m" Damaging 4 maging 247 [ £$1327527568
y (0.009)
0.966)
) NM_005514.8:¢.311_314delAC
6 31324494  AGGT HA-B frameshift  exon T Agn1085erEe™45 N/A N/A N/A N/A 1746718295
y _ Probably
6 31914966 G o8 missense  exon NM_0017106:c4B1G>ApGlyl Damaging 4. ging 287 000005277 781667620
61Arg (0.002) (1)
) NM_002124.4:¢.294delG:p.Glu
6 32551962 C HLA-DRB1 frameshift exon 8Aspls*31 N/A N/A N/A N/A N/A
) Probably
. NM_001372081.1:¢.424CT:p.  Damaging 3
6 44329579 C SPATS1 missense exon Argla2cys (0.002) damaging 203 0.00161095  rs145942181

1)
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Gene

Alt allele freq

Chr Position Ref Gene names ontology region Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
Exomes)
- - - Probably
6 131186722 A EPBA1L2 missense  exon M-0014314:c27EIDGipMe  Damaging e 207 0.00001193 15149169560
928Ser (© P
) ) ) Probably
7 99654542 G ZSCANZ1  missense  exon WM-1459143:c13G>ApValsll  Damaging g cine 208 000134934  rs141613498
e (0.002)
(0.976)
" . " Probably
7 107601684 G LAMB1 missense  exon M-0022913:c20%6CT:pThe  Damaging o 255 000001591  rsSE5604685
699Met (0.012) o
ACGGCGA
2.7 )
7 131241034 CGGCGAC PODXL frameshift  exon M-0010181113:¢70 85delp N/A N/A N/A N/A
GG Pro2dArgfs*138
8 10467554 c RPILT stopgained  exon NM-”“”!':’;Z'S‘G’T:"‘G'" N/A N/A 3 N/A N/A
] ) Probably
8 110396323 A PKMDIL1  missense  exon M-1775316x48205Gpllel  Damaging g cine 29 N/A N/A
4aval (0.021)
(0.995)
9 17135271 - CNTIN frameshift  exon nm_o1n;§ma;:};:wc:p.m N/A NIA N/A 000180671  re578214691
) NM_000264 5:¢.10_11insTC:p.
9 og270634 - PTCHI frameshift  exon Aavalts37 N/A N/A N/A N/A N/A
) NM_001291815.2:c.12418G>A:
9 13302750 G HMCN2 missense  exon AT N/A N/A 1127 000167844 1553134249
A ) Probably
9 136804316 G vAV2 missense  exon NM_001134398.2:¢230CTp.T  Damaging damaging 26.4 N/A N/A
hr7 e (0.012) ll)
) Probably
4718.5:¢.839G>A:
9 139731827 G RABLE missense  exon M-0247185:¢839G>ApArg  Damaging L e 257  0.00305879  (s200704265
280His (0.002) Py
. . ) Probably
10 1284303 c ADARB2 missense  exon NM_0187024:c.1252G>A:p.Gly  Damaging damaging 242 000450774  rs146452150
218Ser (0.002) o
) NM_001081.4:c.4774_4775del
10 16996468  GA cuBN frameshift  exon py—~ N/A N/A N/A N/A N/A
. " ‘ Probably
10 45799077 A OR13A1 missense  exon \M-0010042973:c794T>Gip.  Damaging .o 236 N/A N/A
Val265Gly (© Py
) Probably
.2:C. A
10 50530703 G C100rf71 missense  exon 'M-001135196.2:c113G>A:p.  Damaging L oo 26 0.00011682  rs199898708
Arg38Gin (0.008) ™
s Alt allele freq
Chr Position Ref Gene names nee Gene Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
] NM_018245.3:¢.409dupC:p Le
10 50960753 - 0GDHL frameshift  exon . N/A N/A N/A N/A 41363127112
) . ) Probably
0 75675086 T PLAY missense  exon  \M-002658E:CI0BTCpTyr  Damaging 4 oine 25 000391449 72816325
350His (0.002) o
NM_004329.3:¢.1327C5T: Damag Prabably
10 88681437 c BMPRIA missense  exon - = ‘pArg Damaging damaging 31 0.00067597  rs35619497
443Cys 0) It
) Probably
.3:c. :p.Ti
10 99211549 G ZDHHCIE  missense  exon M-1980463:c117G>CipTrp3  Damaging o 234 0.00001599 (766784631
acys (0.017) o
. . ) Probably
1 5373519 G OR5186 missense  exon M-001004750.Lc782G>Tp.  Damaging o 26 000084418 15145119951
Arg261Met © o
1 sia11018 c ORaAS missense  exon  VM-0010052723:c478G>Ap. N/A N/A 000711745  rs150995059
Vall60Met
. Probably
11 57003767 c APLNR missense  exon NM-0051615:¢7126Ap.Gl N/A damaging 238 0.0000278% 745562987
2381ys
0.986)
3 . . Probably
11 73753106 A c2c3 missense  exon \M-0155316:cS6SID>CpSer Damaging e 265  0.00261032 15142277857
1885Pro (0.012)
0.993)
inframe NM_020802.4:¢.1501_1503del
11 101833267  AAA CEP126 eTe exon ey N/A N/A N/A  0.00442368  rs529950842
) . ) Probably
11 111958677 A SDHD missense  exon  "M-0030024:c149A>G:pHiS  Damaging . e 234 000660542  rs11214077
Ohrg © 0.985)
. ) Probably
12 2226449 G CACNAIC  missense  exon "M-M719'77';:m’“'5"'3 D"(';]”"‘ damaging 26 000346439 34534613
m
] ] ) Probably
12 91449302 c KERA missense  exon M0070354:757G>T:p.Gly2  Damaging 4 paging 26.4 N/A N/A
53Cys 0)
0.996)
Sp— ) Probably
13 100953715 T PCCA missense exon NM_000282.4:c. 106 pVal - Damaging damaging 32 N/A N/A
356Gly © o
) NM_001146197.3:¢.7840A5T:p
13 103395207 T CCOC168  missense  exon An2617yr N/A N/A 5.691 N/A N/A
20484.1:c.| p.
14 73989211 G MEATRS  stopgsined  exon | A-001220484.LCGAGCT:p N/A N/A 35 0.00034639  rs149734041

Arg216Ter
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Alt allele freq

Che  Position Ref At Genenames Stduence  Gene . andamino acid change SIFT Polyphen2 ~ CADD  (gnomAD  dbSNP 154
ontology region
Exomes)
inframe NM_001144995 2:c.664_666de
14 100069631  GTG - cocasc  guee exon \CACp Hi22del N/A N/A N/A  0.00075000 141412395126
. . . Probably
15 42364046 T c PLA2GAD  missense  exon M-1780384c1AWAGpGl  Damaging 4 cing 28 000145224  rs146739833
u500Gly ©)
(0.999)
NM_002044.4:c 872A5G:p. His2  Damagi Probably
15 49584639 Iy G GALK2 missense  exon - A P amaging damaging 255  0.00005969  rs777255659
91Arg (0.021)
(0.99)
) . ) Probably
15 SN G c oL missense  exon "M-032866S1174G>CpMla  Damaging o0 271 0.00000398  rs1412714858
392Pr0 (0.003) "
) NM_006849.4:¢.1391_1392del
16 336701 a - PDIA2 frameshit  exon TCpLeudGoGE 13 /A N/A N/A  0.00696536 201624048
) ) Probably
16 904669 G A MFI missense  exon NM0227734x1S67CSTpArg  Damaging 4 p.0ing 31 0.00003467  rs758116895
s523cys (0.014)
0.996)
) ) Probably
16 2835406 c G PRSS33 missense  exon  M-1528913:cABAG:CpVell  Damaging 4 cine 241  0.0000S878  rs769756854
62Leu ©)
(0.967)
. ., . Probably
16 3406185 T c or2c1 missense  exon W_Ol2368.32.:i457>c.p.lzu8 D"[';)""' damaging 263 000080732  rs149625259
1)
ceencac i NM_005250.3:¢.505_516deICA
16 8612826 CCCAS Foxt1 mframe  .on GCCGGAGGCG:p.GIn169_Alal7  NJA N/A N/A 000007878  rs749019038
GCAGC deletion o)
. . . Probably
16 90103716 G A GAS8 missense  exon  NM-0014813:c833G>ApArg  Damaging e 257  0.00768169 15117053233
278His (0.003) Py
. ) Probably
17 4722498 c T PLO2 missense  exon  M-0026635x2293C>TpArg  Damaging o0 259 0.00001195 15746497873
765Trp (0.003) P
) Probably
17 6555534 A G C170f100  missense  exon WM-0011055202:c301Gp. damaging 243 000211861  rs200915782
Ser101Gly
(0.954)
17 6905131 G A ALOX12  splicedonor  intron  NM_000697.3:c.116141G>A N/A N/A 34 0.00000399 (5756762345
NM_021724.5:¢.1694C>T:p.Thr ) Probably
NRID1, ) 565Met, Damaging,  damaging, 251,
17 38249487 G A THRA missense exon NM_003250.6:¢.1325G>A:p.Ar Damaging Pmbat.:lv 251 0.00003189 rs201684407
- " ) damaging
B342His
1)
s nea Gene Alt allele freq
Chr Position Ref Alt Gene names Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
- - ) Probably
17 51901797 G A XIF28 missense  exon "M-omsgwm’“'a'v D"[';)""‘ damaging 286 000658750 15116955880
1)
7146.3:¢.1044delG:p.GI
17 56056607 c - VEZF1 frameshift  exon M-007146.3:c.1084delGip.G N/A N/A N/A  0.00036898  r<746343850
n348Hisfs*9
! NM_007146.3:¢.1041_1042del
17 56056609  GC VEZF1 frameshift  exon eCp GhsasAazy N/A N/A N/A  0.00009867 775689252
17 60469326 c T EFCAB3  stopgained  exon NM-””m"Q’T‘fscm"N" N/A NIA 1 0.00773503 (561751980
4.4:c.. p.
18 32843992 G A 25CAN3D  stopgained  exon uM_oou:f:fmi;nsorp N/A N/A 33 0.00019167 201609495
. . ) Probably
18 44625640 G A KATNAL2  missense  exon M-COI3B7630.LcA238G>A:p  Damaging 4 ine 32 000000399 770137252
Arga13His © P
] ) Probably
19 632849 c T POLAMT  missense  exon W-‘“’””"ﬁ;’“*”"’"‘ N/A damaging 1955 000345162  rs139758373
(0.967)
) . Probably
19 4550183 G A SEMAGE missense  exon "M-ommﬁ"/’jz“’[“" N/A damaging 283 000106998  rs142864702
1)
.00 . - ‘
19 17397500  TTTG - ANKIET  frameshift  exon "M-‘SBSB%ZT“OA 143del N/A N/A N/A N/A
. ] ) Probably
19 55501633 G T EPSELL missense  exon M-133180.3:¢416G>T:p.Glyl  Damaging damaging 266 000025060  rs371608469
39val (0.024) o
19 55865253 . G CoX662 frameshift  exon m_xum:mumc:p.u N/A N/A N/A 000170866  re576407501
4.3:c. P
19 58213743 G A 2ZNF154 stop gained exon w_mtor:fgzi:fsnor P N/A N/A 243 0.00912947 r$74939505
inframe NM_001195135.2:¢.132_134de
19 58907569 AGG . RNF225 e exon oBA. M Sde N/A N/A N/A  0.00348505 747436338
) NM_001304360.1:c.865C>T:p.  Damaging
0 6793724 G A ANKRD6D ~ missense  exon oro2855e: e N/A 237 000677881 541275658
GGCCAGCT ) _
0 62493176 - CGCTAGCT ~ ABMDI6B  frameshift  exon | V-0000224:c287 303dupip N/A N/A 000374866  rs539544200

ACGCGCT

.His104Serfs*23
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Alt allele freq

Chr Position Ref Alt Gene names ence Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
. . . Probably
2 39537403 G c cax7 missense  exon  M-1757095:€1520GpPro  Damaging 4 e 5 N/A N/A
S1Arg (0.016)
(0.992)
NM_013327.5:¢502C>T:p.Argl  Damagi Prabably
2 44527492 c T PARVS missense exon - pAg amaging damaging 269 000002400  rs144931273
68T ©) (0.999)
NM_012227.3:¢.272_275dupT
X 228249 - TGGA GTPBRS frameshift  exon 01222 ic:A 2.275dup N/A N/A N/A 000005214  rs748253388
. . . Probably
X 48419200 G A TBC1D25 missense  exon  NM-002536ACINGApAr  Damaging 0 236 000967106  rs41307344
635His (0.012) g

Table 1B. Candidate homozygous variants in II:2 USSONO (affected 2™ child) of Family 1
USSO

Sequence  Gene Alt aliele freq
Chr Position Ref Alt Gene names Base and amino adid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
TGCAGC y NM_002439.5:¢.162_171deITGC
5 79950708 P - MSH3 frameshift exon AGCGGCC:p.AlsS5Gnfs*22 N/A N/A N/A N/A N/A
disruptive .
6 31320525 T - HLA-B inframe  exon M-005514.8:c281 283delAG N/A N/A N/A N/A
deleti Gp.GIn%4_Ala95delinsPro
tion -
i NM_001001480.2:¢.573delC:p.T
1 1651643 C - KRTAPS-5 frameshift exon yr192Thefs N/A N/A N/A N/A N/A
TGTCTGC § 206de:
21 46057625  TGTGTG - KRTAP10-10  frameshift exon NM_IS!GSS;IJB.;:: :s_ iad N/A N/A N/A N/A N/A
occ
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Table 2A. Candidate heterozygous variants in II:2 (affected mother) of Family 2 (USRE)

Alt allele freq
Gene Sequence Gene Base and amino add
Che Position Ref At s omtology  region changs SIFT Polyphen2  CADD m dbSNP 154
N Probably
) NM_014874.4:¢.1987C>T:  Damaging °
4 T - . X a
1 1206722 c MFN2 missense exon p.Ag663CYs (0.001) dm[\:);lrg 271 0.00017501 rs36976215:
) Probably
N NM_000831.4:¢1714G>A:  Damaging N
1 37291244 C T GRIK3 missense exon pAIaST2The (0.001) dan[n:);nm 26.1 0.00000411 rs1463357168
GATACAGCCACT
GCTACAGAAGA
AACAGATGCACA ) NM_001102601.3:¢.92_15
1 45965038 gooooier - CCDCIED  frameshitt exon - N/A N/A N/A 000210472 N/A
CTGTGGAGACCC
CAAGAG
) NM_004631.5:c.68_72delT
1 53793513 CAGCA - LRP8 frameshift 0N e Leuapreata1 N/A N/A N/A N/A N/A
N Probably
) NM_001110533.2:c1108C  Damaging "
1 55282719 c T 004 missense exon >T:p Arg370Tep 0017} uan[u:);nm 216 000015010  rs146890884
7
1 84962054 G A RPF1  splicedonor  intron  M-025065 i €100841G> N/A £ N/A N/A
NM_001010985.3:c.634G>  Damags Probably
1 109839501 c T MYBPHL  missense exon - -2 M amaging  25.6 0.00031018 4140827712
Acp.Gy212Ser () o
inframe NM_000427.3:¢.121_123d
1 153233536 - €66 LORICRIN T exon LpBGC:p. Giyd 1 N/A N/A N/A 000277080  rs770195151
CTGCTGCTGCTG
) NM_014856.3:¢.2703_273
1 153507279 crccggccre - DENND4B  frameshift 0N (et GRODZSertsaE N/A N/A N/A N/A N/A
NM_025058.5:c 1034G>A:  Damags Probably
1 155150602 G A TRIM4S  missense exon - - g M amaging  25.6 000108926  rs143154805
p.Arg3asHis (0.012) 099
) NM_000261.2:¢.1102C5T-
1 171605478 G A MYOC  stopgained  exon o GhseaTer N/A N/A 37 000110977  rs74315329
) , ) Probably
1 186375340 G A ODR4 missense exon  WMO17837.6:c1126G>A:  Damaging 4 e 5 0.00058734  rs201764660
p.Gl3T6Lys (0.003)
(0.996)
MAPKAPK  inframe NM_032960.4:c.114_116d
1 206858676 - e B sprtion exon CpGCC:p ProAldp N/A N/A N/A 000240874  rs782493788
Alt allele freq
Gene Sequence Gene Base and amino acid
Chr Position Ref At e omology region changs SIFT Polyphen2  CADD (snomAD dbSNP 154
; Probably
) NM_000651.6:¢5605G>A:  Damaging °
1 207760805 G A 1 missense exon 5 Giytaeoarg p aan:flrg 29 000032112 rs191896925
) Probably
2 1204916 G T SNTG2  missense exon  NM_018968.4719G>Tip.  Damaging g one 35 N/A 15201301696
Arg240Met (o) ™
. . a Probably
2 9013424 c T MBOAT2  missense exon  NM138799.4:c697G>Ap.  Damaging e 232 000466075 rs3aS7361S
Val233lle (0.003) Py
2 11931913 T C LPiN2 splice donor intron NM_Mig::.:é:.!GOG- N/A N/A 221 N/A N/A
. . N Probably
2 75118042 c T K2 missense exon M O000189.5:c2728CT: - Damaging 4 e 201 000000398  rs372862075
p.Arg910Cys (0) )
Probably
) NM_001376312.2: 12894  Damaging ’
2 144708553 T c GIDCI  missense exon 2 damagi 257 N/A 14902414666
>G:p.Tyrd30Cys {0.01) "5)‘ 6
inframe NM_001145250.2:¢.1407_
2 175202200 GCG - P9 o 0N deloGCp AlndT0del N/A N/A N/A 000082528  rs746223726
inframe NM_001080458.1:¢.1278_
2 176944986 o6 - w2 elets XN deICG G, Glyd28de] N/A N/A N/A 000234082  rs765360165
. . Probably
2 196602773 G A DNANT missense exon NM_018897.3:cU1947CT  Damaging 4, 0nine 275 000829924  rs114621989
:p.Arg3983Trp (0) (1)
) Probably
) NM_001277372.4:.2012G  Damaging "
2 203018499 G A KAA2012  missense exon >ApATGSTIM Py dan(\:)glm 233 000015569  rs182994074
) NM_001370465.2:c.185del
2 241500286 G ; DUSP28  frameshift exon S OhAE"0 N/A N/A N/A N/A N/A
- NM_006010.6:c.- 151328383326,
3 51422742 - GGA  MANF initistorcodon  exon  , yu ol T e A N/A N/A 0 553620834
inframe NM_001377405.1:¢.123_1
- - ~ 7 X
3 63898391 scc  amavy e e e p Prod3dup N/A N/ N/A 000570556  rs1553686135
) NM_001271838.2:¢.152G>
3 157840045 G A RSRC1  stopgained  exon Ap TG Ter N/A N/A 38 N/A N/A
. . N Probably
3 183506916 c T ABCF3 missense exon M 0183S82CIOIBOT:  Damaging e 04 000149310 rs150245456

