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Inheritance pattern of molar-incisor
hypomineralization

Abstract: The aim of this study was to investigate the segregation
patterns of molar incisor hypomineralization (MIH) in families, given
the evidence that its etiology is influenced by genetics. Clinically,
MIH may be detected in parents and/or siblings of MIH-affected
children. Our study included children with at least one first
permanent molar affected by MIH (proband) and their first-degree
relatives (parents and siblings). The participants were examined
clinically to detect MIH, according to the European Academy of
Paediatric Dentistry criteria (2003). A total of 101 nuclear families
(391 individuals) were studied. Proband diagnosis was followed by
MIH classification of the subject, his parents and siblings, as affected,
unaffected, or unknown. Segregation analysis was performed using
the multivariate logistic regression model of the Statistical Analysis
for Genetic Epidemiology package, and segregation models (general
transmission, environmental, major gene, dominant, codominant and
recessive models). The Akaike information criterion (AIC) was used to
evaluate the most parsimonious model. In all, 130 affected individuals,
165 unaffected individuals, and 96 unknown individuals were
studied. Severe MIH was found in 50.7% of the cases. A segregation
analysis performed for MIH revealed the following different models:
environmental and dominance (p = 0.05), major gene (p = 0.04),
codominant (p = 0.15) and recessive models (p = 0.03). According to
the AIC values, the codominant model was the most parsimonious
(AIC = 308.36). Our results suggest that the codominant model could
be the most likely for inheriting MIH. This result strengthens the
evidence that genetic factors, such as multifactorial complex defect,
influence MIH.

Keywords: Inheritance Patterns; Genetics; Phenotype.

Introduction

Molar-incisor hypomineralization (MIH) is a specific enamel defect. It
was defined in 2001 as a form of systemic hy pomineralization that affects
one or more permanent first molars, with or without permanent incisor
involvement.' The prevalence of MIH worldwide ranges from 2.4% to
449 23456783 It is particularly difficult to treat children with MIH, especially
when they have experienced recurrent episodes of tooth hypersensitivity,
even without dentin exposure.®
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Inheritance pattern of molar-incisor hypomineralization

The etiology of MIH remains unclear.'*!!2
However, there is evidence that MIH is a multifactorial
disturbance.’®* This hypothesis corroborates
previous findings regarding the environmental
factors contributing to MIH.">** Additionally, genetic
factors may influence MIH."” The authors have
previously demonstrated that polymorphisms in
genes responsible for enamel development are
associated with MIH."8 This is a rational result,
given that the entire process of dental enamel
formation is under genetic control,® and suggests
that genetic causes could be at least partly responsible
for MIH development.

In addition to the potential influence of genetic
factors on MIH, familial aggregation of MIH is
commonly observed in clinical practice, since parents
and/or siblings of MIH patients are also affected.
We observed that the genes in 101 nuclear families
were related to amelogenesis, an association not
usually investigated. Factors such as BMP4 (bone
morphogenetic protein), DLX3 (distal-less), and
FGFR1 (fibroblast growth factor) are associated with
MIH susceptibility.”® This is further evidence of the
genetic contribution to MIH. In brief, the authors
believe that the potential pattern of transmission of
MIH has not been well investigated.

Segregation analysis uses statistical models to
determine whether the variation of a phenotype
is consistent with a single locus, and/or rejects the
hypothesis of non-transmission, and/or identifies the
mode of inheritance.” Identifying the heritability of
a given condition is important for gaining a better
understanding of how the disease process develops.
It provides information on statistical power, needed
to discover the genes related to a specific phenotype
in family-based studies.”? Non-zero heritability is a
condition that is needed but not sufficient for detection
of the genes related to a phenotype of interest.® In
other words, it offers a “clue” toward the path to be
followed in pursuit of a better understanding of the
genetic background of MIH.

Striving to provide information concerning the
potential genetic transmission model of MIH, the
authors performed the first complex segregation
analysis in a Brazilian sample comprising nuclear
families of MIH-affected probands.
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Methodology

This report was written following STROBE
(Strengthening the Reporting of Observational
Studies in Epidemiology) guidelines.

