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Abstract

Objective—Amelogenesis imperfecta (Al) is defined as inherited enamel malformations.
LAMAS3 (laminin alpha-3) encodes a critical protein component of the basement membrane
(laminin-332). Individuals carrying heterozygous LAMA3 mutations have previously been shown
to have localized enamel defects. This study aimed to define clinical phenotypes and to discern the
genetic etiology for four Al kindreds.

Materials and Methods—Whole exome analyses were conducted to search for sequence
variants associated with the disorder, and micro-computed tomography (UCT) to characterize the
enamel defects.

Results—The predominant enamel phenotype was generalized thin enamel with defective

pits and grooves. Horizonal bands of hypoplastic enamel with chalky-white discoloration

and enamel hypomineralization were also observed and demonstrated by PCT analyses

of affected teeth. Four disease-causing LAMASZ mutations (NM_198129.4:¢.3712dup;
¢.5891dup; c.7367del; c.9400G>C) were identified. Compound heterozygous MMPZ20 mutations
(NM_004771.4:¢.539A>G; ¢.692C>T) were also found in one proband with more severe enamel
defects, suggesting a mutational synergism on disease phenotypes. Further analyses of the Al-
causing mutations suggested that both a3A (short) and a3B (long) isoforms of LAMAS3 are
essential for enamel formation.

"Corresponding author: Shih-Kai Wang DDS, PhD, Department of Dentistry, National Taiwan University School of Dentistry, No.1,
Changde St., Jhongjheng District, Taipei City 100, Taiwan., shihkaiw@ntu.edu.edu.

Author Contributions

S.-K. Wang, contributed to conception, design, data acquisition, analysis, and interpretation, drafted and critically revised the
manuscript; H. Zhang and Y-L. Wang contributed to conception, design, data acquisition, and analysis, and helped draft the original
manuscript. F. Seymen, M. Koruyuku, J.P. Simmer, and J.C.-C. Hu contributed to conception, design, data acquisition, and analysis,
and critically revised the manuscript. All authors gave their final approval and agreed to be accountable for all aspects of the work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 2

Conclusions—Heterozygous LAMASZ mutations can cause generalized enamel defects (Al1A)
with variable expressivity. Laminin-332 is critical not only for appositional growth but also enamel
maturation.
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tomography

Introduction

Amelogenesis imperfecta (Al) is a generic diagnosis for genetic disorders characterized

by enamel malformations (Hu, Chun, Al Hazzazzi, & Simmer, 2007; Smith et al., 2017).
This diagnostic term can be used to describe a solitary dental condition (isolated Al) or
syndromes with systemic involvement (syndromic Al). Based upon clinical phenotype (and
further subdivided by pattern of inheritance), Witkop classified Al into four main types

with 14 subcategories (Witkop, 1988). Type | Al (hypoplastic Al) exhibits reduced enamel
thickness with normal radiodensity. Type 11 (hypomaturation Al) describes a hardness defect
(soft enamel) with normal thickness. Type Il Al (hypocalcified Al) delineates a severe
malformation in which the enamel is extremely soft and subject to rapid post-eruption
failure. Type IV Al refers to conditions with somewhat softer and thinner enamel and
taurodontism, a dysmorphology of dental roots. Human genetic studies have identified many
genes associated with isolated and syndromic Al and demonstrated their essential functions
for proper enamel formation (Smith et al., 2017).

Junctional epidermolysis bullosa (JEB) is a group of autosomal recessive conditions featured
by blister formation and extensive erosion of the skin and mucus membrane. Biallelic
mutations in five genes, LAMAZ3 (laminin alpha-3, OMIM*600805), LAMB3 (laminin
beta-3, OMIM*150310), LAMC?Z (laminin gamma-2, OMIM*150292), COL17A1 (collagen
type XVII, OMIM*113811), and /7GB4 (integrin beta-4, OMIM*147557), have been shown
to cause different types of JEB (Has et al., 2020). While COL17A1and /TGB4 encode the
transmembrane proteins of hemidesmosomes, LAMAS3, LAMBS3, and LAMCZ assemble to
form laminin-332 (laminin-5) and interact with the membrane proteins to form a basement
membrane complex. It has been well documented that all JEB patients exhibit skin fragility
and a severe hypoplastic form of Al (syndromic Al) (Wright, Johnson, & Fine, 1993).