p.Arg340Trp

(0)
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Alt aliele freq

Gene Sequence Gene Base and amino add
Chr Position Ref A e ooy region e SIFT Polyphen2 CADD  (gnomAD dbSNP 154
Exomes)
. . N Probably
s 14465657 T c TRIO missense exon WM OOTUB&CSEIT>C  Damaging o 253 000032610 rs138840811
p.Ser1891Pro (0.044)
(0.999)
MARCHFI  inframe NM_001102562.3:¢.54_95
5 16179589 GG - ; el exon 2elc08 Protdel N/A N/A N/A 0 151017917272
inframe NM_001366508.1:¢.109_1
5 98109867 (e s - RGMB o exon P r—— N/A N/A N/A 000469968  rs770214076
) NM_006083.4:c.281_282d
5 140032593 GA - ® frameshift exon eiAGp. GoMAlais 21 N/A N/A N/A 000009555  rs747924967
. ) Probably
5 150723155 c A SICIGA2  missense exon  NM-IB1776.3:0260G>Tp.  Damaging e 250 000035063 rs77010315
Gly87val () o
inframe NM_001128164.2:¢.624_6
6 16327916 - TGC  ATXNZ it oo CCAD.Gin208dup N/A N/A N/A N/A 14193922926
P NM_001318857.2:¢.357C>
6 22930898 c G GNMT,  stopgsined  exon G:p-TyrladTer, N/A N/A ) 0.00000399  rs147746130
P NM_018960.6:¢.540C>G:p. -
Tyri80Ter
15089.4: . ) Probably
6 43190330 c T cute missense exon WM O1S0BS.L:cEOBIOT:  Damaging o e 248 000044699 rs41274936
p.Ser2328Phe (0.001)
(0.986)
N Probably
) NM_001145128.3:c.3856G  Damaging
6 109837169 c G AK9 missense exon “CoArg13190r0 p dan:]glm 282 000010171  rs369214077
) Probably
) NM_001242384.2:c.1690G  Damaging ’
6 150184508 G A sym3 missense exon oy @ dan[u;]gmg 2 000004374  rs548865352
inframe NM_001277115.2:c.118_1
7 21582969 GAG - owawt A exon ZdekaAG:p. Busddel N/A N/A N/A 000014851  rs754326899
) NM_001040105.2:¢ 5600
7 100680297 - c MUCI7  frameshift oo o AIa1B68Cysst16 N/A N/A N/A N/A N/A
) NM_001365693.1:c4655C  Damaging
7 141765516 c T MGAM  missense exon ST ThriSS2Met (0.042) N/A 1989 000172398  rs190699321
N Probably
: NM_170686.3:c.251C>T:p.  Damaging ’
7 148851263 [ T 2ZNF398 missense exon Thegdlle 0.003) dan[u:]gmg 233 N/A N/A
inframe NM_000193.4:¢.1231_123
- ~ _ " A 7
7 155595750 e SHH e exon GG Givé1 1dus N/A N/ N/ 0 476992062
Alt aliele freq
Gene Sequence Gene Base and amino acid
Chr Position Ref Alt names ontology region change SIFT Polyphen2  CADD (gnomAD dbSNP 154
Exomes)
. ] ) Probably
5 14465657 T c TRIO missense exon  WMOOTUB&CSETA>C:  Damaging e 258 000032610 rs138840811
p.Ser1891Pro (0.04)
(0.999)
MARCHFI  inframe NM_001102562.3:c.54_96
5 16179589 GG - ; elers exon 31008 Proazdel N/A N/A N/A 0 151017917272
inframe NM_001366508.1:¢.109_1
5 98109867 GeT - RGMB Bt exon Saeicrep laca7de N/A N/A N/A 000469968  rs770214076
) NM_006083.4:c.281_282d
5 140032593 GA - ® frameshift exon per - N/A N/A N/A 000009555  rs747924967
. N Probably
s 150723155 c A SIC36A2  missense exon  M1817763260G>Tp.  Damaging 4 251 000935063 rs77010315
Gly87val () i
inframe NM_001128164.2:¢.624_6
6 16327916 - TGC  ATXNZ —— 00 e paCADGN2IRU N/A N/A N/A N/A 15193922926
NM_001318857.2: 357C>
cNPY3- -
6 22930898 c G GNMT,  stop gained exon G:p-TyrligTer, N/A N/A 3 000000399 rs147746130
P 8 NM_018960.6:¢.540C>G:p. -
Tyri80Ter
. . ) Probably
6 43190330 c T cute missense exon M O01S089.4:c6383CT:  Damaging 4 i 248 000044699 rs41274936
p.Ser2328Phe (0.001)
(0.986)
. Probably
N NM_001145128.3:c.3956G  Damaging N
6 100837169 c G AK9 missense exon \CpArg18190r0 p dan[\:]glng 282 000010171  rs369214077
) Probably
N NM_001242394.2:c.1690G  Damaging "
6 150184508 G A sym3 missense exon s = dan(\;)gnm 25 000004374  rs548865352
inframe NM_001277115.2:¢.118_1
7 21582069 GAG - owawsr g & exon 2D GAGp. ChskDde! N/A N/A N/A 000014851  rs754826899
) NM_001040105.2:¢.5600¢
7 100680297 - C Muciz frameshift exon UPC:p.Al21B68Cysf<* 16 N/A N/A N/A N/A N/A
) NM_001365693.1:c4655C  Damaging
7 141765516 c T MGAM  missense exon ST The1S52Met (0:041) N/A 1989 000172398  rs190699321
) Probably
N NM_170686.3:¢.251CT:p.  Damaging "
7 148851263 c T 2ZNF398 missense exon Thegdlle (0.003) dan(\;]gnrg 233 N/A N/A
inframe NM_000193.4:.1231_123
7 155595750 e SHH B eon N eCe Ginét dun N/A N/A N/A 0 r$769920627
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Alt allele freq

Gene Sequence Gene Base and amino acid
Chr Position Ref L oty region changs SIFT Polyphen2  CADD m dbSNP 154
- ) ) Probably
7 157333411 c A PIPRN2  missense exon  M-0028475:c3045GT:  Damaging 4 e 267 000603877  rs61757813
p-GIn1015His (0) )
! ) Probably
8 133053823 c A ocso missense exon  WM_001080399.3:c203G>  Damagig 4y ..ine 263 000077995  rs200563917
T:p.GHy98Val () p
inframe NM_178448 4:¢.359_361d
9 139964552 GCG - sapcoz o exon pre N/A N/A NA 0 r$930150269
) Probably
ADAMTS? ) NM_080722.4:.626G>A:p.  Damaging "
10 72462171 G A ’ missense exon Argzecla ey aan(.:];.m 204 000083053  rs141259412
) ) ) Probably
10 88259879 T c wAsL missense exon  MOISOASSICUIZIAG:  Damaging e 266 000056187  rs140780773
p.GIn374Arg (0.005)
(0.996)
) ) Probably
10 99215755 G A ZDMHCIE  missense exon NM_198046.3:c973G>A-p.  Damaging 4, oine 31 000001989 rs377074050
Gly3255er () pm
inframe NM_004741.5:¢.672_674d
10 103915000 AGC - nowct et exon AACAGp.Ser227de N/A N/A N/A  0.00001209 N/A
) Probably
10 135371369 T c S¥ceL missense exon  NM_0011437633:¢373A>  Damaging e 33 0.00209173  rs141668584
G:pArg125Gly (0.009) Py
disruptive NM_000797.4:¢.809_823d
1 640058 CCCGGGC::?:““ - DRD4 inframe exon  elCCCGGGGTCCCTGCG:pP  N/A N/A N/A N/A N/A
deletion ro270_Gly275delinsArg
NM_000797.4:c.821_831d
1 640070  GCGGCCCCGAC - DRDS  frameshit  exon  eIGCGGCCCCGAC:p.Cys274 /A N/A NIA N/A N/A
Leufs
TGTGCGLOCGEC
GCGCCCAGLCTC inframe NM_000797.4:¢.832_870d
N 640081 Ccccacaaccee DRD4 deletion XN alp.Cys278_Cys290del N/A N/A N/A N/A N/A
T6C
GCCGCGCCCAGT
CTCCCCCAGGAC . -
1 640090  CCCTGCGGCOCC - DRDS  frameshift  exon Nmaﬂg;éxx_;a N/A N/A N/A N/A N/A
GACTGTGCGCCC P
c
) NM_000797.4:¢ 850delA:p
11 640099 A - DRD4 frameshift exon Ser284Aafs62 N/A N/A N/A N/A N/A
Alt aliele freq
Gene Sequence Gene Base and amino acid
Chr Position Ref A e ey region hangs SIFT Polyphen2  CADD (gnomAD dbSNP 154
AGCACA
ACCTCTG
GTCCTG
GAACTA
CTCCCAG iframe NM_001304359.2:¢.2230_
1 1213048 - CCCTETT Mucsac o exon  223%ins(72):p.Pro743_Thr N/A N/A NA N/A N/A
CCCACCA 748ins24
CCAGCA
CAACCTC
TGCTCCT
ATAACC
_ NM_004420 3:¢ 879deiG:p
1 1578747 c - DUSPS  frameshift  exon oo N/A N/A N/A N/A N/A
- NM_176821.4:¢.1448_145
1 7981706 - TIGGT  Nwspzo PR exon  3dupACCAAAp.GIndBA Se  N/A N/A N/A 000012726  rs764641531
insertion r485insAsnGln
inframe NM_004183 4:¢.536_538d
1 61724367 ACA ; BESTI et exon SIACAp A 700 N/A N/A N/A 000001581  rs775979290
) Probably
N NM_018979.4:c.6029C>T:  Damaging N
12 1005682 C T WNK2 missense exon p.Pro2010Leu (0.001) da‘r‘;\;:)rg 251 0.00002388 rs764595104
12 10124287 G A CLECI24  splicedonor  intron  NM_138337.6x.9141G>A N/A N/A 2 000135684  rs148336258
] ) Probably
12 53208582 c A KRTS missense exon  NM_022734184G>Tip.  Damaging 4 aine 222 0.00485043 1511554495
Gly62Cys {0.001) o
y o a Probably
12 108168270 A G ASCL4 missense exon  NM-2034363:c275A>Gp.  Damaging e 3 000001112  rs1019945493
Tyr92Cys (0) 0
. . . Probably
12 112167753 G A ACADIO  missense exon  NM_025207.6:1387GOA: Damaging oo 256 000408514 rs36046440
p.Aspd63Asn (0) ()
N Probably
8¢ Ap.
12 121432028 G A HNFIA  missense exon "M-owiszz;n@ P Damagng 4 aging 262 000001204  rs778074427
(0.017)
(0.994)
inframe NM_015409.5:¢.8223_822
12 13254709 6 - EP400 el on e ain2 748l N/A N/A N/A N/A r528214697
inframe NM_030979.3:.1482_148
13 25671804 GeT ; easecs S exon AeATGCH A0SR N/A N/A N/A 000000800  rs150143049
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Alt aliele freq

Gene Sequence Gene Base and amino add
Che  Position Ref A e ey eghn hanne SIFT Polyphen2  CADD  (gnomAD dbSNP 154
. a Probably
13 52343385 G A DHRS1Z  missense exon  M-001377533.1:604C>  Damaging o 2006 000000484 rs138384725
T-pArg202Cys (0.004) Py
N Probably
13 99378690 T € SICI5A1  missense exon  NM_00S073.4:c3SM>GipT  Damaging 4o vine 261 000074437  rs144970844
yrizcys (o =
14 63779773 c T GPHBS  missense exon NM-“S"ZT‘:;;Z’SQG’”" N/A N/A 26 000688262  rs140208070
~ N Probably
15 74032299 G T INSYNI  missense exon  NM-0010396143:cBAIC>  Damaging .0 263 000004703  rs149206275
A:p.Pro281The (0) )
) Probably
4.3:¢.
16 5105348 A G Cl6orf89  missense exon  “M_001098514.3:c.767T>  Damaging e g N/A 5943414474
C:p.Met256Thr (0.005) Py
] ) Probably
16 11933743 c A RSL1D1 missense exon  WM_0156593:.955G>Tip.  Damaging g, vine 1663 0.00720286 1434999527
Asp319Tyr (0.024) -
N Probably
) NM_0203147:c.2713C>T:  Damaging
16 19710890 c T VPSISL  missense exon D AgI080ys (0008) dan(nnglrg 285 000880383  rs150300279
] ) Probably
16 57509069 c T DOK4 missense exon  NM_001330556.2:c.352G>  Damaging g sine 228 000013528 rs111834942
A:p.Asp118Asn (0.011) 09%)
) NM_030665.4:¢.834deiGp
17 17697096 G - RAIL frameshift  exon " N/A N/A N/A N/A 151296939152
inframe NM_030665.4:c.870_872d
17 17697098 AGC i RAIL el exon P N/A N/A N/A N/A N/A
NM_030665.4:c.839_852d
17 17697101 AGO‘GCMU'GMG - RAIL frameshift  exon  elAGCAGCAGCAGCAGp.GI  N/A N/A N/A N/A N/A
280Profs*104
GCTGCC
GCCGEC )
17 38975104 i GTaTcc  ker1p  nframe exon  NM_0004215:c1654_168 N/A N/A N/A Fs776920005
ceceec insertion 3dup:p.GlyS56_GlyS65dup
GGAGCT
. . ) Probably
17 39623282 G A KRT32  missense exon  NM_002278.3:c.296CTip.  Damaging e 25 000149517  rs117304287
Thraglle () o
006455.3: . ) Probably
17 39968014 A G P3H4 missense exon M- 155'3"'15‘”"" Damaging 4 maging 285 000000756  re546832339
rps2Arg © 0.989)
Alt allele freq
Gene Sequence Gene Base and amino add
Che  Position Ref Alt SIFT Polyphen2  CADD dbSNP 154
names ontology region change lyph m
] NM_002574.4:¢.520deIC:p
18 61306960 G - SERPINBA  frameshift  exon LeuATATR 8 N/A N/A N/A 000122361  rsS54627371
inframe NM_203304.4:c.414_416d
19 1567642 GGC - Moo exon 60C:p Pro1390H N/A N/A N/A 000222085 773372717
) NM_001364674.2:¢ 488C>
19 7019299 G A MBD32B  missense exon ey N/A N/A 8931 000624507  rs377522880
19 17397501 TI6TG - ANKIED  frameshift  exon  M-1523636cTialtia N/A N/A N/A N/A
SdelTGTGT
. . ) Probably
19 33149861 G A ANKRD27  missense exon  M0321393:cB10T:p A Damaging e 272 000477561 rs147502994
821Cys (0.009) pope-)
) NM_033317.5:¢.849_860d
19 36002371 - COACTGE gy inframe exon  upCGGCAGCAGTGG:p.Gh2  N/A N/A N/A N/A 4760401945
TGCCG insertion
88 Gh291dup
NM_004756.5:¢.1305_130
19 41173895 16T ; NUMBL  frameshift  exon  BdeACAG:p.GInd3SHisfs't  NJ/A N/A N/A N/A N/A
49
NM_004756.5:¢.1296_130
19 41173898 TTGCTGTTGC - NUMBL  frameshift  exon  SAeGCAACAGCAAp.GIndd  N/A N/A N/A N/A N/A
2Hisfs*150
inframe NM_004409.5:¢.1715_171
19 46274249 GGC - DMPK et exon aacCaAgsTIE! N/A N/A N/A 000002070  rs1233738068
N Probably
19 52034549 c A SIGLEC6  missense exon  NM_001245.7:¢292G>Tip.  Damaging gy osine 1763 0.00880648 rs62617068
AspaBTyr (0.001) o
) . ) Probably
20 2464234 G A ZNF343  missense exon M O02325.6:c37ICT: Damaging i 1408 000358725 rs146214742
p.Thra5aMet {0.01)
(0.999)
0 31647696 G T BPIFB3  splice scceptor  intron  NM_182658.3:¢387-1G5T  N/A N/A 3 000761933 rs11667151
] ) Probably
21 40190408 c A £rs2 issense exon  NM_005239.6:649C>A:p.  Damaging g vine 1335 000735136 rs61735785
Lew217lle (0.007)
(0.966)
. N Probably
21 45107549 G A RRPIB  missense exon  NMOIS0S63c12GA: damaging 1656 000009292  rs575488096
P-Glud3zLys (0.978)
) Probably
) NM_144991 3¢ 1961C>G:  Damaging s
21 45919715 G c TSPEAR  missense exon pSarstics (0oz1  dameging 273 0.00000476  rs782551483
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Alt aliele freq

Gene Sequence Gene Base and amino add
Che  Position Ref At e omtology  resion change SIFT Polyphen2  CADD m dbSNP 154
] NM_002574.4:¢.520deIC:p
18 61306960 G - SERPINBA  frameshift  exon LeuATATRe8 N/A N/A N/A 000122361  rs554627371
inframe NM_203304.4:c.414_416d
19 1567642 GGC - Moo o exon G0C:p Pro1390H N/A N/A N/A 000222085  rs773372717
) NM_001364674.2:¢ 488C>
19 7019299 G A MBD32B  missense exon —pey N/A N/A 8931 000624507  rs377522880
19 17397501 TI6TG - ANKIED  frameshift exon  NM_1523636:c7141 f1a N/A N/A N/A N/A
SdelTGTGT
_ . Probably
19 33149861 G A ANKRD27  missense exon  M0321393cBIOTpA  Damaging o e 272 000477561 rs147502994
821Cys (0.009) prpe-)
) NM_033317.5:¢.849_860d
ceacT " _ X
19 36002371 - SC pmey  nframe exon  upCGGCAGCAGTGG:p.Gh2  N/A N/A N/A N/A 4760401945
TGCCG insertion
88 Gh291dup
NM_004756.5:¢.1305_130
19 41173895 16T ; NUMBL  frameshift  exon  BdeACAG:p.GInd3SHisfs't  N/A N/A N/A N/A N/A
49
NM_004756.5:.1296_130
19 41173898 TTGCTGTTGC - NUMBL  frameshift  exon  SAeGCAACAGCAApGIndd  N/A N/A N/A N/A N/A
2Hisfs*150
inframe NM_004409.5:¢.1715_171
19 46274249 GGC - DMPK et exon Mot AgST2l N/A N/A N/A 000002070  rs1233738068
N Prabably
19 52034509 c A SIGLECE  missense exon  NM_001245.7:¢292G>Tip.  Damaging g ine 1763 000880648 rs62617068
Asp9BTyr (0.001) P
3 . N Prabably
20 2464234 G A ZNF343  missense exon WM O23256CITICT: Damaging i 1408 000358725 rs146214742
p.Thra5aMet {0.01) pope-a)
0 31647696 G T BPIFB3  splice scceptor  intron  NM_182658.3:¢387-1G5T  N/A N/A 3 000761933 rs11667151
] ) Probably
21 40190408 c A £T52 missense exon  NM_005239.6:649C>A:p.  Damaging g ine 1335 0.00735136 1461735785
Leu217lle (0.007) (0.266)
c056.3: . Probably
21 45107549 G A RRPIB missense exon  MOIS0S63C12GAA: damaging 1656 000009292  rs575488096
P-Glud32Lys (0.978)
) Probably
) NM_144991 3 1961C>G:  Damaging s
21 45919715 G c TSPEAR  missense exon e st} dan:)glru 273 000000476  rs782551483
Alt aliele freq
Gene Sequence Gene Base and amino acid
Chr Position Ref At e omolofy  refion changs SIFT Polyphen2  CADD (:::::)) dbSNP 154
- ] } Probably
2 24035173 G c RGL4 missense exon  NM_ISIELS.2CECCp.  Damaging 4 e 215 000005465  rs780423673
Asp231His (0) )
; . Probably
2 25603079 G A CRYBB3 missense exon  NM_004076.5:c536G>Ap.  Damaging gy e 252 000027215  rs149232677
Arg179His (0.018) 0978
N Probably
.4:¢.2141 -p.
2 38074614 G A LGALST  missense exon "M-"OZ? C24GAp.  Damaging . ing 32 000143227  rs139136100
u72Lys (0) )
inframe NM_001039141 3:c 5322+
2 38142320 GGC - wioge o &0 o saesandeicas N/A N/A N/A 000714285  rs953748818
2 38478666 c G SIC16A8  splicedonor  intron  NM_D133563:214+1G>C /A N/A 3 000484040  rs77968014
X 27480000 G A PPPARIC  missense exon "M-w:’:ii‘;;"t‘:“b“ N/A N/A 0488 000183455  rs184393870
. . Probably
X 99662437 G C  PCOHI9  missense exon  NM_001184880.2:c1159C  Damaging 4o .ine 262 0.00000552  rs201266898
>G:p Arg387Gly (0.002) )