Study design

This cross-sectional family-based study was
performed with MIH-affected children and their nuclear
family, comprising parents and/or siblings. Informed
consent/assent was obtained from all participants and
their parents. This study was approved by the research
ethics committee of FOAr-UNESP under protocol
number 45/10, in compliance with the guidelines of
the Declaration of Helsinki.

Settings, participants and study size

The study was conducted with children aged
between 6 and 12 years, undergoing dental treatment
at the Pediatric Dentistry Clinic of Sdo Paulo State
University in Araraquara (FOAr-UNESP), from March
2015 to December 2015, in the city of Araraquara, state
of Sao Paulo, Brazil. The study included children who
had at least one first permanent molar affected by MIH
(proband) and their first-degree relatives (parents and
siblings), who were also examined clinically for the
presence of MIH. The exclusion criteria were parents
with consanguinity, patients who had evidence of
enamel hypoplasia, enamel development defects
linked to a syndrome, amelogenesis imperfecta,
dental fluorosis, dental trauma in a primary tooth,
apical periodontitis in primary teeth, or use of a
fixed appliance.

Analysis of a segregation model of MIH was
based on this sample of MIH cases selected from a
representative sample of a previous study.” All the
children (142) diagnosed with MIH in the previous
study, as well as their parents and siblings, were
invited to participate in the present study. At the
end, the sample consisted of 101 family nuclei. The
individuals who did not have MIH, but who belonged
to the same family were designated as the controls.

Variables
The primary outcome of this study was the MIH
pattern of segregation. This segregation model
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seeks to explain the family aggregation of a given
phenotypic characteristic diagnosed from the analysis
of affected probands.

Data sources and measurements

The MIH phenotype (enamel opacity, enamel
breakdown, atypical restoration) was classified based
on clinical characteristics defined by the European
Academy of Paediatric Dentistry (EAPD) in 2003.%
Parents and siblings who had MIH were classified
as “affected,” and those who did not have MIH were
classified as “unaffected.” The individuals who were
not evaluated for reasons like absence, refusal, or
death, and/or who had restored or missing MIH index
teeth that could compromise the clinical diagnosis,
were classified as “unknown.” For example, if the
proband presented an enamel opacity and the relative
presented an atypical restoration, both were classified
as “affected.” The visual examination of probands
and their relatives was carried out in a dental office
by two calibrated examiners (F]. and C.M.B.E), using
artificial light, mouth mirror number 5 and gauze.
Clinical records and heredograms (Figure 1) were
stored in individual files.

The calibration process was carried out as follows:
first, a principal investigator (L.S.P) with experience
in enamel development defects presented the criteria
for MIH detection to EJ. and C.M.B.E, showed clinical
photographs of teeth representing different EAPD
index criteria, and discussed each of these situations
in a session that lasted one to two hours. Next, they
examined 20 subjects with or without MIH and
discussed each case. The intraexaminer agreement
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was assessed by a second clinical examination in 10%
of the sample after two weeks, with a kappa coefficient
of 0.95. The interexaminer agreement was 0.93.

Statistical and segregation analysis
Descriptive variables were analyzed by frequency
and proportion, and categoric variables, by central
tendency and dispersion statistical analyses. The
segregation analysis was performed using a multivariate
logistic regression model of the Statistical Analysis for
Genetic Epidemiology package (SAGE) (Case Western
Reserve University, Cleveland, USA). The genetic
component and the mode of inheritance of MIH in this
model was characterized by classifying individuals
according to their disease status of either affected or
unaffected. Therefore, the individual carrier types
were considered aa, ab and bb. The assumptions made
were that the major locus has two alleles (A, a), and that
the genotype frequencies follow the Hardy-Weinberg
equilibrium. A logistic regression model was adjusted
to describe the effects of these factors and cofactors,
and the risk of disease was modeled mathematically.
Seven parameters were estimated, including the
regression coefficients for genotypes, allele frequencies
and transmission probabilities, which were analyzed
for the Mendelian pattern of transmission from
parents to offspring. These parameters (t,,, 7., and
T,p) denote the probabilities of transmitting allele
a to genotypes aa, ab and bb, respectively. Under
Mendelian transmission, t,, = 1, 1., = 0.5, 1, = 0 and
no transmission, T,, = Ty, = Ty,
Segregation models (general transmission,
environmental, major gene, dominant, codominant,