The affected enamel is thin and full of defective pits and furrows. Also, JEB carriers

with heterozygous mutations can have localized enamel defects without skin abnormalities
(McGrath et al., 1996). These findings demonstrate that these genes are critical for epithelial
cell attachment as well as proper development of dental enamel. Recently, heterozygous
LAMB3 mutations were shown to cause autosomal dominant hypoplastic Al (Al type

IA, OMIM#104530) (Kim et al, 2013; Poulter et al., 2014). The enamel phenotype is
primarily hypoplastic pits and grooves. On the other hand, while JEB heterozygous carriers
of LAMAS3 mutations were reported to have localized enamel defects, descriptions of the
enamel phenotypes are limited (Gostyniska et al., 2016; Yuen, Pasmooij, Stellingsma, &
Jonkman, 2012) and have yet to determine if heterozygous LAMAS3 mutations can cause
more severe enamel malformations.
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Here, we characterized four families with autosomal dominant hypoplastic Al and, in each
of them, identified a novel LAMAZ3 pathogenic mutation. None of the subjects showed JEB
related symptoms other than enamel malformations. We further investigate the structural
defects of enamel in LAMASZ mutant teeth from one of the families. This study significantly
expands the genotypic and phenotypic spectrums of LAMASZ-associated Al.

Materials and Methods

Subject Recruitment and Mutational Analyses

The human research protocol and consent forms were reviewed and approved by the
Institutional Review Boards at the National Taiwan University Hospital and the University
of Michigan. All recruited subjects signed written consents after study contents were
comprehensively explained, and their questions answered. Detailed history taking and dental
examination were performed for phenotyping and constructing family pedigrees. A sample
of 2 mL saliva was collected from each participant to obtain genomic DNA for mutational
analyses (Chu et al., 2021). All these procedures were specified in our human research
protocols and in compliance with the Declaration of Helsinki.

To identify mutations that cause enamel defects, whole exome sequence analyses were
performed for all the probands and sometimes their parents and siblings, as described
previously (Kim et al., 2019; Y. P. Wang, Lin, Zhong, Simmer, & Wang, 2019). Exome
capture was conducted using the SureSelect Human All Exon kits (Agilent Technologies,
Inc.), and paired-end sequencing performed using Illumina HiSeq X Ten (for Families

1 and 2)or HiSeq 2500 (for Families 3 and 4) platform (Illumina, Inc.). Potential disease-
causing mutations were identified by searching for sequence variants in an in-house list

of genes previously associated with enamel formation and/or inherited enamel defects.

The sequence variants were evaluated, classified, and interpreted according to the ACMG
(American College of Medical Genetics and Genomics) Standards and Guidelines (Richards
et al., 2015). Sanger sequencing was used to validate the identified genetic variants and
their distribution among recruited family members. Variant frequency, segregation analyses,
and polyphen-2 and SIFT analyses helped assess causality. Currently, the NCBI human
gene database lists five LAMA3 cDNA reference sequences (TV1, NM_198129.4; TV2,
NM_000227.6; TV3, NM_001127717.4; TV4, NM_001127718.4; TV5, NM_001302996.2)
plus eleven TV-X sequences. NG_007853.2 and NM_198129.4 (TV1) and/or NM_000227.6
(TV2) were used to respectively number the gDNA and cDNA positions of identified
LAMAS3 sequence variants. For MMP20 mutations, the NCBI gene (NG_012151.1) and
cDNA (NM_004771.4) reference sequences were employed.

Micro-computed Tomography

To better characterize the enamel defects caused by LAMA3 mutations, we performed
micro-computed tomography (LCT) on three exfoliated primary maxillary left lateral
incisors (tooth G) obtained from the Family 1 proband, his twin brother, and an age-matched
healthy boy. All samples were scanned over the entire tooth using a SkyScan 1276 In-Vivo
Micro-CT System at the Taiwan Mouse Clinic, Academia Sinica. The scanning parameters
were set as follows: 18 pm for pixel size, 70 kV and 200 pA for x-ray source, Aluminum

Oral Dis. Author manuscript; available in PMC 2024 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Results

Page 4

0.5mm + Copper 0.03mm filter, and camera exposure of 332 msec. The data and images
were analyzed using software from the SkyScan 3D Software Suite. CTvox was utilized for
3D reconstruction and volume rendering. To calculate tissue volumes, a threshold range of
160-255 was set for enamel, 90-160 for dentin, and 0-50 for dental pulp. HU (Hounsfield
Units) density determination and color coding were performed using CTAn (CT-Analyzer)
software.