Table 2B. Candidate homozygous variants in II:2 (affected mother) of Family 2 (USRE).

h

Table ?-2 Candid, ygous in 1:2 (affected mother) of Family Reiber USRE
Gene Sequence Gene Alt aliele freq
Chr Position Ref Alt N ont region Base and amino acid change SIFT Polyphen2  CADD " ) dbSNP 154
16 67876826 G THAP11 frameshift exon NM_020457.3:ex0n N/A N/A N/A N/A rs111586870

1:¢.369delG:p.GIn123Hisfs*42
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Table 3A. Candidate heterozygous variants in I1:2 KRMOSO (affected 2™ child) of Family 3
(KRMO).

ance Gene Alt allele freq
e Position Ref At Genenames o3 Baseandaminoacidchange  SIFT  Polyphen? CADD  (gnomAD  dbSNP 154
ontology region
Exomes)
inframe NM_001079843 3:c 5136_51
1 10699141 e - caszt i on o Ap171200] N/A N/A N/A  0.00024810  rs201089181
: Probably
7.3:¢.
2 80136918 A c cTNNA2 missense exon NM_OOcl:ZBZSS 3:c051A>  Damaging - g 242 0.00124086  rs1185995811
p Asn351His ooz 4T
N Probably
NM 4 .
3 183525839 G A YEATS2 missense exon 018023.5:c.4033G>Ap.  Damaging e 28 000003473 rs761313198
Val1345Met (0.007)
{0.999)
4 85556475 T . cos1 frameshift  exon  M-001263.4:c783delTpP N/A N/A  0.00095610  rs759091263
he263Leufs™6
4 146031253 A T ABCE1 .:::I::u intron  NM_002940.3:c 406-2A5T N/A N/A 35 0.00005834  rs1316787321
S disruptive NM_018938.4:¢.1751_1759d
5 140503331 A - PCOHBA inframe exon  elTGGTGACCAp.LeuSBA Lys  N/A N/A N/A N/A N/A
deletion 587delirsGln
) NM_018938.4:¢.1764_1768d
5 140503344  GGTGG . PCOMBS  frameshift  exon o o ess WA N/A N/A N/A N/A
inframe NM_001013735.1:¢.687_689
9 79635239 G6C . Foxa2 e exon SaiG0Ce Araata N/A N/A N/A 000073410  rs750048680
inframe NM_015848.4:¢.1639_1641d
12 53162773 ACT - KRT76 rivivesed exon AGT:p Sersa7dal N/A N/A N/A  0.00128743  rs370657661
) NM_007084.4:¢.645_646ins
13 95363659 - AG sox21 frameshift  exon - N/A N/A N/A N/A 161594515327
) NM_007084.4:c.644dupC:p.
13 95363660 - G sox21 frameshift  exon Aa215Glyts N/A N/A N/A N/A N/A
) NM_007084.4:¢.640_641ins
13 95363664 - A sox21 frameshift  exon T ARZIVN N/A N/A N/A 0 141477819900
GCGGGAAG )
13 95363666 . AGACGCG  SOX21 frameshift  exon NM;:‘?NABI‘;';;:%-f;:"" N/A N/A N/A N/A N/A
TGCGGCG )P B
; . N Probably
14 50605490 G T 5052 missense  exon "M-Mﬁz;';”m»"" Damaging . aging 248  0.00006086  rs1482259721
ye (0.001)
{0.986)
inframe NM_144569 5:c.42_47delGG
15 23086365  GCCGCC - NiPAL i S0 oo Alats, ARiSde N/A N/A N/A  0.00034695  rs531550505
Alt allele freq
Che Position Ref At Genensmes Scduence  Gene @ andaminoacidchange  SIFT  Polyphen2 CADD  (gnomAD  dbSNP154
ontology region
Exomes)
) NM_020457.3:¢.363_364del
16 67876820 GC - THAP11 frameshift  exon T ——— N/A N/A N/A 0 151491456602
) NM_020457.3:¢.366_369del
16 67876823 ACAG - THAP11 frameshift  exon pr P " N/A N/A N/A 000000412  rs773652130
inframe NM_001368135.1:¢.145_147
17 18576348 c6c - FOX038 rivioset exon 3e460G:p Als43de] N/A N/A N/A 000515448  rs761206346
. N Probably
19 36279042 A c ARHGAP33  missense exon  MQ0I366178.L:cISTSA>  Damaging . ohe 242 0.00014807  rs1346720614
C:p.Hs1192Pro (0)
{0.997)
N Probably
. NM_001136019.3:¢.1027C>T  Damaging -
19 50029305 C T FCGRT missense exon :p.Leu3a3Phe (0.003) dsr;;'gun; 233 0.00000400  rs146734541

Table 3B. Candidate homozygous variants in
(KRMO).

II:2 KRMOSO

(affected 2™ child) of Family 3

s nee Gene Alt allele freq
Chr Position Ref Alt Gene names ontology i Base and amino acid change SIFT Polyphen2 CADD (p‘cmAI? dbSNP 154
GGCTGCT
.4:c.
2 27665623 GGTGAG - KRTCAP3 splice donor exon NM_173853 d:l 209 21311 N/A N/A N/A 0.00007764  rs754004983
CGC
2 28050464 G - RBKS frameshift exon NM'OH:‘H'B:CJSS*K:“'T N/A N/A N/A 0.00097354  rs372614067
r256Ginfs
. NM_178857.6:¢.324_325ins

8 10480388 - A RPIL1 frameshift exon T-p.Pro1095erfs*29 N/A N/A N/A 0.00201036  rs138816053

12 11461223 G A PRBA stop gained exon ”M-o‘mf‘ 32':;:'9“’7"'6' N/A N/A 35 0.00290437  rs77514395
Probably
19 2271386 C T 0AZ1 missense exon NM_004152.3:¢.149CT N/A damaging 249 0.00538330 rs28384673
(0.976)
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Table 4A. Candidate heterozygous variants in II:2 (affected 2™ child) of Family 4 (CHII).

Sequence Gene Alt allele freq
Chr Position Ref Alt Gene names Base and amino acid change SIFT Polyphen2  CADD (gnomAD dbSNP 154
ontology region Exomes)
) ) NM_001010926.4:¢.462_d64de
1 2460945 GCG - HESS inframe deletion  exon 1CGC:p. Ala155dei N/A N/A N/A 0 rs559739405
. . . Probably
1 3683159 A c ccocz7 missense exon M_1524923:c1SL3A>Cp.As  Damaging oo 257 000849718 rs144089943
505His (0.004)
(0.999)
) ) NM_020631.6:¢.2163_2165del
1 6529186  TCC - PLEKHGS  inframe deletion  exon GaApONTIIE N/A N/A N/A N/A N/A
. N Probably
1 20827431 G Iy MuLL missense exon NM_0245443:c81OTpAg2 Damaging o rvine 209 0.00004380 ($774965777
710ys (0.007) W
S prime UTR
NM_014774 3:c.-
1 47184700 G A EFCABI4  prematurestart  UTRS S41CoTp Metioxt 31 N/A N/A N/A N/A 1562442365
codon gain
1 63270841 A T ATGIC  splice acceptor  intron  NM_032852.4:¢.77-205T N/A N/A 35 000002510  rs768565880
1 wenns c T ACPS splicedonor  intron  NM_016361.5:¢.647+1G>A N/A N/A 2 N/A N/A
. N Probably
1 230807799 c T CAPNS missense exon "M-m““;’;f:“’t’"“"z D’":;)""‘ damaging  26.9 0.00199648 428359655
(1)
.24, p.
1 247921467 A - orR1C1 frameshift exon "M-OIBS:;:;.ZZ"'"°M“ N/A N/A N/A 000000401  rs1434822523
. " Probably
2 71738977 G A DYsF missense exon M_0034344:c383G>ApGlyl Damaging o 262 000713247 534997054
28Glu (0.002) -
) : . Probably
2 105708941 G A MARPS9 missense exon NM_1E2603:c738G>ApArg  Damaging o one 257 000373328 rs116793449
245Gin (0.049) P
. ~ " Probably
2 140990879 T c LRP1B missense exon M018557.3:c13676A>Gp A Damaging e 246 000173494 rs148848707
snd5595er (0.013)
(0.997)
. . . Probably
2 192225453 T G MY018 missense exon NM-0011301583:c659T>Gp.  Damaging . .0 13 N/A NA
Leu220Arg (0) -
; . " Probably
2 211019134 A G KANSLIL missense exon M-1S25194:AT3T>CpleuS Damaging oo 242 000000401  rs777147277
8o 0.003) -
s Alt allele freq
Chr Position Ref Alt Gene names nee Gene Base and amino acid change SIFT Polyphen2  CADD (gnomAD dbSNP 154
ontology region 5
y . . Probably
2 220349156 T A SPEG missense exon "M-oossffz"'s”""“"""’ Damaging . @ .ging 271 000061284  rs201170917
4Asn (0.001)
(0.996)
y N Probably
3 9822175 T c TADA3 missense exon NM_0063SA4x1165A>G:pAs Damaging i 252 N/A N/A
n389Asp (0.043)
(0.993)
. . . Probably
3 22739011 T c HHATL missense exon VM_0207074:c854A>GipAsp Damaging 0 244 N/A N/A
285Gly (0.028)
(0.987)
. . . Probably
3 100995553 c G IMPG2 missense exon NM_OlSIAm&GK.p.GIu Damaging .\ aging 1552 N/A N/A
(0.046)
(0.999)
; . . Probably
3 105586417 G T coL8 missense exon M_1706625:c.SC>A:pAIa2GI  Damaging oo i 3y 000005571  rs780651060
u (0.001)
(0.996)
. . . Probably
3 113329938 A G ST missense exon M 017699.3:c1B0SA>Gip.Tyr  Damaging i 283 000712787 re34023543
602Cys (0.008) o
. . Probably
3 148857965 c T HPS3 missense exon NM-mnan:::zc’T'“'p"" Damaging ' .ging 246 000020289  rs577273287
(0.002) o
N Probably
3 184910069 T A EHHADH missense exon NM_C01966.4:c2117A>T:pAs  Damaging  yoooine 244 000442986 reS6056620
n706lle (0.006)
(0.966)
. . . Probably
3 194790601 G c XXVLTI missense exon "M-lszsli‘;;‘m“’&”"" Damaging " .ging 261 000028065  rs199593762
arg 0.006)
(0.999)
4 8608506 c T ez stopgained  exon |M-001014847.3:c8490Tip. N/A a8 000042217  rs146935182
Gln317Ter
4  wwmnn 6 A EXOSCO  spliceacceptor  intron  NM_005033.3:c.1157-1G>A N/A N/A 3 000000536  rs1361964123
4 153268225 T A FBXW7  splice acceptor  intron  NM_001349798.2:c585-205T  N/A N/A 35 000020535  rs1319900951
. . . Probably
s 31532534 G c CSorf22 missense exon NMO183563:c3SG>CpArgl Damaging il 271 000555161 re76256365
0 (0.002) -
= i
5 45695973 CGC - HCN1  inframe deletion  exon NM-0210724:0221 223delGC N/A N/A 000361834  rs747975797
G:p.Gly74del
. " Probably
5 140175321 G A PCOMAZ missense exon NM-018905.3:cTI2G>Ap.Gly2 Damaging e 289 N/A N/A
Searg @ )
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Sequence

Alt allele freq

Chr Position Ref Alt Gene names ontology i Base and amino acid change SIFT Polyphen2  CADD (gnomAD dbSNP 154
Exomes)
. . . Probably
s 178418555 c A GRM6 missense exon NM_oaosu:s.:hnMﬂ.p.vnz Damaging . .ging 246  0.00501761 r$17078894
. 0.001)
(0.979)
) o NM_001128164.2:c 666_668du
6 16327874 - TGC ATXN1 inframe irsertion  exon PGCAp.GIn225dup N/A N/A N/A N/A N/A
N Probably
6 24456744 G A GPLDI missense exon NM_001503.4:1130CT:p.Pro Damaging 4. oovine 251 000001607  re755522021
7TLeu (0.02) m
Probably
.4 p.
3 28240063 G T Z5CAN26 missense exon NM_OMO‘Z’!SSO €364G>Tep N/A damaging 23 N/A N/A
al122Phe
(0.983)
) o NM_004557.4:¢.30_35dupGCT
6 32191671 - AGCAGC NOTCH4 inframe insertion  exon GCT:p.Leuts_Leul6dup N/A N/A N/A N/A N/A
Probably
. NM_001198934.2:¢.2042G>A:p  Damaging N
6 43406448 G A ABCC10 missense exon e Py dnrralgmg 262 000000388  rs760324037
6 24238518 CGG - TMEMISIB  inframe deletion  exon  \-COLI375602:c.58 SGdelC N/A N/A 0 151307963658
GG:p.Gly21del
Probably
731.3:¢.346G: .Gl i
6 56879978 G A BENDS missense exon NM-1527313:c336G>ApGlu Damaging o0 256 000002805  rs368001280
116Lys (0)
(0.998)
S prime UTR
NM_002031.3:c.-
6 116381963 G T FRK prematurestart  UTRS oy N/A N/A N/A N/A 1190251355
cadon gain
. Probably
NM 4 p.
6 168440826 c G KIF25 missense exon _030615.4:¢.576C>G:p Hist  Damaging e 1452 0.00089195 156928620
92GIn 0.004) -
" g " Probably
7 5428205 G A TNRC18 missense exon M-001080495.3:.1250CT:p.  Damaging oo 48 N/A 151202132284
Prod17leu (0.038)
(0.997)
U NM_001129 5:¢.3390_3398del
7 ansynz MO - AEBP1  inframe deletion  exon GGAGGAGAAp.lysi133_Glill  N/A N/A N/A 000024674  rs765774763
35del
. ~ " Probably
7 80293761 G A D36 missense exon VM-001001547.3:c.649G>A:p.  Damaging o 3 000029907 200067322
Gly217Arg (0) pm
. . . Probably
7 107696101 A c LAMB4 missense exon WM-Q073S63cITUTGpVal  Damaging 4 o 243 000834714 rs14799263¢
124461y 0.003)
(0.979)
7 12367110 C T ASB15 stopgained  exon nm_oou:)sas;::f.uwnp. N/A N/A % 000963725  rs116956332
Alt allele freq
Chr Position Ref At Genenames  Scduence Gene o e and amino add change SIFT Polyphen2  CADD (gnomAD dbSNP 154
ontology region
Exomes)
) . NM_001018111.3:c.78_83dup
7 131241036 - GGCGAC PODXL inframe insertion  exon GTCGCC:p.Pro30_Ser31dup N/A N/A N/A N/A N/A
7 143045017 c T cLent stop gained exon NM-‘J“D“:;;I?GC“ZPM NIA N/A ET) 000027882  rs142539932
Probably
. NM_001352632.2:¢.3224C>T:p.  Damaging .
8 17823868 C T PCMI missense exon The1075Met 0.002) dln(v;l;m; 271 0.00002008 rs769856435
. " Probably
8 90983460 G Py NBN missense exon M-0024855:c643C>Tip.Arg2  Damaging e 259 000251140 rs34767364
15Trp (0.003) o
8 100458492  AG - EMc2 frameshift exon nm_ous753;:.::;zsss_ao+z N/A N/A N/A 000103119  rs751876197
8 110464510 G A PXHDILT splicedonor  intron  NM_177531.6:c.6507+1G>A N/A N/A 13 000767286  rs72687022
8 124195352 G T FAMS3A stopgained  exon "M-°m”'§1‘f“’““‘5"'° N/A N/A 35 000371674  rs148011353
. " Probably
8 144998464 c T PLEC missense exon NM-0004455:5714G>ApAr  Damaging 4 e g6 0.00035663  rs373617951
£1905GIn (0.041)
(0.999)
- . " Probably
9 3808759 G A 6LIS3 missense exon M-0010424132:c2060C>Tp.  Damaging o 279 000027443 rs374929970
Ser6E7Phe ) o
R Probably
9 82337405 G T TiE4 missense exon NM_007005.6:¢.2026G>T:pAla Damaging  yooiine 265 000000802  rs74B463718
676Ser )
(0.986)
. . . Probably
9 136213468 G A MED22 missense exon NM-ms‘o'S';::oc’T""s’m D('g;fi";‘ damaging 257 000000798  rs782341842
. (0.999)
) Probably
9 139354251 c T SEC16A missense exon \M-014866.2¢5149G>ApAs  Damaging o 48 000067934 rs202232095
p1717Asn (0.019) o
NM_001354.6:¢ 211G>C: Damagi Probably
10 5043747 c G AKR2C2 missense exon - bec2 pAsp  Damaging g ving 231 000244669  rs142672563
T1His (0.001)
(0.994)
. " Probably
10 24762833 G A KIAA1217 missense exon M-0195905:c1523G>ApAr Damaging o 270 000550986 rs41279868
§508His (0) @
) " Probably
10 49928168 c A WoFY4 missense exon WM-020945.2¢347CA:pMlal Damaging oo 252 000126458 rs147299795
1661y 0.002) o
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Alt allele freq