Mother Father Mother
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Figure 1. Pedigrees of proband families. (A) Only one affected member (proband); (B) Two affected members (proband and
mother); (C) Three affected members (proband, mother and one sibling).
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and recessive models) were estimated by maximizing
the conditional likelihood (L) of nuclear family
phenotypes. This test was used to select the most
parsimonious model, by making a comparison of
strictly hierarchical models. The difference between
-2InL under a general model with m parameters
and the segregation model with n parameters is
y> asymptotically distributed, with m-n degrees of
freedom. The tested model was accepted when the
p-value > 0.05. In addition, the Akaike information
criterion (AIC)® (main factor in this analysis) was used
for each model, which is 2InL plus twice the number
of free parameters in the model. This comparison has
the advantage that one model does not have to be a
subset of the other. The model with the lowest AIC
was considered the most parsimonious fit for the data.

Results

The sample of this study comprised 101 nuclear
families (391 individuals). The mean number of
individuals affected per family was 1.28 (min =1,

max =4). There were 79 (78.2%) nuclear families with
only one MIH-affected individual, and 22 (21.8%) with
two or more MIH-affected individuals, including
siblings and parents. In all, there were 130 affected
individuals, 165 unaffected individuals, and
96 unknown individuals.

Among the affected individuals (n = 130) 50.4%
were female. Among the unaffected individuals
(n = 165), 42.7% were male and 57.3% were female.
In 50.7% of the affected individuals, the MIH was
considered severe. This means that the child had
at least one tooth with structural loss or atypical
restoration, or both clinical conditions (Figure 2).
A total of 10% of the parents showed MIH (only a
mild case). The three most common pedigrees of the
proband families are presented in Figure 1.

According to the results of the segregation analysis
(Table), the environmental (p = 0.05), the Mendelian
dominance (p = 0.05) and the Mendelian codominant
models (p = 0.15) may have fit the sample, although
the environmental and dominant models were at the
limit of the p value. However, according to the AIC

Figure 2. Clinical appearance of Molar-Incisor Hypomineralization. Demarcated opacities on buccal surface represent mild defects
in permanent incisors (A1) and first permanent molars (A2); structural loss associated with opacities in incisors (B1) and a molar
(B2); atypical restoration of permanent incisors (C1) and first permanent molars (C2). Figures B and C depict severe defects. The

photos are courtesy of Dr. Restrepo (Universidad CES).
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Table. Results of the segregation analysis performed for MIH. Values within square brackets were adjusted for calculation purposes.

Model Baa Bab Bbb q Tl

General 0.784 -0.093 -0.354 0.304 1.00
Environmental 0.054 =pBaa = Paa [0.000] [0.00]
Maijor gene 0.787 -0.083 -0.219 0.263 [1.00]
Dominant 0.218 =Baa -0.172 0.160 [1.00]
Codominant 0.510 0.141  -0.227 0.239  [1.00]
Recessive -0.167 =Bbb 0.220 0.745 [1.00]

12 w3 -2InL LRT df p-value AlC
1.00 0.00  295.191 305.191
[0.00] [0.00] 307.351 12.16 6 0.0585 311.351
[0.50] [0.00] 303.309 8.11 3 0.0436 313.309
[0.50] [0.00] 304.481  9.29 4 0.0542  312.481
[0.50] [0.00] 300.365 5.17 3 0.1595 308.365
[0.50] [0.00] 305.545 10.35 4 0.0349  313.545

Baa, Bab, Bbb: susceptibility alleles; aa, ab and bb may lead to the disease; q: frequency of allele a; t1, 12, ©3: transmission probability of the genotypes
aa (t1), ab (t2) and bb (t3); -2InL: -2 times the log likelihood L; LRT: likelihood ratio test; df = degrees of freedom; AIC: Akaike information criterion.

(AIC = 308.36), the codominant transmission model
was the most parsimonious of all the models tested.
Another interesting observation was the hypothesis
of the major gene model acting on the phenotype;
this was rejected by the analysis. Moreover, the
segregation analysis indicated that more than one
gene may be involved in the MIH phenotype.