Family 1 (NG_007853.2:9.214745dup)

In Family 1 (Figure 1) the proband (11:1) was a 7-year-old boy of Chinese descent who

had an identical twin (11:2) (Figure 1a). Clinically, he showed a mixed dentition with

normal general tooth morphology (Figure 1b; Figure S1a). However, the enamel of both
primary and permanent teeth appeared to be thin with abundant irregular grooves and pitting
defects. Several primary teeth had been restored with full-coverage crowns due to these
malformations and associated carious lesions. The panoramic radiograph revealed that all
unerupted teeth exhibited severe enamel hypoplasia with ragged appearance (Figure 1e). He
was otherwise healthy with no history of significant perinatal or infantile illness. Unlike the
proband, his twin brother had normal-looking dental enamel clinically and radiographically,
although localized pitting defects were observed on his primary teeth (Figure 1c and f;
Figure S1b). While the father was reported to have a normal dentition, the mother’s teeth
showed prominent horizontal bands of hypoplastic enamel with uneven chalky whiteness
(Figure 1d; Figure Sic). Sporadic enamel pits were observed on the canines and premolars.
Dental attrition was evident, especially on the posterior teeth. Radiographically, the enamel
was of normal thickness and radiopacity (Figure 1g). According to the mother, her sister
had similar but more severe enamel defects than hers and had undergone extensive dental
restorations. The family history and clinical characterization suggested a dominant pattern of
disease inheritance with significant phenotypic variability.

Whole exome analyses of the proband, his twin brother, and the mother identified

no potential disease-causing mutations in known Al candidate genes except for

a heterozygous single nucleotide duplication in LAMA3 (NM_198129.4:¢.5891dup;
NM_000227.6:¢c.1064dup) (ACMG classification: pathogenic, PVS1+PS3+PM2) (Figure
1a). This mutation would introduce a premature termination codon in Exon 47
(NP_937762.2:p.Asp1965*; NP_000218.3:p.Asp356*) and presumably cause the mutant
transcript to undergo nonsense mediated decay (NMD) (da Costa, Menezes, & Roméo,
2017). It is not documented in the Genome Aggregation Database (gnomAD) (Karczewski et
al., 2020), GenomeAsia 100K (Consortium, 2019), or the Taiwan BioBank database (Chen
etal., 2016).

Family 2 (NG_007853.2:9.160520dup)

Family 2 (Figure 2) was a Taiwanese family in which the proband (I1:1, age 7) was
reportedly the only individual with enamel malformations (Figure 2a). At an early mixed
dentition stage, some of his primary teeth showed irregular hypoplastic grooves of enamel,
particularly on the facial and occlusal surfaces (Figure 2b; Figure S2a). All erupted
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permanent incisors exhibited an abnormal concave labial surface with marked vertical
groove defects. Radiographically, while the enamel of most teeth was not particularly

thin, the unerupted right maxillary bicuspids showed a “mulberry” appearance of enamel
hypoplasia (Figure 2c). In contrast, no apparent enamel malformations were observed in the
other 3 family members, although the parents’ teeth showed evident dental attrition (Figure
S2b-f). Noticeably, sporadic enamel pits were found on the mother’s teeth, particularly on
facial surfaces and cusps. Moreover, a concave defect of enamel hypoplasia was found on
her right maxillary central incisor, similar to that of the proband (Figure 2d and e; Figure
S2b).

Analysis of proband’s exome identified a heterozygous T-duplication in Exon 30 of LAMA3
(NM_198129.4:¢.3712dup) causing a frameshift and a premature termination codon
(NP_937762.2:p.Tyr1238Leufs*3) (ACMG classification: pathogenic, PVS1+PS3+PM2)
(Figure 2a). No other pathogenic mutations in known Al-associated genes were detected.
Further segregation analysis indicated that this duplication was maternally inherited, as the
mother, but not the father or sister, was also heterozygous for the frameshift mutation.