Chr Position Ref Alt Gene names Gene Base and amino acid change SIFT Polyphen2 CADD (gnomAD dbSNP 154
ontology region
Exomes)
. . . Probably
10 90353729 c T upy missense exon NM_MIOI:?!Q.Z.LIS7DT.p. Damaging 4 maging 235 N/A 11354680538
is53Tyr (0) 0
. . . Probably
10 90486553 G A uPK missense exon WM_C01080518.2:c.107G>Ap. Damaging  yoine 254 000228067  rsSS788049
SerdGAsn (0.026)
(0.965)
. . . Probably
10 99218456 c T MMS19 missense exon M.0223625:c.3086G>A:pGly Damaging i 261 000508162 1536023427
1029Asp 0) o
. Probably
X 4 T:p.
10 124593424 G A cuz1 missense exon NM_DZZDN:;;.L: 1SCT:pPro  Damaging . oging 231 N/A rsB68153899
u 0.002)
(0.995)
) ) NM_178537.5:¢.1302_1304del
11 376424 TCC - B4GAINT4  inframe deletion exon CCT:p.Phed34del N/A N/A N/A N/A N/A
1 2105853 A c STIM1 missense exon NM_O01382S67.Le1525A>Cp )y N/A N/A 000145627  rs553648008
.Thr509Pro
1 4108060 G A STIMI missense exon NM_OOBBZS:Z:::JG}MZS7 N/A N/A 1627 000148441  rs562406813
. . " Probably
1 7669736 T A PPFIBR2 missense exon "M-mmi':;;;;'ssm“""'“ D'"l:)‘"" damaging 23 000479633 rs149157151
(0.998)
. N Probably
1 57087830 G A TNKS18P1 missense exon NM_0333963:4SICT:p.Prol Damaging  yoiine 255 N/A N/A
515er 0) )
. . Probably
1 67766704 G A UNC9381 missense exon NM-“””';;:;“N’“F"’Z Damaging ., ‘.ging 231 000387625  rs144399212
0.006)
(0.981)
. Probably
R NM_001142699.3:c.1663C>Ap Damaging N
11 83544716 G T DLG2 missense exon LeuSSSMet (0.001) dm(v;'yn; 2318 0.000043%9 rs775296170
NM_172364 5:¢.2189C>T:p Ala  Damagi Probably
12 1963174 G A CACNA2D4 missense exon = -3iC >T:p. AMAINE  Jamaging  24.3 0.00833091 15181984120
730Val 0.004) 059
., " Probably
12 4543446 G A FGF6 missense exon M-0209963S62CTpArgl Damaging o 262 000011929 rs142642698
88Trp 0.001) pr:
. y . Probably
12 7045254 c T ATNI missense exon nM_oom:'/ozs.z.c.suoT.p. Damaging ., .ging 206 000048059 rs201165264
ro275Leu 0.003) Py’
CAGCAG NM_001007026.2:¢.1500_1508
12 7085808 o ATNI  inframe deletion  exon  delGCAGCAGCA:p.GINSOD_GInS  N/A N/A N/A N/A N/A
02del
Alt allele freq
Chr Position Ref At Genenames  Scduence Gene b se and amino acid change SIFT Polyphen2  CADD (gnomAD dbSNP 154
ontology region
Exomes)
12 49998302 G c FAM1868 stop gained exon w_ozzxm.:;;:xccw:ps«rz N/A N/A 2 N/A N/A
) NM_001145475 3:¢ 5414delG:
12 50745201 c - FAM186A frameshift exon G IB0SGAIS"35 N/A N/A N/A N/A N/A
NM_017564.10:c.3460C>T:p.Ar  Damagi Probably
12 104089412 [4 T STAB2 missense exon - e i ARG Jamaging 276 0.00005567 15200109142
§1154Trp 0.002) po
5 prime UTR
NM_001024808 3:c.-
12 12245083 G ATG BCL7A  prematurestart  UTRS ot e s3 N/A N/A N/A N/A N/A
codon gain
. . . Probably
12 124333367 G A DNANIO missense exon W_w13‘7,2!06.1.c.60105>A.p Damaging . maging 267 000779475 re75173589
Val2014Met ) -
13 20038622 G A TPTE2 stop gained exon NM—”””?;Z:“’T:"'G'"Z N/A N/A 37 0.00109216 15139121187
13 30829754 T - KATNALL  splice acceptor  intron  NM_032116.5:c.324-2delA N/A N/A N/A N/A N/A
~ . . Probably
13 31543068 G T TEX26 missense exon M-1523253:¢693G>Tiplys2  Damaging o 235 0.00611337 49533168
31asn 0.003)
(0.998)
g Probably
13 42873889 c T AKAP11 missense exon NM_msuu::aonﬂ.p.m D'"l‘;,"'* damaging 256 000025619  rs200013198
()
) ) NM_033132.5:¢.1182_1184del
13 100622674 GGC - 2IC5 inframe deletion  exon GCCip.Prod N/A N/A N/A N/A N/A
) o NM_001048205.2:¢.687_685du
14 24646412 - AGC REC8 inframe insertion  exon PAGC:p Ala230dup N/A N/A N/A 0.00123854 rs370800103
15 23086371 GCC - MPAL  inframe deletion  exon | M-1445995:39_41delGGC: NfA N/A N/A N/A
pAlalédel
) NM_001304388 2:¢.2155_2156
15 23685467 - CCGCA  GOLGASL2 frameshift on L GCGG A OMes N/A N/A N/A 000044340  rs1566736761
) NM_001304388 2:¢.2153_2154
15 23685469 - T GOLGAL2 frameshift exon AR SerT20A8plS N/A N/A N/A 0 1772623131
16 519042 G A LMF1 stopgtined  exon "M—°u773""7‘;,1_‘31°“””" N/A N/A N/A 000011285  rs772646362
16 3736085 c T TRAP1 missense exon NM.016292.3:c383G>ApArg  Damaging  Probably 5, g 0.00314243 1461758086
12EHis 0) damaging




Alt allele freq

Chr Position Ref Alt Gene names Jience Gene Base and amino acid change SIFT Polyphen2  CADD (gnomAD dbSNP 154
ontology region Exomes)
(1)
. . " Probably
16 21098323 c G DNAH3 missense exon M 017539.2:c2720G>CpAr  Damaging i 236 000624130 rs117470111
£308Ser 0.001) Pk
16 67876827  CAG - THAPI1  inframe deletion  exon M-020457.3:c394_3%6delCA N/A N/A N/A N/A
G:p.Gin132del
. . . Probably
16 88496681 G A 2ZNF469 missense exon ¥M_001367624.2:c2803G>Ap Damaging o 000534628  rs117995699
Glug35Lys (0.022)
(0.978)
., " Probably
17 7948640 G T ALOX158 missense exon M-0011413¢93G>TpAla3  Damaging e 226 000348460  rs138027535
125er 0.002) e
NM_139280.4:¢ 462A5C:p Terl
17 38078803 T G ORMDL3 stop lost exon pre—— N/A N/A 17.71 N/A N/A
) o NM_002277.3:¢.485_487dupT
17 39552773 ; GeA KRT31  inframeinsertion  exon GplenEahe N/A N/A N/A 000051713  rs565048074
. " Probably
17 45895692 G A 0s89L7 missense exon M-1457983cSEOTpAgl Damaging e 234 000358SB4 re3S767160
81Trp 0.002)
(0.995)
17 66872885 c G ABCA8  splice acceptor  intron  NM_001288985.2:¢.4200-1G>C  N/A N/A 13 0.00558659  rs184510635
NM_003803.4:c 4718G>A:;pAr  Damagi Probably
18 3071878 c T MYOM1 missense exon - A P AMAINE  Jamaging 283 000757906  rs117342470
§1573GIn 0.005) p
. Probably
. NM_001105581.2:c.140G>T:p.  Damaging N
18 7231276 G T LRRC30 missense exon Glya7val (0.013) dan(\;'pn; 238 N/A N/A
) ) NM_015208.5:¢.3377_3379del .
18 9256640  AAC - ANKRD12  inframe deletion  exon Chkep Thea128e N/A N/A N/A 000317939  rs547937894
NM_001112734.4:¢ 1186C>T:p.  Danagi Probably
138 32833713 G A 2SCAN30 missense exon - A P DamagIng 4y aging 238 000099076  rs146290259
Arg396Trp 0.004) p
. Probably
18 55103865 c T oNECUT2 missense exon MO0 852';5‘917‘”"""'3 N/A damaging 235 000011489  rs541827118
(0.959)
. . . Probably
19 374336 c T THEG missense exon “M-omsas':';"}?c‘*""l D"'l';)""‘ damaging 232 000000399  rs1323171785
1
Altallele freq
Sequence Gene
Chr Position Ref Alt Gene names ontology i Base and amino acid change SIFT Polyphen2  CADD (gmu') dbSNP 154
) NM_000149.4:¢.192_193deiGA
19 5844658 T - FUT3 frameshift exon g leaSPro¥s3 N/A N/A N/A N/A N/A
) ) NM_001127221.2:¢.*161_*166
19 13318694  CTGCTG - CACNAIA  inframe deletion  exon AGCAG N/A N/A N/A N/A N/A
19 15550454 c T wiz missense exon NM_MBTAIZI;SS;:;:SSIG>A:D N/A N/A 0267  000ME735  rs556521085
19 40520799 ccC i ZNFS46  inframe deletion  exon M-1785045:1622.162adel N/A N/A 000214539  rs540685002
CCC:p.ThrS41del
) Probably
0065 .4 A
19 45153113 G c PVR missense exon M-0065055:c460G>Cp.vall Damaging . i 1012 000183589 1535050395
Sdteu (0.018)
(0.986)
. . Probably
19 54973653 c T LENGY missense exon WM-C013017822:1057G>Ap damaging 242 000644936  rs35752413
.Glu353Lys
{0.99)
19 56015533 A G sscsp missense exon "M-°°u“”i‘:é:"27“5‘19“ N/A N/A 2097 000157987 114532247
" Probably
.4:¢.300A>C:p.4
19 56515319 A c NLRPS missense exon "M-ls“"m; PGl Damaging ., = wing 9540 000018054  rs199871361
P (0.036) (0.99€]
.998)
. . " Probably
20 61956811 G A coL20A1 missense exon M0208824:c3313G>A:p.Gly  Damaging o 262 000047633 rs201493226
1105Arg (0)
(0.997)
21 31768494 c A KRTAP13-1  stopgained  exon NM-“””";:Q”C APTYE0 N/A 276 000218744 141985418
2 2 . G MAPKI  inframeirsertion  exon M-0027455:¢.17_19dupCGG N/A N/A N/A N/A
:pAla7dup
.4 i
2 4262909 GCA - SREBF2  inframe deletion  exon | V-0045994:c221.223delGC N/A N/A 000012742 rs143615881
A:p.Ser7adel
. . Probably
2 50900099 c T sBr1 missense exon M-029728:2692G>ApAs  Damaging L ne 256 N/A N/A
pE9RASH (0.031) Py
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Table 4B. Candidate homozygous variants in II:2 (affected 2™ child) of Family 4 (CHII).

Gene Gene _ Alt allele freq
Chr Position Ref Alt fh— Sequence ontology rosk Base and amino acid change SIFT Polyphen2 CADD (gnomAD Exomes) dbSNP 154
GCTGCT . NM_018717.5:¢.1493_1504d
4 140811086 GCTGCT T MAML3 frameshift exon oli  GInd99Alafs*24 N/A N/A N/A N/A N/A
) o NM_004575.3:¢.198_200dup
4 147560470 - GGC POU4F2  inframe insertion exon CGG:p.Gly68dup N/A N/A N/A N/A N/A
HLA- . NM_002124.4:¢.295delinsCG
6 32551961 G [eac] DRB1 frameshift exon G:p.GIrG9Argfs*31 N/A N/A N/A N/A N/A
. . . Probably
x 54321213 G A WNKS missense exon "M-°2°9:2‘5"" 166C>T:pT  Damaging . oging 2 000002198 15373983548
rd89Met (0.017)
(0.994)
. . . Probably
X 132351417 c T TFDP3 missense exon WM0165213:cB71G>A:pAs  Damaging o 1856 0.00000547  rs762072463
p291Asn (0.003) 0995
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Table 5A. Candidate heterozygous variants in V:1 (affected 1* child) of Family 5 (CHC).

Gene Sequence Gene Base and amino acid Alt allele freq
Chr  Position Ref M e ooty region ey SIFT Polyphenz  CADD Lt ey dBSNP 154
inframe NM_0043503:¢.79_81del
1 25256279 GCC - Aunxa e exon aaco e N/A N/A N/A 0.00532476 14532454563
. Probably
- NM_001145474.4:c.130C>  Damaging "
1 47138637 c T TEX38  missense  exon ! damagin 28 0.00267304 15142885686
T:p.ArgddTrp (0.001) "“;f 8
) NM_0121833:c.818_829d
1 63789537 - Cf;gch Foxpy nfreme exon  UpGCCCCTACGGCC:p.Arg2 N/A N/A N/A 0.00053057 14532147202
insertion
73 Gly276dup
. . ) Probably
1 65321246 G A JAK1 missense exon 'WM_002227.4:15940T:  Damaging damaging 276 0.00000802 1s773295685
p.Arg532Cys ) (0.998)
. . . Probably
1 151006651 G A PRUNEI  missense ey NMQ223:130GA:  Damagng damaging 257 0.00002387 1771792256
p.Glud3sLys ©) ™
) NM_201253.3:c.498_506d
—_— B .
1 197207978 o - cra1 :;',""."’ exon  eIAATTGATGG:p.lle167_GI N/A N/A N/A 0.00062486 14398124615
v169del
. Probably
N NM_001164586.2:¢.10154  Damaging N
1 201190827 G A IGFN1 missense exon GoA:p.Ser3385Asn (0.016) da‘r‘;\;gglrg 26 0.00178550 rs138889052
: . R Probably
1 207195520 G A Clofi16  missense exon ¥M_0239386:c.1589GT:  Damaging damaging 247 0.00176866 15114867640
p.Pro530Leu ) (1)
N NM_001355235.2:¢.527A Damaging
1 248097597 A T OR2MJ1 missense exon ST:p. His176 (©) N/A 223 N/A N/A
. . Probably
2 27499675 G A DNAICSG  missense exon  M-1736503:79G>Ap.  Damaging damaging 244 0.00450601 rs61754191
Gy2rses © (0.998)
. R Probably
2 17915060 € T TN missense  exon  WM_001267550.2:c.11311  Damaging damaging 211 0.00127231 14143253411
+2791G>A ©) o
3 12046186 c T syn2 missense exon  NM-133625.6:c.161CTp. N/A N/A 8553 0 1747241247
Ala54val
) . ) Probably
3 15116371 c T RASN missense exon M022340.4:c1273G>A:  Damaging damaging 23 0.00464762 1144008665
PGiya2shng (0.028) (0.979)
. R . Probably
3 47040833 G A NBEALZ  missense exon WM.0151753:c3572G>A:  Damaging damaging 26 0.00000412 1762921961
p.Arg1191Gin (0.021) v
Gene Sequence Gene Base and amino adid Alt allele freq
Chr  Position Ref M e omoloty  region priveny SIFT Polyphen2  CADD bExomes)  BSNP154
. Probably
) NM_000387.6:c.881T>C:p.  Damaging .
3 48s9sies A G SIC25A20  missense  exon Leusatbrn e dan:;fmg 295 0.00000399 1749560455
’ ) Probably
3 58252048 G A ABHD6  missense exon  M.001320126.2:c152G  Damaging damaging 21 0.00029440 1150907072
>A:p.ArgS1His (0.013) Py
inframe NM_001377405.1:¢.116_1
3 63898367  GCA amavz eon G s Gin3adel N/A N/A N/A N/A N/A
R NM_001033057.2:¢.1258_
3 65425564 - ae  maGi et exon  1260dupCAG:p.GInd21du N/A N/A N/A N/A N/A
P
. . . Probably
3 995132 c T COBA1  missense exon M_0203514:c367CT:p.  Damaging damaging 259 0.00001227 1745489693
Arg123Cys (0.029) -
. . Probably
3 107520125 A G BBX missense exon ~ NM_001142568.3:c2735  Damaging damaging 251 0.00000400 15747821182
A>G:p. His912Arg ) e
) Probably
N NM_001308330.2:¢.1135 Damaging N
3 120952486 G A STXBPSL missense exon GoA:p.Val379Met (0.022) d:g:l;;g 25.2 0.00540985 rs61996323
. . . Probably
3 120120623 A G EFCABIZ  missense exon  '¥M-207307.3:c1532T>C: Damaging damaging 275 0.00091865 15114112678
p.LeuS11Pro 0) )
. . . Probably
3 130733118 A c ASTE1 missense exon NM_014065.4:c18231>G:  Damaging damaging 271 0.00031456 15149138190
p.Phe60BCYs (0.011) (0999)
inframe NM_015472.6:¢.697_699d
3 149260194  CTG - wwirs o exon 2ICAG 2. GIr283de! N/A N/A N/A 0.00002854 1748784098
) Probably
B NM_001167912.2:¢.1006 Damaging N
3 157099066 C T VEPH1 missense exon G>Ap.AspITEA (0.017) d:g:lsr]\g 244 0.00371136 147644993
. R Probably
3 179322703 A C  NDUFBS  missense enn NM0024924:x100ACp  Demaging damaging 23 0.00957569 1$35399127
ThedaPro (0.011) (095
. Probably
.4:¢.905 | Dama,
4 647921 G A PDESB  missense exon WM_000283 G>A:p eng damaging 255 0.00066250 1146646008
Gly302Asp © -
) NM_001177382.2:¢.1037_
4 15005329 ércfc%‘ci cPe2 ;',"’"’ exon  1051delACCTTCCACACCC N/A N/A N/A 0.00847950 14554793227
etior GG:p.Asp346 Pro3sOdel
" Probably
N NM_145200.4:¢.14690T: Damaging N
4 22425950 G A ADGRA3 missense exon p.Al2490Val (0.005) dm(\;]gmg 286 N/A N/A
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Sequence