Discussion

Systemic and environmental risk factors have
previously been associated with the development of the
MIH condition.” Interestingly, in spite of the evidence
of MIH family aggregation and the involvement of
genetic factors predisposing to MIH,71819% there
is no knowledge regarding the genetic heritage of
MIH. Herein, we developed the first investigation
to identify inheritance models of MIH.

Evidence of genetic association predisposing to
MIH was demonstrated in both Brazilian and Turkish
patients, in which polymorphisms in genes related
to enamel development, such as AMBN, ENAM and
TFIP11 genes, were found to be statistically different
from the controls.”” Polymorphisms in genes indirectly
related to enamel mineralization have also been
associated with MIH, such as immune-response related
genes® and vitamin D receptor genes,” reinforcing
the concept of a multifactorial etiology with the
genetic component involved in this condition. In a
genome-wide association study,” a SNP located near
the SCUBE1 gene (normally involved in vascular
biology) was associated with MIH patients of European
origin. This gene is potentially and indirectly related
to tooth development and mineralization, since it is
suggested that SCUBE proteins may interact with

BMP signaling molecules expressed in epithelial
and mesenchymal regions of the developing tooth.
In spite of the originality of the study,® and the
potential indirect relationship of the SCUBE1 gene
with tooth enamel development, the study was
underpowered and did not include a control group,
or other family-members, particularly siblings.

A new insight into the development of
hypomineralized enamel defects has been found in
the context of a generation penetrance pattern. The
pathogenesis mechanism of MIH is not yet fully
understood, specifically whether MIH is influenced
by a genetic factor. Nevertheless, it is important to
evaluate the transmission pattern of this trait. The
segregation analysis study represents an important
step toward learning about the heritage of a condition.
We used a complex segregation analysis herein to
investigate the MIH inheritance pattern, and the
magnitude of environmental and polygenic effects
that could influence the final phenotype. All these
inferred parameters can be used subsequently in
linkage analyses, fine mapping, and other gene
identification strategies related to the phenotype.?
Although the AIC values obtained in the present
study indicated that the codominant model is the
most probable pattern of inheritance of MIH, our
data could not determine the inheritance pattern
exactly. In other words, the results of this complex
segregation analysis suggested that more than one
gene could be involved in the MIH phenotype, thus
suggesting a complex genetic disease pattern. This
finding corroborates that of three previous results
that enrolled the same individuals,”®' showing the
association of MIH with genetic variations in genes
potentially associated with tooth enamel formation.

Braz. Oral Res. 2021;35:e035 5
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MIH could also be attributed to environmental
factors."? In other words, multifactorial MIH etiology
can be explained, at least partly, by genetic variants
in some genes responsible for enamel formation,
but the environment may also have some influence.
Additionally, the influence of epigenetic components
in defining human phenotypic variation should
be borne in mind. Formerly, epigenetics used to
describe the way in which gene-environment and
gene-gene interactions shaped a phenotype during
development. However, today, epigenetics describes
alterations in genomic function, mainly mitotically
heritable changes in gene expression that occur
through reversible chemical modifications of the
structure of chromatin, without altering the DNA
sequence.’*?! For example, certain cases of twin
discordance might tially be stochastic in origin;
however, because the causal mechanisms are not
thoroughly understood, it is difficult to separate
these mechanisms from environmental effects and
gene-environment interactions.® This notion could
also be related to MIH; therefore, further studies are
needed to investigate environmental influences and
gene-environment interactions in MIH.

The high worldwide prevalence of MIH makes
it a potential public health problem that has an
impact on society. In addition to the clinical
conditions associated with MIH, such as dental
caries and hypersensitivity, and the greater need for
treatment, studies have shown that this condition
has a negative impact on quality of life and the
aesthetic perception of children.?*** Thus, MIH
is relevant not only to the patient, but also to his
family, the dentist, healthcare planners, policy
makers and researchers.*

The authors believe that further knowledge about
MIH is fundamental at both basic and clinical levels.
Therefore, it is important for researchers to continue
searching for answers to this enamel defect of such
great challenge to clinical dental practice.*
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