Gene

Base and amino acid

Alt allele freq

Chr  Position Ref A Sene oty region vy SIFT Polyphen2  CADD P dbSNP 154
" -~ . Probably
4 37903835 T G TBCI01  missense exon NM0151734:c11SDG:p  Damaging damaging 201 N/A N/A
LeudArg (© e
. Probably
TMPRSS11 NM_001114387.2:c 758G Damaging ;
4 68784885 C A " missense exon >T:pArg2s3lle (0.001) dln(l:lgm; 251 0.00497546 rs138567771
inframe NM_006168.3:.516_518d
4 85418864  GGC - mos1 e exon aCCp Prot7sid N/A N/A N/A 0.00564794 15750148249
EES 3
4 186380129 G A CDC10  sopgsined  exon  M-1S2TTSAcIGL2GT N/A N/A 37 0.00036564 1s185078759
p-GIn538Ter
) _ ) Probably
s 33637759 c 7 ADAMIE o cense exon M-030955.4:c1811G>A:  Damaging damaging 295 0.00001593 (s778897770
2 p.ArgB04GIn (0) I
. . : Probably
s 55206398 G A W3IRA  missense exon NM_139017.6:c1540G>A:  Damaging damaging 216 0.00114530 15113369650
p.GluS14Lys (0.029)
(0.957)
inframe NM_021614.4:¢59_61del
S 113697881  GCC - kowz o exon 0GC:p Prezndel N/A N/A N/A N/A (566655645
" . . Probably
S 121786667 G c SNCAIP  missense exon M-005860.4:¢2125G>C:  Damaging damaging 2.6 0.00805880 1$55712196
£.GIu709GIn (0.001) Py
: Probably
) NM_005733.3:c131C>T:p.  Damaging ;
5 137515500 c T KIF20A  misense  exon opne o) dan:fmg 274 0.00288061 15150704301
’ y . Probably
s 145303403 c T SMIRFE2  missense  exon M-152550.4:c.9028C>T:p.  Damaging damaging 246 0.00065299 15149514957
Arg310Trp (0.002)
(0.996)
. . N Probably
S 145895608 Py C  GPRISI  missense exon  NM-1942513:c69T>Gip.  Damaging damaging 241 0.00073950 15144066680
Phe2iLeu (0.01)
(0.982)
) NM_014068.3:¢.118dupC:
6 31106502 - C PSORS1C2 frameshift exon p.Hisa0Profs*3 N/A N/A N/A N/A N/A
) NM_002125.4:c.42delinsG
" . _
6 32497960 c AAC  HLA-DRBS  frameshift  exon P lanirhets®z N/A N/A N/A N/A N/A
. ) Probably
6 43612047 G c RSPHO  missense exon M-1527325:¢.112G>Cp  Damaging damaging 208 N/A N/A
Asp38His (0.043)
(0.995)
. " . Probably
6 96054069 c T MANEA  missense exon  NM-0206414:c1177GT:  Damaging damaging 218 0.00106592 15150823996
.Arg393Cys (0.008) oy
Gene Sequence Gene Base and amino adid Alt allele freq
Che  Position Ref A Gene vl s SIFT Polyphenz  capp PRI dbSNP 154
. Probably
4 | Dama)
7 1608858 c T PSMG3  missense exon NM_osuG(:z C118G>A:p Bng damaging 248 N/A N/A
Gly4DArg (0.008)
{0.998)
inframe NM_005924.5:¢.225_227d
7 15725801  TGG - meoxz o exon elOCA B0 N/A N/A N/A N/A N/A
S prime UTR
premature NM_001145440.3:c.-
7 72208713 c T mws BT UTRS  ocp Mettent 1o N/A N/A N/A N/A r$7791253
gain
R ) Probably
7 72395666 c T POMI2I  missense exon WM-0013876911:c7CT:  Damaging damaging 214 0.00287045 1553447703
p.Pro3Ser 0) (1)
. ) Probably
7 72395811 c T POMI2I  missense exon M_0013876911:c152C>  Damaging damaging 1435  0.00242515 1530947859
T:p.Ala51Val ©)
{0.999)
Probably
N NM_003505.2:c563G>A:p  Damaging "
7 908947ss G A 201 missense  exon g e dan(t:fmg 2 0.00001605 15757226244
inframe NM_000305.3:c.613_615d
7 95039293 AAC ; PON2 el exon prepvi N/A N/A N/A 0.00033028 ($574854691
ntrame NM_001018111.3:.78_83
7 131241036 - eaeAC  popm exon  dupGTCGCC:p.Pro30_Ser3 N/A N/A N/A N/A N/A
1dup
. Probably
N NM_001365700.3:c.1196C  Damaging . "
7 133863343 C T LRGUK missense exon >T:p.Pro39aLeu (0.018) dan(\:fm; 264 0.00397156 rs61749957
inframe NM_007349.4:¢.1216_121
7 154760683  CTG - paxes o exon G CAGp. Cind0e N/A N/A N/A 0.00065287 1753071824
. Probably
N NM_001363057.2:¢.2965T Damaging N
8 17513515 A T MTUS2 missense exon >A:p.Tyro89A (0.001) dan(n:m; 245 0.00000801 rs1208199286
Probably
) NM_001031836.3:¢.2731  Damaging ° a
8 36780142 G A (e {13} missense exon Goip Al911Thr (0.001) dan(l;lgm; 25.7 0.00176217 rs189989959
. Probably
) NM_017780.4:¢.8267C>T:  Damaging ;
8 61777765 c T o7 missense  exon A The2SaAst prima d:‘;n;;;r;g 5 0.00000314 (757521506
inframe NM_024870.4:c.967_963d
8 6B9GSISS  ATT - PREX2 it exon AT Be23 N/A N/A N/A N/A N/A
) NM_052958.4:c 1046C>G:  Damaging Probably
8 69445325 c G CBof3d  missense  exon p—— P damoging B4 0.00463419 177860035
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Gene Sequence Gene Base and amino add Alt allele freq
Chr  Position Ref Al Sene el ey SIFT Polyphen2  CADD b tnomes)  9BSNP154
10.958)
y B . Probably
8 120850563 G A Dpsccs missense exon NM-024094.3:c1009GT:  Damaging damaging 288 0.00001612 1772562797
2. Arg337Cys 0) )
; . . Probably
8 121210089 A C  COL14A1  missense exon NM_0211104:x6324>Cp  Damaging damaging 272 NA 51213022756
His211Pro (0.006)
(0.996)
8 139691859 c - COL2241  splicedonor  intron NM_lSZBBSlé::.BWblde N/A N/A N/A 0.00000398 1767448103
.1:¢.14/
8 144822092 c T IANKI  missense  exon M-001381874.1:c.143C> N/A N/A 6055  0.00800111 1149608943
T:p.SerS0Leu
) . Probably
8 145107924 A G OPLAH  missense  exon M-0175705:c2880T>C: N/A damaging 255 N/A 141587552539
p-Ser994Pro
(0.989)
) NM_001164310.3:¢.677du
9 35562439 G hamises  famesitt  eon M N/A N/A N/A 0.00926861 1746052643
) NM_001039792.2:¢.318 3
9 35906602 - cA HRCT1 frameshift exon 19in<AC:p.His107Thrfs N/A N/A N/A N/A r41564066721
inframe NM_033305.3:.9189+257
9 79999551 - TeA  wesza o " N/A N/A N/A N/A N/A
. . . Probably
9 107589238 c G ABCA2 missense exon NM-005502.4:c2328G>C:  Damaging damaging 252 0.00327030 15138880920
p.Lys776Asn (0.009) (0.998)
inframe NM_173689.7:c.3714_371
9 126139182  CCT - cra2 Bt eon N e Leu1239501 N/A N/A N/A 0.00048795 1767432277
. Probably
N NM_004108.3:¢932G>A:p  Damaging .
9 137779251 G A FCN2 missense exon Arg311GIn (0.027) dan(\:lgm; 24 0.00443456 rs76267164
TecTeet P NM_001128228 3:.1821 _
9 140087031 - CCTCCTC  TPRN nfran exon  1838dup:p.Glu616_Glu62 N/A N/A N/A N/A NIA
insertion
CcTcC 1dup
) Probably
N NM_014889.4:¢.2590A>C: Damaging "
T PITRM L y .
10 3185636 G 1 missense  exon et pep- darr(t:fmg 219 0.00000401 151254078551
R Probably
10 15713620 T c TGA8 ~ missense  exon M-0036383:c829A5Gip  Damaging damaging 251 0.00001994 1767285224
Thr277Als (0.012) m
Gene Sequence Gene Base and amino adcid Alt allele freq
Chr  Position Ref A e omoloty  region e SIFT Polyphen2  CADD Dtxomesy  OSNP154
10 50824106 c T CcHAT missense exon W-oﬁ‘::"zn' D"(o']""‘ N/A 5182 0.00940674 1541306415
) NM_001145263.2:.743A
10 51584644 A G NCOAd  missense  exon P N/A N/A N/A 0.00522382 1117257055
) NM_001145263.2:¢.1009
10 51584910 G A NCOAd  missense  exon Ay — N/A N/A N/A 0.00061320 1146543857
) NM_001145263.2:.1322
10 51585223 G A NCOAd  missense  exon G ChaA1Gh N/A N/A N/A 0.00485510 15146205784
0 95121243 c T MYOF  stopgained  exon NM-013451.4:¢2940G>A: N/A N/A 39 0.00006411 15201932767
p-TrpS80Ter
) NM_001008723.2:¢.1360C
10 10613973 ¢ T CFAPS8  swopgained  exon STipAintsiTar N/A N/A 37 0.00058313 1145302969
) NM_002457.4:¢.7951G>T:
11 1103207 G T Mucz missense exon p.ASp2651Tyr N/A N/A N/A N/A N/A
N Probably
N NM_001144061.2:¢.1225C  Damaging N
1 14501248 G A CoPB1 missense exon >T:p.Leud09Phe (0.002) dﬂ"(‘;flnx 284 0.00000477 s760195782
_ Probably
11 35463134 c T PAMRI  missense  exon WM-0010019913:c928G N/A damaging 6693 0.00009549 1141335779
>Ap.Val310Met
(0.988)
R Probably
) NM_001004726.1:¢.356C>  Damaging °
11 48285770 C T OR4X1 missense exon T:pArgl20Cys (0.006) darr(h;fm; 211 0.00608128 rs79872488
ntre NM_001130144 3:¢.57_10
1 65325329 - CAGCAG  LTBP3 Inframe exon  2dupCTGCTG:p.Leudd_Leu N/A N/A N/A N/A N/A
insertion
35dup
) _ ) Probably
11 72539468 G A ATGI6L2  missense exon NM.0333882:c1537G>A:  Damaging damaging 258 0.00001591 1759829275
pAspS13Asn @
(0.995)
) . ) Probably
11 102643636 c A MMPIO  missense exon  NM_002425.3:c1168G>T:  Damaging damaging 252 0.00119047 1£139168339
p.ALa390Ser (0.011)
(0.999)
) Probably
s NM_000051.4:¢.4388T>G: Damaging .
11 108160480 T G ATM missense exon 2.Phe1453Cys (0.001) dan(\;fln; 288 0.00155256 138327406
. ) ) Probably
11 111788401 G A HSPB2  missense  exon “M-0015414:<331G>Ap  Damaging damaging 7 0.00705307 144252589
Gly111Ser (©) m
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Gene Sequence Gene Base and amino add Alt allele freq
Chr Position Ref Alt names ontology region change SIFT Polyphen2 CADD (gnomAD Exo dbSNP 154
. . . Probably
11 113803108 A c HIRIB  missense exon M-0060284:c4664>C:p  Damaging damaging 1675  0.00438429 1572466469
Ser156Arg (0.004) P2
) NM_014956.5:c. 347dupA:
1 117222689 - A CEPIS4  frameshift  exon o GhA17GH 1458 N/A N/A N/A N/A N/A
. . Probably
1 18307385 C T KMI2A  missense  exon M-001197104.2:¢158C>  Damaging damaging 1864  0.00256410 r$9332747
T:p.Al2S3Val © (0901)
11 126276006 c T ST3GAL4  missense  exon nm_oozzgsm:c.- N/A N/A N/A 0.00500593 15190884962
. Probably
) NM_003482.4:¢.16175G>  Damaging ;
12 49416536 c T KMT2D  missense  exon P 0001) d:g::lgr;g 272 N/A 141502089456
NM_181708.3:c.589_500i
12 so232044 - TAACA BCDINID  frameshift  exon  nsTGTTA:p.ProlS7leufs™d N/A N/A N/A N/A N/A
4
frame NM_182608.4:c.830_835d
12 5284540 - GGCCCA ANKRDIZ T on exon  upCCCAGG:pAla277_Gln2 N/A N/A N/A 0.00602495 1528277578
insertion -
78dup
inframe NM_015848.4:¢.1639_164
12 sue7vI ACT - KRT76 ules eon T SersaTdel N/A N/A N/A 0.00128743 14370657661
inframe NM_002178.3:¢.35_d1del
12 s401528  GCT - iGrers exon aCT ety N/A N/A N/A 0.00032034 15749537120
) NM_004316.4:¢.175_186d
12 103352181 . GOAGA e inframe exon  UpCAGCAGCAGCAG:p.Gin N/A N/A N/A N/A N/A
GCAGCA insertion
59_Gln62dup
. . . Probably
12 110234451 c T TRAVE  missense exon  M-0216255:1211G>A: - Damaging damaging 295 0.00002786 1$377257364
p.Argd0aHis (] @
inframe NM_015409.5:c.8223_822
12 132547097 - CAG  EP4OD i eon o e Gin2 7480 N/A N/A N/A N/A N/A
inframe NM_0331325:¢.1176_117
13 100622680  GGC - 21c5 el R gGCCp Prod0d N/A N/A N/A N/A N/A
inframe NM_007129.5:¢.716_718d
13 100635011 - cca 22 i exon i N/A N/A N/A N/A N/A
. . . Probably
14 24568323 c T PcK2 missense  exon NM-004563.4:c730C>T:p.  Damaging damaging 234 0.00224287 1s75497728
Arg204Trp © ™
Gene Sequence Gene Base and amino add Polypk CADD Alt allele freq
Che Position Ref At names ontology region change SIFT en2 (gnomAD Exomes) I
14 76644266 c T GPATCH2L stopgained  exon NM—O’?;:;::“MS} N/A N/A 25 0.00469119 1s117516637
. Probably
N NM_138344.5:¢347G>A:p  Damaging N
14 94354792 G A FAM181A missense exon Arg116GIn (0.004) dm(l;];m; 293 0.00400074 r$139972787
inframe NM_144599.5:¢.39_d1del
15 23086371  GCC - NIPAZ el exon onc:zAI6As N/A N/A N/A N/A N/A
) ) Probably
15 29346251 G A APBA2  missense exon NM_001353788.2:c164G  Damaging damaging 232 0.00526756 15142678624
>Ap.SerSSAsn (© (0.958)
) ) ) Probably
15 58853075 A G Lee missense exon WM-0002363:c1064A>G:  Damaging damaging 25 0.00421401 15140272400
p.GIn355Arg (0.001) Py
inframe NM_005707.2:.373_375d
15 65425745 - cec  eoco7 exon UpCGp.Als125dup N/A N/A N/A 0 ($566766250
Probably
N NM_007200.5:c.5074A>G:  Damaging
4 AKAP. £ i : A A
15 8621303 A G 13 missense exon 0. Met1692val (0.038) d:::zrll; 231 N/ N/
) ) ) Probably
15 90347148 G c ANPEP  missense exon  M-0011503:¢1265GG:  Damaging damaging 275 0.00215197 15144282919
p.A12422Gly (0.016) P
. . Probably
15 90904421 A G ZNF774  missense exon  'VM-001004309.3:c.1358  Damaging damaging 23 0.00855782 15191257274
A>G:p. HisdS3Arg (© P
. . Probably
15 91769554 c T sv28 missense exon NM_0013230823:c61CT  Damaging damaging bE} 0.00005573 15141522931
P Arg21Cys (0.004) -
) NM_001167902.2:c.376de
15 99511760 T - PGPEPIL  frameshift  exon pp— N/A N/A N/A 0.00194603 ($375574170
. Probably
N NM_020664.4:c 808G>A:p  Damaging N
16 461507 G A DECR2 missense exon Gly270Arg (0.001) dm(\:]gm; 25.6 0.00014399 15202106031
. Probably
N NM_001199107.2:c.1032C  Damaging .
16 2548287 c G TBCID24  misense  exon e s dan(t:lgmg 1511 0.00000410 1s769656369
- . . Probably
16 21008323 c G DNAM3  missense exon WM_017539.2:¢2724G>C:  Damaging damaging 26 0.00624139 15117470111
pArga08Ser (0.001) prpe-
GCAGCCG nframe NM_020457.3:¢.597_611d
16 67877046 CAGAGGG - THaPL: o exon  elAGAGGGCGCAGCCGC:p. N/A N/A N/A 0.00002843 15750317616

C

Glu200 Ala204del
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Gene Sequence Gene Base and amino acid Alt allele freq
P
Chr  Position Ref Ar o Sene onr region o SIFT Polyphen2  CADD Eaomes) | dESNP 154
- ) Probably
16 82069091 G A HSDI7B2  missense exon  M-0021533:c62G>Ap.  Damaging damaging  18.97 N/A N/A
Gly21Glu (0.004) pipnei
nframe NM_014615.5:¢.1041_104
16 85689989 - GAGEGC  GSE1 it exon  6dupCGAGCG:p.Arg3S1_G N/A N/A N/A N/A N/A
lu3S2dup
16 89265821 G A SLC22431  missense  exon M-001384763.1:c.283C N/A N/A 4528 0.00215380 1184407156
T:p.Arg95Cys
17 1388997 G € MYOIC swopgsined  exon  M-001080779.2:c76- N/A N/A 1612 N/A N/A
1400056
. ) . Probably
17 4009087 T G 2Z6F1 missense exon  NM-015113.4:c.1294A5C:  Damaging damaging 259 N/A N/A
p.Metd32Lleu (©.017) pipn
. . . Probably
17 4837662 T c GP18A missense exon NM_000173.7:c1763T>C:  Damaging damaging 229 0.00026881 15201408072
p.Val588Ala © 0)
. . . Probably
17 8017832 G A ALOXE3  missense exon M-0216283:c650C>T:p.  Damaging damaging 21 0.00013519 15200646727
Thr217Met (0.001)
(0977)
. . : Probably
17 37619279 T A DK12  missense exon  NM016507.4:c955T>Ap  Damaging damaging 287 N/A NA
Tyr319Asn ©
(0.999)
] ) ) Probably
17 40824339 G A PLEKHH3  missense  exon M-024927.5:¢.841C>T:p.  Damaging damaging 261 0.00867818 15200210041
Arg281Trp (0.017) a
inframe NM_007146.3:¢.1032_103
17 56056617 i T6C  vEZRL il oo neChp Cn3sadu N/A N/A N/A N/A N/A
inframe NM_003655.3:¢.1189_119
17 77808250 - 616 caxa —— e oA 00 N/A N/A N/A N/A N/A
. . . Probably
17 78397337 c T ENDOV  missense exon  NM-173627.5:c.421CTp. Damaging damaging 255 0.00768913 1541299812
His141Tyr © p
R Probably
18 48703543 T G MEGC  missense  exon WM-016626.5:c1158A>C:  Damaging damaging 234 N/A N/A
p.Glu3B6ASp (0.005) 0959
inframe NM_171999.4:¢.606_643d
18 76752627  GCA . saus el exon prbpp——r N/A N/A N/A 0.00026627 1759024614
inframe NM_001194.4:¢.2162_216
19 615947 G . Henz e oo eiCGep pro721del N/A N/A N/A 0.00045786 1527536363
Gene Sequence Gene Base and amino acid Alt allele freq
Chr  Position Ref M e emolosy  resion ey SIFT Polyphen2  CADD e i dbSNP 158
! Probably
ADAMTSL ) NM_213604.3:c.1399CT:  Damaging °
19 1506031 G A 5 missense exon 2 Argd67Trp (0.005) dln(\;,cm; 238 0.00507794 rs144153954
) . ) Probably
19 10665794 G A KRIL missense  exon  "M-0230085:1750GT:  Damaging damaging 223 0.00001591 15143447983
. ArgS84Trp (0.002)
(0.997)
inframe NM_002743.3:¢.966_968d
19 11558344  GAG - pRkcsH I exon pr g N/A N/A N/A N/A N/A
inframe NM_001127221.2:¢.°161_
19 138694 CT6CTG - CACNAIA o exon eeaeAOAe N/A N/A N/A N/A N/A
GTGTGTG NM_152363.6:c.*132_*13
19 17397457 T ANKIED  frameshift  exon P N/A N/A N/A 0.00929080 1458535756
" . . Probably
19 40876131 G A PLO3 missense exon 'WM-012268.4:c665G>A:;p  Damaging damaging 2 0.00002796 1s765630414
Arg222Hs © -
R Probably
19 45818800 c T ckm missense exon ¥M_0018245:¢395G>A)p  Damaging damaging 208 0.00017776 15147574145
Arg132His (0.03) 056
inframe NM_002152.3:¢.600_602d
19 49657893 - Tce HRC it eon s Gh204dun N/A N/A N/A N/A N/A
. Probably
_ NM_001297436.2:¢.1240 Damaging N
19 s2u717a c T HAs1 missense  exon oy ValaTantet 008 damaging 239 0.0041249 1845625331
(0.996)
inframe NM_001080978.4:¢.1432_
19 54780707  GAG - wes2 o O delCTCop Lowd78de] N/A N/A N/A 0.00049832 1749421385
. R N Probably
20 3672046 c T SIGLEC1 missense exon NM_023068.4:¢4532G>A:  Damaging damaging 257 0.00248470 15143489222
p.Cys1511Tyr (0) (1)
. . N Probably
20 4705364 c T PRND missense exon  M.012409.4:c167CT:p.  Damaging damaging 29 0.00806221 rs35453518
Pros6leu (0.032)
(0.968)
_ ) ) Probably
0 37580879 G C  FAMB3D  missense  exon M-030919.3:1474G>C:  Damaging damaging 226 NIA £$1334017436
p.GlydS2Arg (0.002) (09%)
. . . Probably
20 37634861 T c DHX35  missense exon  NM.0219314:c1084T>C:  Damaging damaging 295 NIA (4879112653
p.Phe362ley (0.003)
(0.998)
) . ) Probably
20 60697785 G C  ISM14B  missense exon  M-144703.3:c63G>Cp.  Damaging damaging 252 0.00000994 1s779722984
Gin21His (0.004) P
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Chr  Position Ref Mt e omolosy  region v SIFT Poyphenz  CADD | omes)  OBSNP 154
" Probably
N NM_001004416.3:c.412G Damaging N
21 43504286 G A UMODLI  missense exon SA:p Asp138Asn 0.005) daﬂ(\:fmg 201 0.00198413 174796076
. ’ . Probably
21 46047494 T c mrAgpm missense exon "M—m:”‘l'" “06T>C:p.  Damaging damaging 2 0.00070976 15201991753
Ys136Ag @ (0.897)
. . Probably
2 29446789 c T 2ZNRF3 missense exon NM_001206998.2:c.2620C  Damaging damaging 218 0.00000862 15747893029
>T:p.ArgB74Trp (0.001) (0.897)
; B " Probably
2 50658165 G A TUBGCPE  missense exon  M-0204614:¢.4223GT:  Damaging damaging 2570  0.00293792 1£142798996
p.Ala1408Val (©)
(0.958)
) NM_001372044.2:¢.2383
2 51153407 G A SHANKI  missense exon SADAISTISThe N/A N/A 22 0.00014248 14376095125
X 26236047 c T MAGEBS  missense exon  NM_001271752.1:c.6250> N/A N/A 3548 N/A N/A
T:p.Thr210lle
) NM_000044.6:¢.1409_142
X eeresas CooootS AR ":'I"",'" exon  0deiGCGGCGGCGGLGp.GI N/A N/A N/A N/A N/A
eton 470 Glya73del

5B. Candidate homozygous variants in V:1 (affected 1* child) of Family 5 (CHC).

Gene Sequence Gene Alt allele freq
Chr Position Ref Alt names B Base and amino acid change SIFT Polyphen2 CADD (gno ) dbSNP 154
. NM_001358235.2:¢.4019-
4 155244406 haa( DCHS2 frameshift exon 769_4019-766deICAAA N/A N/A N/A N/A N/A
10 125780754 G CHSTIS frameshift exon NM_001270764.2:c.1347+18delC N/A N/A N/A N/A N/A
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Table 6. Shared candidate variants across all five SRA families. Each gene that has variants in
more than one family was collected in this table.

Alt allele freq
Gene . Sequence Gene  Base and amino acid Polyphen
Individual Chr  Position Ref Alt names  DYBOStY o Ress change SIFT s CADD  (gnomAD dbSNP 154
Exomes)
mframe NM_020631 6:¢.2163 _
cHILI2 1 6529186 TCC i PLEKHGS — Het deletson exon  21650eIGGA:p.GILT23  N/A N/A N/A N/A N/A
del
NM_020631.6:¢.2164 _
usso, 2 1 6529186 T - PLEKHGS ~ Het frameshift ~ exon 21650elGA:p.GIu722GI  N/A N/A N/A N/A N/A
yls*63
. i ) NM_020631.6:¢.2163d
Usso, 2 1 6529188 c PLEKHGS ~ Het frameshift  exon e o negteras A N/A N/A N/A N/A
CTGCTGETGE NM_014856.3:.2703 _
USRE, 2 1 153007279 TGCTGCTGCT - DENNDSS  Met  frameshift  exon 2730del:p.Gin902Serfs  N/A N/A N/A N/A N/A
GCTGCTGT *3g
CTGCTGETGE NM_014856.3:c.2703_
USSO,I:2 1 153007279 TGCTGCTGCT - DENND4S  Het  frameshift  exon 2730del:p.Gin902Serfs  N/A N/A N/A N/A N/A
GCTGCTGT *38
NM_001164586.2:¢.16
USSO,I2 1 201175684 AA i IGFN1 Het frameshift ~ exon 64_1665delAfcplysSs  N/A N/A N/A  0.00020927  rs778348997
SSerfs*61
_ Pprobably
. NM_001164586.2:¢.10 Damaging :
: I - .
CHC, V1 1 201190827 G A GFN1 Het misense  exon G it (0.016) m(:-;.;m 26 0.00178550  rs138889052
e NM_001377405.1:¢.11
CHC,V:1 3 63898367 GCA c ATKN7  Het MIAME on  6_118delAGC:p.GIn3a  N/A N/A N/A N/A N/A
deletion del
. NM_001377405.1:¢.12
USRE, 2 3 63898391 - GCC  ATKN7  Het = thankind exon  3_125dupGCC:pProd3  N/A N/A N/A  0.00570556  rs1553686135
dup
) NM_001358235.2:¢.53
USRE, 2 4 155226252 G A DCHS2 Het  stopgsined  exon gycir ioceTer N/A N/A 41 0.00134781  rs150179829
Alt allele freq
Gene . Sequence Gene  Base and amino acid Polyphen
Individual  Chr Position Ref Alt namas Zygosity Ontology Region change SIFT 2 CADD (gnomAD dbSNP 154
Exomes)
NM_001358235.2:¢.40
CHC, V:1 4 155244406 TG - DCHS2 Homo frameshift exon 19-769_4019- N/A N/A N/A N/A N/A
766deICAAA
S NM_001128164.2:¢.66
CHILI2 6 16327874 - TGC  ATXNI Het e exon  6_668dupGCA-p.GIn22  N/A N/A N/A N/A N/A
) Sdup
~ NM_001128164.2:¢.62
USRE, 2 6 16327916 - TGC  ATKNI  Het fframe - yon  4_626dupGCA:p.GIn20  N/A N/A N/A N/A 14193922926
insertion Bdup
NM_002124.4:¢.295de
CHII, 11:2 6 32551961 G [{£] HLA-DRB!  Homo frameshift exon  linsCGG:p.GIn99Argfs® N/A N/A N/A N/A N/A
31
) NM_002124.4:c.294de
I . ¥ - A A A
USSO,I2 6 32551962 c MLA-DRBI  Het frameshift  exon N nepfarat N/ N/ N/A N/ N/A
T NM_001018111.3:¢.70
UsSO, 2 7 131241034 PODXL Het  frameshift  exon _BSdel:pPro2dAmgfs*l  N/A N/A N/A N/A N/A
GCGACGG =
i NM_001018111.3:¢.78
CHC, Vi1 7 131241036 c GGCGAC  PODXL Het e exon _B3dupGTCGCC:pPro  NfA N/A N/A N/A N/A
insertion
30_Ser31dup
~ NM_001018111.3:¢.78
CHILIL2 7 131241036 - GGCGAC  PODXL Het LS exon _B3dupGTCGCC:p.Pro  N/A N/A N/A N/A N/A
insertion
30_Ser31dup
) NM_178857.6:¢.4054
: RP. e
USSO, I1:2 8 10467554 C A 101 Het stop gained exon GoT:p.Glu1352Ter N/A N/A 34 N/A N/A
NM_178857.6:c.324 3
KRMO,l2 8 10480388 - A RPILI  Homo  frameshift  exon 25insT:p.Prol09Serfs*  NfA N/A N/A  0.00201036  rs138816053
29
c.4120> Demaging PTOBABIY
USSO,I:2 8 110396323 A G PKMDILI  Het misserse  exon NM-L73316e B damoging 229 N/A N/A
Gp.lle148Val (oozy) S
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Alt allele freq

Gene Sequence Gene  Base and amino acid Polyphen
Individual Chr  Position Ref Alt names  Dygosity o A ehange SIFT y CADD  (gnomAD dbSNP 154
Exomes)
CHILIL2 8 110464510 G A PKHDILI  Het  splicedonor intron ""-"7:2':"‘5‘"’ N/A N/A 33 0.00767286  rs72687022
 Probably
8 . NM_158046.3:c.117G Damaging 3
Usso, 2 10 99211549 G C ZDMHC16 Het missense exon >C:p Trp39Cys (0.017) dan;:mg 234 0.00001593  rs766784631
NM_198046.3:c.973G Damaging | o020
USRE, I2 10 99215755 G A ZDHHCIE  Met missense  exon - N B8 Gamaging 31 0.00001989  rs377074050
>A:p.Gly3255er () o
X NM_015848 4:c.1639_
KRMO,ll2 12 53162773 Act - KRT76  Het :'e"“ exon  16410elAGT:p.Ser547  N/A N/A N/A  0.00128743  rs370657661
L del
- NM_015848 4:c.1639_
CHC, Vi1 12 53162773 Act - KRT76  Het de‘ B axon  16410elAGT:pSersa7  NJA N/A N/A  0.00128743  rs370657661
e del
» NM_015409.5:c.8223 _
USRE,I2 12 132547094 G - £P400 Het mirame exon  B225deGCA:p.GI274  N/A N/A N/A N/A 14528214697
deletion adel
tframe NM_015409.5:c.8223_
CHC, Vi1 12 132547097 - CAG  EP40D Het e exon  82250upGCA:p.GIn274  N/A N/A N/A N/A N/A
insertion
Bdup
: NM_033132.5:c.1182_
CHILI2 13 100622674 GGC - 2ics Het :e' 3T axon  1184delGCC:p.Prodd0  N/A N/A N/A N/A N/A
e del
: NM_033132.5:¢.1176_
CHC,V:1 13 100622680 GGC c 2ics Het :: AT axon  1178delGCC:p.Prod00  N/A N/A N/A N/A N/A
e del
- NM_144569.5:c.42_47
KRMO,ll2 15 23086365 Geeeec . NIPAI Het ;’“’:"" exon  delGGCGGC:pAIalS A N/A N/A N/A  0.00034695  rs531550505
eletion la16del
inframe NM_144599.5:c.39_41
CHC, Vi1 15 23086371 [va - NIPA2 Het detion O aiccepAla6del N/A N/A N/A N/A N/A
Alt allele freq
Gene Sequence Gene  Base and amino acid Polyphen
Individual  Chr  Position Ref Alt names  DvBOSty  oSEU Ress change SIFT : CADD  (gnomAD  dbSNP 154
Exomes)
) inframe NM_144599 5:¢.39_41
CHILI2 15 23086371 Gee NIPA2 Het deletion ¥ aioGCpAa6del N/A N/A N/A N/A N/A
_ Probably
M .4
USSO,I2 16 904669 G A LME Het missense  exon \M-0227734:c1S67C Damaging o 31 000003467  rs758116895
s STp.Arg523Cys o) S
CHILI2 16 919042 G A LMF1 Het  stopgained exon NM022773&iclaniC N/A N/A  0.00011285  rs772646362
ST:pAsnd77=
_ Probably
N NM_017539.2:c.2724 Damaging N
B INAM. - . X 4.
CHC, v:1 16 21098323 C G D 3 Het missense exon G>C:p Argo08Ser (0.001) d?:;:;r)g 216 0.00624139 r$117470111
_ Probably
. . NM_017539.2:c.2724 Damaging .
CHILIL2 16 21098323 c G DNAMI  Het missense exon 1 ter  (ooot). Wmeng 236 000626139 1747011
(0.999)
NM_020457.3:¢.363_3
KRMO,ll2 16 67876820 6C - THAPII  Met  frameshift  exon 64delGC:p.GIn122Thef  N/A N/A N/A  0.00000000  rs1491456602
117
NM_020457.3:.366_3
KRMO,ll2 16 67876823 ACAG - THAPII  Met  frameshift  exon GOdeIACAGp.GINI22H  N/A N/A N/A  0.00000412  rs773652130
isfs*42
NM_020457.3:ex0n
USRE, 2 16 67876826 G - THAPII  Homo  frameshift  exon 1:¢.369delG:p.GIn123  N/A N/A N/A N/A £$111586870
Hisfs*a2
’ inframe NM_020457.3:.394 3
CHILI2 16 67876827 CAG THAPII  Het e oon o G anida VA N/A N/A N/A N/A
NM_020457.3:¢.597_6
GCAGCCGCAG inframe 114elAGAGGGCGCAG
CHC,V:1 16 67877046 et c THAP11  Het dektion ™ ccocpGhoamo WA N/A N/A  0.00002843  rs750317616
adel
USSO, 12 17 SE0S6607 c i VEZF1 Het  frameshift  exon A-0071d63cl0sd N/A N/A  0.00036898  rs746343850

elG:p.GIn348Hisfs*9
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Alt allele freq

Gene Sequence  Gene  Base and amino acid Polyphen
Individual Chr  Position Ref At O aygosty gy P pro SIFT BRE" cADD  (gnomAD  dbsnp 154
Exomes)
NM_007146 3:¢.1041_
USSO,I2 17 56056609 Gc - VEZF1  Het  frameshift  exon 1042deGC:p.GIn34BAI  N/A NA  N/A  0.00009867  rs775689252
afs*27
— NM_0071463:¢.1032_
CHCV: 17 56056617 . Tec  vezrr e exon  10346upGCAp.GIR3SA  N/A NA N/A N/A N/A
dup
NM_001112738.4:¢11 Damaging | o0 0
CHILI2 18 32833713 G A ZSCANID  Het  missense  exon M- = dameging 238 0.00099076  rs146290259
BEC>T:p.Arg396Trp  (0.004) (g"
NM_001112734.4:¢.32
), 11 A = LY LS
USSO, 12 18 32843992 G ZCANID  Met  swopgained  exon NIRRT N/ N/ 33 000019167  rs201609495
. ) inframe NM_001127221.2:¢."1
CHC, VA 19 13318684  CTGCTG cacwn e WA een S e VA NA N N/A N/A
’ ) inframe NM_001127221.2:¢."1
CHILI2 19 13318684  CTGCTG cacwa  we  BER eon N e VA NA N/ N/A N/A
NM_152363.6:.*132_
CHC,V: 19 17397457  GIGTGTGT - ANKEL Mt  fameshift  eon ' aporcrereror”  NA MA  N/A 000929080  rs58535756
-
USSO,I2 19 17397500 G - ANKIE?  Het  frameshift  exon M-1523636:7140 NA N/ N/A N/A
*143delTTGT
.
USRE,Il2 19 17397501 TTGTG - ANKIE?  Het  frameshift  exon M-1S2363&etiar L, A N/A N/A N/A

*145delTGTGT
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Table 7. Localized and generalized cases of short root anomalies (SRA), number of teeth
affected and number of teeth present among subjects of five families. In order to have an
absolute denominator to calculate the percentage of affected teeth, 28 was the standard number
used for “# of Teeth Present” in all subjects. Localized cases are %SRA less than 30% and
generalized cases are %SRA are more than 30%.

Subject # of Teeth Affected # of Teeth Present % SRA Localized Generalized
Family 1- Subject I1:1 5 28 18 Y -
Family 1- Subject I1:2 4 28 14 Y -
Family 2- Subject I1:2 8 28 29 Y -
Family 2- Subject I1I:5 3 28 11 Y -
Family 3- Subject I1:2 10 28 36 - Y
Family 4- Subject I1:2 22 28 79 - Y
Family 5- Subject V:1 17 28 61 - Y

Y represents the presence of either a localized or generalized classification.
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Table 8. Root to crown ratio (R/C) of maxillary central incisors. Unit of measure is in pixels.
Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are

marked with an asterisk.

Root Length Tooth
(Maxillary) #

Central Incisors

Subject

Family 1- Subject II:1 8
Family 1- Subject I1:2 8
Family 4- Subject I1:2 8
Family 3- Subject I1:2 8
Family 2- Subject I1:2 8
Family 2- Subject I11:5 8
Family 5- Subject V:1 8

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification

Root Length
(Pixels)

93

50

49

35

38

31

33

23

22

39

37

51

48

33

35

Crown Length

36

44

45

56

60

63

31

30

39

41

40

42

41

42

R/C Ratio

1.4
L.1*
0.8%
0.8%
0.5%
0.5%
0.7*
0.7*
1.0*
0.9%*

1.3

1.2
0.8%

0.8%



Table 9. Root to crown ratio (R/C) of maxillary lateral incisors. Unit of measure is in pixels.

Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are

marked with an asterisk.

Root Length Tooth
(Maxillary) #

Lateral Incisors

Subject
Family 1- Subject II:1 7
10
Family 1- Subject I1:2 7
10
Family 4- Subject I1:2 7
10
Family 3- Subject I1:2 7
10
Family 2- Subject I1:2 7
10
Family 2- Subject I11:5 7
10
Family 5- Subject V:1 7
10

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
N/A represents teeth that are not present and therefore no calculation can be made
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Root Length
(Pixels)

50
50
59
61
30
39
24
28
47
52
N/A
47
N/A

N/A

Crown Length

39
43
44
42
55
39
25
22
39
40
N/A
32
N/A

N/A

R/C Ratio

1.3
1.2
1.3
1.5
0.6*
1.0*
1.0*
1.3
1.2
1.3
N/A
1.5
N/A

N/A



Table 10. Root to crown ratio (R/C) of maxillary canines. Unit of measure is in pixels. Short
root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are marked
with an asterisk.

Root Length Tooth Root Length Crown Length R/C Ratio
(Macxillary) # (Pixels) (Pixels) Length
Canines
Subject
Family 1- Subject II:1 6 86 58 1.5
11 84 61 1.4
Family 1- Subject I1:2 6 88 50 1.8
11 84 45 1.9
Family 4- Subject I1:2 6 52 53 1.0*
11 55 52 1.1*
Family 3- Subject I1:2 6 31 27 1.2
11 32 25 1.3
Family 2- Subject I1:2 6 N/A N/A N/A
11 N/A N/A N/A
Family 2- Subject I11:5 6 48 35 1.4
11 61 37 1.7
Family 5- Subject V:1 6 39 47 0.8*
11 15 17 0.9*

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
N/A represents teeth that are not present and therefore no calculation can be made
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Table 11. Root to crown ratio (R/C) of maxillary first premolars. Unit of measure is in pixels.
Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are

marked with an asterisk.

Root Length Tooth

(Maxillary) #

First Premolars

Subject

Family 1- Subject II:1

Family 1- Subject I1:2

Family 4- Subject I1:2

Family 3- Subject I1:2

Family 2- Subject I1:2

Family 2- Subject I11:5

Family 5- Subject V:1

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification

12

5

12

5

12

5

12

5

12

5

12

5

12

Root Length
(Pixels)

96

39

30

51

57

40

39

30

31

30

33

23

44

35

21

Crown Length

40

40

38

38

44

46

29

25

36

41

25

37

42

31

R/C Ratio

1.0*
0.8%
1.3
1.5
0.9%
0.9%
1.0*
1.2
0.8%
0.8%
0.9%
1.2
0.8%

0.7*



Table 12. Root to crown ratio (R/C) of maxillary second premolars. Unit of measure is in

pixels. Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1

are marked with an asterisk.

Root Length Tooth

(Maxillary) #

Second Premolars

Subject

Family 1- Subject II:1

Family 1- Subject I1:2

Family 4- Subject I1:2

Family 3- Subject I1:2

Family 2- Subject I1:2

Family 2- Subject I11:5

Family 5- Subject V:1

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification

13

4

13

4

13

4

13

4

13

4

13

4

13

Root Length
(Pixels)

97

38

40

40

42

45

44

30

28

38

30

37

32

33

35

Crown Length

35

37

39

38

43

44

28

20

34

36

33

36

37

34

R/C Ratio

1.1%*

1.1%*

1.0*

1.1%*

1.1%*

1.0*

1.1%*

1.4

1.1%*

0.8%

1.1%*

0.9%

0.9%

1.0*



Table 13. Root to crown ratio (R/C) of maxillary first molars. Unit of measure is in pixels.
Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are
marked with an asterisk.

Root Length Tooth Root Length Crown Length R/C Ratio
(Macxillary) # (Pixels) (Pixels) Length
First Molars
Subject
Family 1- Subject II:1 3 63 35 1.8
14 51 44 1.2
Family 1- Subject I1:2 3 64 38 1.7
14 67 36 1.9
Family 4- Subject I1:2 3 53 44 1.2
14 56 41 1.4
Family 3- Subject I1:2 3 33 23 1.4
14 29 21 1.4
Family 2- Subject I1:2 3 44 40 1.1*
14 43 39 1.1*
Family 2- Subject I11:5 3 51 35 1.5
14 37 30 1.2
Family 5- Subject V:1 3 43 40 1.1*
14 62 41 1.5

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
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Table 14. Root to crown ratio (R/C) of maxillary second molars. Unit of measure is in pixels.
Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are

marked with an asterisk.

Root Length
(Maxillary)

Second Molars

Subject

Family 1- Subject II:1

Family 1- Subject I1:2

Family 4- Subject I1:2

Family 3- Subject I1:2

Family 2- Subject I1:2

Family 2- Subject I11:5

Family 5- Subject V:1

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification

Tooth

#

15

N/A

N/A

15

15

15

N/A

N/A

2

15

Root Length
(Pixels)

59

58

N/A

N/A

49

52

47

17

59

62

N/A

N/A

44

39

Crown Length

38

37

N/A

N/A

46

40

48

20

39

35

N/A

N/A

45

35

R/C Ratio

1.6

1.6

N/A

N/A

1.1*

1.3

1.0*

0.9%

1.5

1.8

N/A

N/A

1.0*

1.1*

N/A represents teeth that are either not present or not fully erupted and therefore no calculation

can be made
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Table 15. Root to crown ratio (R/C) of mandibular central incisors. Unit of measure is in

pixels. Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1

are marked with an asterisk.

Root Length Tooth

(Mandibular) #

Central Incisors

Subject

Family 1- Subject II:1

Family 1- Subject I1:2

Family 4- Subject I1:2

Family 3- Subject I1:2

Family 2- Subject I1:2

Family 2- Subject I11:5

Family 5- Subject V:1

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
N/A represents teeth that are not present and therefore no calculation can be made

24

25

24

25

24

25

24

25

24

25

24

25

24

100

Root Length
(Pixels)

61
59
55
64
34
32
21
25

N/A
43
32
29

30

Crown Length

38
39
38
39
38
35
20
20
N/A
28
23
24

30

R/C Ratio

1.6
1.5
1.5
1.6
0.9*
0.9*
1.0*
1.3
N/A
1.5
1.4
1.2

1.0*



Table 16. Root to crown ratio (R/C) of mandibular lateral incisors. Unit of measure is in
pixels. Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1
are marked with an asterisk.

Root Length Tooth Root Length Crown Length R/C Ratio
(Mandibular) # (Pixels) (Pixels) Length

Lateral Incisors

Subject
Family 1- Subject II:1 23 63 44 1.4
26 72 41 1.8
Family 1- Subject I1:2 23 60 41 1.5
26 66 41 1.6
Family 4- Subject I1:2 23 41 45 0.9%*
26 41 47 0.9*
Family 3- Subject I1:2 23 27 19 1.4
26 27 20 1.4
Family 2- Subject I1:2 23 43 33 1.3
26 46 33 1.4
Family 2- Subject I11:5 23 41 33 1.2
26 50 32 1.6
Family 5- Subject V:1 23 29 33 0.9*
26 N/A N/A N/A

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
N/A represents teeth that are not present and therefore no calculation can be made
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Table 17. Root to crown ratio (R/C) of mandibular canines. Unit of measure is in pixels. Short
root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are marked
with an asterisk.

Root Length Tooth Root Length Crown Length R/C Ratio
(Mandibular) # (Pixels) (Pixels) Length
Canines
Subject
Family 1- Subject II:1 22 61 42 1.6
27 58 44 1.3
Family 1- Subject I1:2 22 &3 43 1.9
27 87 45 1.9
Family 4- Subject I1:2 22 50 53 0.9*
27 56 52 1.1*
Family 3- Subject I1:2 22 27 22 1.2
27 29 21 1.4
Family 2- Subject I1:2 22 45 36 1.3
27 49 41 1.2
Family 2- Subject I11:5 22 44 39 1.1*
27 56 40 1.4
Family 5- Subject V:1 22 35 30 1.2
27 37 33 1.1*

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
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Table 18. Root to crown ratio (R/C) of mandibular first premolars. Unit of measure is in

pixels. Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1

are marked with an asterisk.

Root Length Tooth

(Mandibular) #

First Premolars

Subject

Family 1- Subject II:1

Family 1- Subject I1:2

Family 4- Subject I1:2

Family 3- Subject I1:2

Family 2- Subject I1:2

Family 2- Subject I11:5

Family 5- Subject V:1

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
N/A represents teeth that are not present and therefore no calculation can be made

21

28

21

28

21

28

21

28

21

28

21

28

21

28
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Root Length
(Pixels)

57

63

72

64

42

40

29

30

N/A

N/A

42

40

37

36

Crown Length

40

38

36

39

42

45

23

23

N/A

N/A

32

33

33

35

R/C Ratio

1.4

1.7

2.0

1.6

1.0*

0.9*

1.3

1.3

N/A

N/A

1.3

1.2

1.1*

1.0*



Table 19. Root to crown ratio (R/C) of mandibular second premolars. Unit of measure is in
pixels. Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1
are marked with an asterisk.

Root Length Tooth Root Length Crown Length R/C Ratio
(Mandibular) # (Pixels) (Pixels) Length

Second Premolars

Subject
Family 1- Subject II:1 20 50 38 1.3
29 62 40 1.6
Family 1- Subject I1:2 20 48 36 1.3
29 64 39 1.6
Family 4- Subject I1:2 20 38 43 0.9%*
29 37 42 0.9%*
Family 3- Subject I1:2 20 23 22 1.0*
29 27 20 1.4
Family 2- Subject I1:2 20 48 33 1.5
29 38 29 1.3
Family 2- Subject II1:5 20 39 29 1.3
29 37 32 1.2
Family 5- Subject V:1 20 41 34 1.2
29 30 35 0.9%*

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
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Table 20. Root to crown ratio (R/C) of mandibular first molars. Unit of measure is in pixels.
Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are

marked with an asterisk.

Root Length Tooth
(Mandibular) #
First Molars
Subject

Family 1- Subject II:1

Family 1- Subject I1:2

Family 4- Subject I1:2

Family 3- Subject I1:2

Family 2- Subject I1:2

Family 2- Subject I11:5

Family 5- Subject V:1

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification

19

30

19

30

19

30

19

30

19

30

30

Root Length
(Pixels)

105

56

60

59

64

46

56

30

32

51

57

69

63

66

64

Crown Length

36

37

32

35

48

40

23

22

39

36

33

33

40

42

R/C Ratio

1.6

1.6

1.8

1.8

1.0*

1.4

1.3

1.5

1.3

1.6

2.1

1.9

1.7

1.5



Table 21. Root to crown ratio (R/C) of mandibular second molars. Unit of measure is in pixels.
Short root anomalies are defined as a R/C ratio of < 1.1. All calculated R/C ratios < 1.1 are
marked with an asterisk.

Root Length Tooth ~ Root Length Crown Length R/C Ratio
(Mandibular) # (Pixels) (Pixels) Length

Second Molars

Subject
Family 1- Subject II:1 18 48 34 1.4
31 55 31 1.8
Family 1- Subject I1:2 18 N/A N/A N/A
31 N/A N/A N/A
Family 4- Subject I1:2 18 44 40 1.1*
31 43 43 1.0*
Family 3- Subject I1:2 18 27 23 1.2
31 24 22 L.1*
Family 2- Subject I1:2 18 59 36 1.6
31 51 34 1.3
Family 2- Subject I11:5 18 N/A N/A N/A
31 N/A N/A N/A
Family 5- Subject V:1 18 29 24 1.2
31 49 38 1.3

* represents the presence of a R/C ratio of < 1.1 and short root anomaly classification
N/A represents teeth that are not present and therefore no calculation can be made
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Table 22. Root width is determined by the R/C ratio, where “R” is represented by the root
width at the middle third of the root, and “C” is represented by the root width at the cervical
third of the root. Root width ratios of maxillary central incisors > 0.87 are classified as “wide”,
and anything < 0.87 is classified as “normal”.

Root Width at the Crown Width at the

Root Width Middle 1/3™ of =~ Cervical 1/3" of the
(Maxillary Central the root root R/C Ratio
Incisors) Tooth # (Pixels) (Pixels) for Width
Subject
Family 1- Subject II:1 8 22 28 0.79
9 23 28 0.82
Family 1- Subject I1:2 8 42 43 0.98*
9 40 44 0.91*
Family 2- Subject I1:2 8 34 37 0.92*
9 32 36 0.89%*
Family 2- Subject II1:5 8 26 32 0.81
9 27 32 0.84
Family 3- Subject I1:2 8 20 19 1.05%*
9 21 20 1.05%*
Family 4- Subject I1:2 8 33 36 0.92*
9 35 40 0.88*
Family 5- Subject V:1 8 39 43 0.91*
9 40 42 0.95*

* represents a R/C ratio (for width) greater than 0.87 and a “wide” root classification
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Table 23. Root width is determined by the R/C ratio, where “R” is represented by the root
width at the middle third of the root, and “C” is represented by the root width at the cervical
third of the root. Root width ratios of mandibular central incisors > 0.85 are classified as
“wide”, and anything < 0.85 is classified as “normal”.

Root Width Root Width at  Crown Width at
(Mandibular the Middle 1/3""  the Cervical 1/3™
Central Incisors) Tooth # of the root of the root R/C Ratio for
(Pixels) (Pixels) Width
Subject
Family 1- Subject
II:1 24 16 22 0.73
25 17 20 0.85*
Family 1- Subject
I1:2 24 20 25 0.80
25 22 26 0.84
Family 2- Subject
I1:2 24 N/A N/A N/A
25 17 21 0.81
Family 2- Subject
III:5 24 11 15 0.73
25 11 17 0.65
Family 3- Subject
I1:2 24 12 14 0.86*
25 11 13 0.85*
Family 4- Subject
I1:2 24 17 22 0.77
25 14 19 0.74
Family 5- Subject
V:1 24 26 32 0.81
25 33 34 0.97*

* represents a R/C ratio (for width) greater than 0.85 and a “wide” root classification
N/A represents teeth that are not present and therefore no calculation can be made
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Table 24. The presence of taurodontism in the maxillary molars across all subjects as
determined by the Taurodont Index, which is represented by the formula Variable 1/Variable 2
as described by MacDonald et al. (26). Variable 1 represents the lowest point of the roof of the
pulp chamber to the highest point of the floor of the pulp chamber. Variable 2 is defined as the
lowest point of the roof of the pulp chamber to the apex of the longest root of the molar. If the
taurodont index is >30-40, the molar is classified as a mesotaurodont. If the taurodont index is
>40, the molar is classified as a hypertaurodont. If the taurodont index is < 30, the molar is
classified as normal.

Taurodont Variable 1 Variable 2 Taurodont Index
(Maxillary Molars) Tooth # (Pixels) (Pixels)

Subject

Family 1- Subject II:1 2 19 57 33%

3 16 57 28

14 16 57 24

15 16 47 34*

Family 1- Subject I1:2 2 27 47 57**

3 16 70 23

14 17 59 29

15 31 49 63**

Family 2- Subject I1:2 2 10 67 15

3 10 54 19

14 5 49 10

15 9 61 15

Family 2- Subject III:5 3 10 58 17

14 8 53 15

Family 3- Subject I1:2 2 41 26 15

3 3 31 10

14 3 29 10

15 5 30 17

Family 4- Subject I1:2 2 22 53 42%%*

3 6 53 11

14 5 51 10

15 26 51 S51%*

Family 5- Subject V:1 N/A N/A N/A N/A

* represents mesotaurodont classification
** represents hypertaurodont classification
N/A represents teeth that are not diagnostic for measurement on available radiographs
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Table 25. The presence of taurodontism in the mandibular molars across all subjects as
determined by the Taurodont Index, which is represented by the formula Variable 1/Variable 2
as described by MacDonald et al. (26). Variable 1 represents the lowest point of the roof of the
pulp chamber to the highest point of the floor of the pulp chamber. Variable 2 is defined as the
lowest point of the roof of the pulp chamber to the apex of the longest root of the molar. If the
taurodont index is >30-40, the molar is classified as a mesotaurodont. If the taurodont index is
>40, the molar is classified as a hypertaurodont. If the taurodont index is < 30, the molar is
classified as normal.

Taurodont Variable 1 Variable 2 Taurodont Index
(Mandibular Molars) Tooth # (Pixels) (Pixels)

Subject

Family 1- Subject II:1 18 11 44 25
19 11 56 19
30 11 63 17
31 13 57 23

Family 1- Subject I1:2 18 24 50 48%*
19 8 64 13
30 9 73 12
31 19 46 41%**

Family 2- Subject I1:2 18 4 65 8
19 6 65 9
30 4 52 8
31 4 50 8

Family 2- Subject III:5 19 8 69 12
30 7 66 11

Family 3- Subject I1:2 18 5 30 17
19 2 32 6
30 2 32
31 3 29 10

Family 4- Subject I1:2 18 10 43 23
19 13 55 24
30 11 51 22
31 11 48 23

Family 5- Subject V:1 N/A N/A N/A N/A

** represents hypertaurodont classification
N/A represents teeth that are not diagnostic for measurement on available radiographs
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Table 26. Presence of peg lateral was determined by the ratio of mesial-distal (M-D) width
dimension of central incisors compared to ratio of M-D dimension of lateral incisors. A normal
central incisor (CI) M-D width to lateral incisor (LI) M-D width ratio should equal 1.3. CI/LI
ratios greater than 1.3 determines small lateral incisor/peg lateral classification.

Tooth # M-D Width Tooth # M-D Width CI/LI

Peg Lateral (Ch) (Pixels) (LD (Pixels) Ratio

Subject

Family 1- Subject

1I:1 8 37 7 28 1.3
9 41 10 31 1.3

Family 1- Subject

11:2 8 50 7 38 1.3
9 47 10 35 1.3

Family 2- Subject

11:2 8 42 7 35 1.2
9 40 10 34 1.2

Family 2- Subject

I:5 8 36 7 N/A N/A
9 36 10 22 1.6*

Family 3- Subject

11:2 8 22 7 17 1.3
9 23 10 18 1.3

Family 4- Subject

11:2 8 38 7 32 1.2
9 41 10 31 1.3

Family 5- Subject

V:1 8 42 7 N/A N/A
9 44 10 N/A N/A

* represents a CI/LI ratio significantly > 1.3 and peg lateral classification
N/A represents teeth that are not present and therefore no ratio calculation can be made

111



Table 27. Measurements for root length and crown length measurements taken at time one
(T1) and time two (T2) across all subjects and tooth types.

Measurements of Root Length and
Crown Length at T1 and T2

Subject
Family 1, Subject I1:1

Family 1, Subject 11:2

Tooth #
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Tl

R1 (Pixels)
59
63
38
39
86
50
50
49
50
84
30
40
51
58
48
56
50
57
61
63
61
59
72
58
63
62
60
55
64
40
51
88
59
35
38
61

Cl
(Pixels)

38
35
35
40
58
39
36
44
43
61
40
37
44
37
34
36
38
40
42
44
38
39
41
44
38
40
37
31
38
39
38
50
44
45
46
42

T2

R2
(Pixels)

55
53
37
39
81
54
46
44
54
79
37
40
52
61
48
61
49
59
66
66
63
63
71
65
66
62
60
53
66
41
51
80
53
35
38
54

C2
(Pixels)

37
36
34
44
56
47
39
42
44
57
44
41
43
45
37
39
34
36
40
37
33
32
40
4
36
37
42
34
37
37
4
54
44
46
46
42



Family 2- Subject I1:2

Family 2, Subject III:5

11
12
13
14
19
20
21
22
23
24
25
26
27
28
29
30

O 0 N W kAW

10
12
13
14
15
18
19
20
22
23
25
26
27
29
30
31
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84
57
42
67
59
48
72
83
60
55
64
66
87
64
64
64
59
44
38
30
47
39
37
52
33
30
43
62
59
51
48
45
43
43
46
49
38
57
51
51
37
23

45
38
38
36
32
36
36
43
41
38
39
41
45
39
39
35
39
40
34
36
39
39
41
40
41
36
39
35
36
39
33
36
33
28
33
41
29
36
34
35
33
25

85
53
43
62
63
51
68
86
64
58
64
65
87
70
55
71
59
46
38
33
50
40
36
52
33
29
44
60
58
51
50
4
45
37
46
49
37
57
54
50
36
24

50
41
39
44
32
33
36
40
39
35
38
40
41
35
30
34
37
42
34
37
37
40
40
40
40
35
38
34
32
37
30
36
30
30
30
37
25
35
30
31
32
22



Family 3, Subject 11:2
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48
51
48
47
61
44
32
37
69
39
42
44
41
32
29
50
56
40
37
63
27
33
30
30
31
24
23
22
28
32
31
28
29
17
27
30
23
29
27
27
21
25

35
40
42
32
37
37
36
30
33
29
32
39
33
23
24
32
40
33
32
33
26
23
28
29
27
25
31
30
22
25
25
20
21
20
23
23
22
23
22
19
20
20

53
54
49
49
61
39
34
45
63
38
42
4
43
37
36
49
55
45
41
59
28
34
27
28
28
23
26
26
27
31
33
31
29
18
23
27
23
28
27
29
20
25

39
39
40
31
36
34
32
32
32
33
31
40
30
26
30
30
38
32
33
30
26
24
25
26
25
25
24
25
20
23
21
20
22
21
24
22
19
21
20
19
17
19



Family 4, Subject 11:2

Family 5, Subject V:1
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27
29
30
27
32
24
49
53
45
40
52
30
31
33
39
55
39
44
56
52
44
46
38
42
50
41
34
32
41
56
40
37
56
43
44
43
33
35
39
33
35
15

20
21
23
20
22
22
46
44
43
44
53
55
60
63
39
52
46
44
41
40
40
48
43
42
53
45
38
35
47
52
45
42
40
43
45
40
37
42
47
41
42
17

25
24
27
25
30
27
52
49
44
42
52
33
46
46
37
56
44
46
56
51
42
47
40
46
57
38
35
35
43
58
41
39
50
46
43
53
33
37
39
44
37
14

18
20
21
19
21
22
41
44
49
49
55
48
49
46
40
52
46
48
42
48
39
48
43
43
53
44
38
34
48
50
44
41
40
38
47
37
34
40
44
40
38
15



12
13
14
15
18
19
20
21
22
23
24
25
27
28
29
30
31

116

21
35
62
39
29
66
41
37
35
29
30
28
37
36
30
64
49

31
34
41
35
24
40
34
33
30
33
30
31
33
35
35
42
38

20
37
48
38
28
60
36
36
35
27
30
30
38
37
30
62
47

30
39
41
40
22
46
33
33
33
29
28
29
35
34
33
37
34



Table 28. Measurements for root width (RW) and crown width (CW) taken at time one (T1)
and time two (T2) across all subjects and tooth types.

ICC for Root Width and Crown Width

Subject
Family 1, Subject 11:1

Family 1, Subject 11:2

Family 2, Subject 11:2

Family 2, Subject III:5

Family 3, Subject 11:2

Family 4, Subject 11:2

Family 5, Subject V:1

Tooth #
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T1

RW1
(Pixels)

22
23
16
17
42
40
20
22
34
32
17
26
27
11
11
20
21
12
11
33
35
17
14
39
40
26
33

CwW2

28
31
22
21
40
43
24
25
37
37
20
34
32
16
17
19
22
13
13
39
40
21
22
44
43
34

T2
Ccwi RW2
(Pixels) (Pixels) (Pixels)
28 22
28 25
22 18
20 17
43 41
44 40
25 20
26 20
37 33
36 33
21 16
32 24
32 26
15 12
17 12
19 20
20 21
14 12
13 11
36 35
40 35
22 17
19 17
43 40
42 40
32 30
34 28
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Table 29. Intraclass correlation coefficient (ICC) calculated for root length (R) and crown
length (C) measurements across all tooth types. Intraclass correlation coefficient (ICC)
calculated for crown width (CW) and root width (RW) measurements on maxillary and
mandibular central incisors only. An ICC value of 0.9 and above represents a strong intraclass
correlation. An ICC value of 0.8-0.89 represents good intraclass correlation. An ICC value of
0.7 to 0.79 represents a fair intraclass correlation. An ICC value of 0.5 and below represents a
poor intraclass correlation. This is a two-way mixed effects model where people effects are
random and measures effects are fixed.

Tooth Number ICC for ICC for ICC for I1CC for
Root Length Crown Root Width Crown Width
(R1, R2) Length (RW1, RW2) (CW1, CW2)
(C1,C2)
2 0.983 0.945 N/A N/A
3 0.847 0.949 N/A N/A
4 0.965 0.883 N/A N/A
5 0.981 0.920 N/A N/A
6 0.980 0.969 N/A N/A
7 0.965 0.884 N/A N/A
8 0.722 0.822 0.989 0.977
9 0.785 0.701 0.993 0.983
10 0.951 0.992 N/A N/A
11 0.997 0.985 N/A N/A
12 0.928 0.940 N/A N/A
13 0.959 0.918 N/A N/A
14 0.860 0.591 N/A N/A
15 0.995 0.836 N/A N/A
18 0.989 0.945 N/A N/A
19 0.949 0.948 N/A N/A
20 0.966 0.911 N/A N/A
21 0.986 0.963 N/A N/A
22 0.982 0.980 N/A N/A
23 0.983 0.919 N/A N/A
24 0.987 0.925 0.993 0.986
25 0.967 0.841 0.937 0.947
26 0.997 0.984 N/A N/A
27 0.985 0.962 N/A N/A
28 0.973 0.960 N/A N/A
29 0.961 0.864 N/A N/A
30 0.947 0.902 N/A N/A
31 0.974 0.869 N/A N/A
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Table 30. Summary table describing phenotypic characteristics observed in subjects with
localized and generalized short root anomalies.

Phenotype Localized SRA Cases Generalized SRA cases
(n=4) (n=3)
Root Length Seen in: Seen in:
(Short Roots) Maxillary central incisors, first Maxillary central incisors, lateral
premolars, second premolars, first incisors, canines, first premolars,
molars second premolars, first molars, second
molars.
Mandibular central incisors, lateral
incisors, canines, first premolars,
second premolars, first molars, second
molars.
Wide Root Width Seen in: Seen in:

(Central Incisors only)

Maxillary central incisors,
Mandibular central incisors

Maxillary central incisors
Mandibular central incisors

Taurodontism Seen in: Seen in:
(Molars only) Maxillary second molars, Maxillary second molars
Mandibular second molars
Peg Lateral Present in one subject Not observed
Agenesis Seen in: Seen in:

Lateral incisor

Maxillary lateral incisors, canines

Mandibular central incisor, lateral
incisor, first premolar, second
premolar

Other Dental Anomalies

Dens invaginatus
Pulp stones

Pulpal obliteration
Hypercementosis
Ectopic eruption

Pulp stones
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Chapter IX

Figures
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Figure 1. Modified diagram from Figure 5. of Lind article (25) to depict anatomical landmarks
used to measure relative root length (R/C). Points of intersection between the outer contours of
the root and their crown, x and y are connected by a straight line. Root length (R) is measured
from the midpoint of this line, (m), to the apex (r), and crown height (C) is measured from (m)
to the middle of the incisal edge (i).
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Figure 2. Modified diagram from Figure 5. of Lind article (25) to depict “Ry” and “Rx”,
landmarks used to measure root width at the middle 1/3™ of the root. The formula used to
measure root width is the distance from Rx to Ry divided by the distance from x to y. “Rx to
Ry” is equivalent to the root width at the middle third while the distance from x to y represents
the crown width at the level of the CEJ. Root width ratios of maxillary central incisors greater
than 0.87 are classified as “wide”, and anything less than 0.87 is classified as “normal”. Root
width ratios of mandibular central incisors greater than 0.85 are classified as “wide”, and
anything less than 0.85 is classified as “normal”.
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Tooth Cervical ~ Middle third  Apical third

Central incisor 344 2 029 285 %029 192+ 031
28710401 22810342 131 to 253
26010430 23010350 140 t0 260

Figure 3. Root widths of mandibular teeth. Adapted from Table 2 of Tilk et al. article (38)
describing average root widths of mandibular central incisors at the cervical third, middle third,
and apical third. Individual standard deviations noted for the three width areas.

123



Tooth Cervical  Middle third Apical third

Contral incisor 622 + 051* 515+ 058 387 = 054
522107221 401 10629 280 t0 4.94
52010 7801 37010660 250 t0 490

Figure 4. Root widths of maxillary teeth. Adapted from Table 1 from Tilk et al. article (38)
describing average root widths of maxillary central incisors at the cervical third, middle third,
and apical third. Individual standard deviations noted for the three width areas. All values are
expressed in mm.

*Mean and standard deviation

+95% confidence interval

++Range
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Root shape Taurodont index

Normal (cynodont) Less than 20
Hypo-taurodont From 20 to up 10 30
Meso-taurodont Over 30 to up to 40
Hyper-taurodont Greater than 40

Figure 5. Taurodont Index adapted from Table 1. of MacDonald et al. article (26).
Classification of type of taurodont (hypo-, meso-, and hyper-) with corresponding taurodont
index. Taurodont index is defined by the formula: (Variable 1/Variable 2) x 100. Variable 1
represents the lowest point of the root of the pulp chamber to the highest point of the floor of
the pulp chamber. Variable 2 is defined as the lowest point of the roof of the pulp chamber to
the apex of the longest root of the tooth. If the calculated taurodont index is less than 20, the
root shape is classified as “normal”. If the calculated number is between 20 to 30, it is
classified as hypotaurodont. If the calculated number is between 30 and 40, the tooth is
classified as a mesotaurodont, and if the taurodont index is any higher than 40, the tooth is
classified as a hypertaurodont. For the purpose of this study, only teeth that are classified as
mesotaurodont or hypertaurodont are classified as taurodonts in the phenotypic analysis.
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Figure 6. Pedigree, oral photographs, and radiographs of subject II:1(age 14) in Family one
below. Localized short roots noted on #4, 5, 9, 12, 13. Wide root width noted on #25,
taurodontism on #2, 15, and pulp stones noted in #3, 14, 15.
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Figure 7. Pedigree, oral photographs, and radiographs of subject II:2 (age 8) in Family one
below. Localized short roots noted on #4, &, 9, 13. Wide root width noted on #8 and #9,
taurodontism noted on #2, 15, 18, 31, and pulp stone identified on #30.
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Figure 8. Panoramic radiograph of subject II:2 in Family Two noted in box “A”. Localized
short roots noted on #3, 4, 5, 8, 9, 12, 13, 14. Wide root width noted on #8, 9. Box “B”
illustrates the pedigree of both affected subjects II:2 and III:5 in Family Two. Box “C” is a
clinical oral photograph of subject III:5. Box “D” is a panoramic radiograph of subject I1I:5
from Family Two. Localized short roots noted on #4, 5, and 13. Agenesis of #7, invaginatus of
#8, peg lateral of #10, and pulp stone noted on #3.
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1 Im2 I3

Figure 9. Pedigree and panoramic radiograph for subject II:2 in Family Three (boxes A and
D). Generalized short roots noted on #2, 4, 5, 7, 8, 9, 15, 20, 24, 31. Wide root width noted on
#8 and #9 and generalized obliteration of pulp noted on panoramic radiograph. Box “B” is the
panoramic radiograph of subject I:1 (unaffected father), and Box “C” is the panoramic
radiograph of subject I:2 (unaffected mother). Blue asterisks denote members recruited in this
study.
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Figure 10. Pedigree and panoramic radiograph for subject II:2 in Family Four below.
Generalized short roots noted on #2, 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 18, 19, 20, 21, 22, 23, 26,
27, 28,29, 31. Wide root widths noted on #8 and #9, taurodontism noted on #2 and #15, and
hypercementosis noted on #3, 14, 18, 30, and 31.
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Figure 11. Pedigree, clinical photos, and radiographs of subject V:1 in Family Five.
Generalized short roots noted on #2, 3,4, 5,6, 8,9, 11, 12, 13, 15, 21, 23, 24, 25, 28, 29. Wide
root width noted on #8, 9, and 25. Agenesis of #7, 10, 26, and ectopic eruption noted of #11.
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Figure 12. Bland-Altman plot depicting root length taken the first time =R1 compared to root
length taken the second time=R2 across all 7 subjects and tooth types. All measurements, with
the exception of four measurements, are within 5 pixels of each other. X-axis represents the
average of R1 and R2 while the Y-axis represents the difference between R1 and R2.
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Figure 13. Bland-Altman plot depicting crown length taken the first time =C1 compared to
crown length taken the second time=C2 across all seven subjects and tooth types. X-axis

represents the average of C1 and C2 while the Y-axis represents the difference between C1 and
C2.
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Figure 14. Bland-Altman plot depicting root width taken the first time =RW1 compared to
crown length taken the second time=RW?2 across all seven subjects for maxillary central
incisors. All measurements are within 1 unit (pixel) of each other. X-axis represents the
average of RW1 and RW2 while the Y-axis represents the difference between RW1 and RW2.
Data appears scattered due to small amount of data points (only root widths of central incisors
were measured).
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Figure 15. Bland-Altman plot depicting root width taken the first time =RW1 compared to
root width taken the second time=RW2 of mandibular central incisors across all seven subjects.
X-axis represents the average of RW1 and RW2 while the Y-axis represents the difference
between RW1 and RW2. Data appears scattered due to small amount of data points (only root
widths of central incisors were measured).
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Figure 16. Bland-Altman plot depicting crown width taken the first time =CW1 compared to
crown width taken the second time=CW?2 of maxillary central incisors across all seven
subjects. X-axis represents the average of CW1 and CW2 while the Y-axis represents the
difference between CW1 and CW2.
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Figure 17. Bland-Altman plot depicting crown width taken the first time =CW1 compared to
crown width taken the second time=CW?2 of mandibular central incisors across all seven
subjects. X-axis represents the average of CW1 and CW2 while the Y-axis represents the
difference between CW1 and CW2.
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Figure 18. Bland-Altman plot depicting Variable 1 (one of the variables to assess Taurodont
Index) taken the first time =V1 1 compared to Variable 1 taken the second time=V1 2 of
maxillary first and second molars across all seven subjects. X-axis represents the average of
V1 1 and V1 2 while the Y-axis represents the difference between V1 1 and V1 2.
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Figure 19. Bland-Altman plot depicting Variable 1 (one of the variables to assess Taurodont
Index) taken the first time =V1 1 compared to Variable 1 taken the second time=V1 2 of
mandibular first and second molars across all seven subjects. X-axis represents the average of
V1 1 and V1 2 while the Y-axis represents the difference between V1 _1and V1 2.
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Figure 20. Bland-Altman plot depicting Variable 2 (one of the variables to assess Taurodont
Index) taken the first time =V2_1 compared to Variable 2 taken the second time=V2 2 of
maxillary first and second molars across all seven subjects. X-axis represents the average of
V2 1 and V2 2 while the Y-axis represents the difference between V2 1 and V2 2.
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Figure 21. Bland-Altman plot depicting Variable 2 (one of the variables to assess Taurodont
Index) taken the first time =V2_ 1 compared to Variable 2 taken the second time=V2 2 of
mandibular first and second molars across all seven subjects. X-axis represents the average of
V2 1 and V2 2 while the Y-axis represents the difference between V2 1 and V2 2.
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Appendix A: Institutional Review Board- University of Michigan

4\'\ UNIVERSITY OF MICHIGA

5 ) eResearch.umich.edu

Medical Schod Institutional Reviem Board (IRSMED) « 2800 Mymcuth Road, Sulang 520, Sute 3214, Ann Arbior, M1 43109.2800 « phene {734) 763 4768 « fax (734) 763
S603 » rbmed@Eumich edu

To: Dr. James Simmer

FROM:

Michael Geisser

Alan Sugar
Robertson Davenport

Cc:

Paul Benke
Jan Ching Chun Hu
James Simmer
Hera Kim-Berman
Paul Edwards
Curtis Rogers

Subject: Scheduled Continuing Review [ CRO0088040] Approved for [ HO3-00001835-M1]

SUBMISSION INFORMATION:

Study Title: Proteomics and Genetics of Enamel and Dentin

Full Study Title (if applicable): Genetics of disorders affecting tooth structure, number, morphology, and
eruption.

Study eResearch ID: H03-00001835-M1

SCR eResearch ID: CROQ088040

SCR Title: H03-00001835-M1_Continuing Review - Thu Apr 8 11:42:17 EDT 2021

Date of this Notification from IRB: 5/6/2021

Date Approval for this SCR: 5/6/2021

Review: Expedited

Expiration Date: Approval for this application expires on 11:59 p.m. on 5/5/2022

UM Federal Assurance: FWA00004969 (For the current FWA expiration date, please visit the UM HRPP Webpage)
OHRP IRB Registration Number(s): IRB00001996

Approved Risk Level(s) as of this Continuing Report:

Name Risk Level
H03-00001835-M1 No more than minimal risk

Continuing Review Required: Yes

NOTICE OF IRB APPROVAL AND CONDITIONS:
The IRBMED has reviewed and approved the scheduled continuing review (SCR) to the study referenced above. The
IRB determined that the proposed research continues to conform with applicable guidelines, State and federal
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regulations, and the University of Michigan's Federalwide Assurance (FWA) with the Department of Health and
Human Services (HHS). You must conduct this study in accordance with the description and information provided in
the approved application and associated documents.

APPROVAL PERIOD AND EXPIRATION:

The approval period for this study is listed above. Please note the expiration date. If the approval lapses, you may
not conduct work on this study until appropriate approval has been re-established, except as necessary to eliminate
apparent immediate hazards to research subjects. Should the latter occur, you must notify the IRB Office as soon
as possible.

RENEWAL/TERMINATION:

The IRB has determined that annual review and approval is required for this research. At least two months prior to
the expiration date, you should submit a continuing review application either to renew or terminate the study.
Failure to allow sufficient time for IRB review may result in a lapse of approval that may also affect any funding
associated with the study.

IMPORTANT REMINDERS AND ADDITIONAL INFORMATION FOR INVESTIGATORS

APPROVED STUDY DOCUMENTS:

You must use any date-stamped versions of recruitment materials and informed consent documents available in the
eResearch workspace (referenced above). Date-stamped materials are available in the "Currently Approved
Documents” section on the "Documents” tab.

AMENDMENTS:

All proposed changes to the study (e.g., personnel, procedures, or documents), must be approved in advance by
the IRB through the amendment process, except as necessary to eliminate apparent immediate hazards to research
subjects or others. Should the latter occur, you must notify the IRB Office as soon as possible.

AEs/ORIOs:
You must inform the IRB of adverse events (AEs) and other reportable information and occurrences (ORIOs)

according to your IRB’s required reporting timetable (IRBMED and IRB-HSBS/Flint/Dearborn).

UNANTICIPATED PROBLEMS INVOLVING RISKS TO SUBJECTS OR OTHERS (UPIRSOs or UaPs)
Investigators must continue to inform the IRB via eResearch submission of any potential Unanticipated Problems
(UaPs or UPIRSOs) that come to the attention of the study team. Unanticipated Problems meet all of the following
criteria:

1. Unexpected (in terms of nature, severity, or frequency);

2. Related or possibly related to participation in the research; and

3. Suggests that the research places subjects or others at a greater risk of harm than was previously known or
recognized.

See U-M HRPP Operations Manual Part 12.111.8.1.a. Routine AEs and ORIOs after Termination need not be reported.

SUBMITTING VIA eRESEARCH:
You can access the online forms for continuing review, amendments, and AE/ORIO reporting in the eResearch
workspace for this approved study, referenced above.

MORE INFORMATION:
You can find additional information about UM's Human Research Protectlon Program (HRPP) m the Operations
Manual and other documents available at: http://; - -

Michael Geisser Alan Sugar Robertson Davenport
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Appendix B: Institutional Review Board- University of Pittsburgh

University of Pittsburgh 3500 Fifth Avenue

o e . Ground Level
Institutional Review Board Pittsburgh, PA 15213

(412) 3831480
(412) 3831508 (fax)

MEMORANDUM
TO: Alexandre R. Viera, DDS, MS, PhD

FROM: Christopher Ryan, PhD, Vice Chair (A
DATE: April 19, 2012

SUBJECT: IRB #0606091: University of Pittsburgh School of Dental Medicine Dental
Registry and DNA Repository

Your renewal of the above-referenced proposal has received expedited review and approval by
the Institutional Review Board under 45 CFR 46.110 (3,5).

Please include the following information in the upper right-hand comer of all pages of the
consent form:

Approval Date:  April 19, 2012
Renewal Date: May 12, 2013
University of Pitisburgh
Institutional Review Board

IRB 20606091

Please note that it is the investigator's responsibility to report to the IRB any unanticipated
problems involving risks to subjects or others [see 45 CFR 46.103(b)(5) and 21 CFR
56.108(b)). The IRB Reference Manual (Chapter 3, Section 3.3) describes the reporting
requirements for unanticipated problems which include, but are not limited to, adverse events.
If you have any questions about this process, please contact the Adverse Event Coordinator at
412-383-1504.

The protocol and consent forms, along with a brief progress report must be resubmitted at
least one month prior to the renewal date noted above as regquired by FWADD006790
(University of Pittsburgh), FWAOQ006735 (University of Piftsburgh Medical Center),
FWAOQ0000600 (Children’s Hospital of Pittsburgh), FWAOQ003567 (Magee-Womens Health
Corporation), FWA00003338 (University of Pittsburgh Medical Center Cancer Institute).

Please be advised that your research study may be audited periodically by the
University of Pittsburgh Research Conduct and Compliance Office.

CR:kh
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