Family 3 (NG_007853.2:9.229850del)

Family 3 was a consanguineous Turkish family of 5 generations (Figure 3a). The proband
(V:4) was a 12-year-old boy who was reportedly the only member having enamel defects

in the whole family. Clinically, his permanent teeth looked chalky white without normal
enamel translucency (Figure 3b). The tooth surface appeared rough and of many hypoplastic
pits. Noticeably, horizontal grooves of defective enamel were also evident on the facial
surface of most teeth. Radiographically, the enamel appeared thinner than normal, especially
of the anterior teeth (Figure 3e). While being reported to be unaffected, his mother’s

(1V:5) teeth showed prominent horizonal bands of hypoplastic enamel and chalky whiteness
similar to those observed in the mother of Family 1 (Figure 3c). Pitting defects and surface
concavity were also evident on her anterior teeth. The panorex revealed a slightly reduced
thickness of dental enamel and decreased contrast between enamel and dentin (Figure 3f).
For the other two individuals who were available for dental examination, the father (1V:4)
had relatively normal-looking enamel except for prominent attrition and extrinsic staining
(Figure S3), and the proband’s older brother (V:3) showed no overt enamel defects but
displayed some uneven whiteness on the facial surface of canines and posterior teeth (Figure
3d and g). These characterizations suggested a dominant, rather than recessive, manner of
disease inheritance in this consanguineous family, although the phenotypes showed variable
expressivity.

Exome analysis of the proband’s DNA identified a single nucleotide deletion in Exon

57 of LAMA3(NM_198129.4:¢.7367del; NM_000227.6:¢.2540del) (ACMG classification:
pathogenic, PVS1+PS3+PM2) but no pathogenic sequence variants in other Al candidate
genes (Figure 3a). This mutation, which was not documented in any of the genomic
databases we scrutinized, causes a frameshift and premature translation termination
(NP_937762.2: p.Gly2456Alafs*22; NP_000218.3:p.Gly847Alafs*22), although the mutant
transcript will presumably undergo nonsense mediated decay. Segregation analysis of the six
recruited family members indicated that the proband (V:4), his mother (1V:5), oldest sister
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(V:1), and brother (V:4) were all heterozygous to this mutation, while the father (1V:4) and
the second child (V:2) were not.

Family 4 (NG_007853.2:9.265216G>C)

The proband (111:1) of Family 4 (Figure 4) was a 10-year-old Turkish boy, who inherited
enamel malformations from his father (11:3) (Figure 4a). Clinically, both of their dentitions
showed hypoplastic enamel with numerous pitting defects that were distributed in a pattern
of horizontal bands (Figure 4b—d). In addition, various degrees of hypomineralization were
also noticed. While the father’s teeth appeared generally chalky white, the proband’s
exhibited prominent hypomaturation defects. Radiographically, the enamel of proband’s
teeth was thin and had little contrast with underlying dentin (Figure 4i). The father’s teeth
were of relatively normal enamel thickness but reduced radiopacity and have undergone
extensive attrition and restorative treatments (Figure 4g). In contrast, the teeth of proband’s
mother (11:2) and younger brother (111:2) appeared generally normal, although the brother’s
panorex revealed slightly thin enamel of both his primary and permanent teeth (Figure 4e, f,
h, and j).

Exome analysis for the proband identified three heterozygous sequence variants in Al
candidate genes: two in MMP20 (NM_004771.4:¢.539A>G, NP_004762.2:p.Tyr180Cys;
€.692C>T, p.Ala231Val) and one in LAMAS, that is variable designated as
NM_198129.4:¢.9400G>C or NM_000227.6:¢.4573G>C (Figure 4a). The LAMAS3
sequence variant is a rare missense mutation (NP_937762.2:p.Asp3134His; NP_000218.3:
p.Asp1525His) with an overall MAF of 0.0006 in gnomAD database (ACMG classification:
uncertain significance, PM2+PP3+PP4). It was predicted to be probably damaging with a
PolyPhen-2 score of 0.988 (Adzhubei et al., 2010). Both MMP20 missense mutations are
not documented in searched databases and predicted probably damaging given PolyPhen-2
scores of 1.000 and 0.999 respectively (ACMG classification of both variants: pathogenic,
PS3+PM2+PM3+PP1+PP2+PP3). Further Sanger sequencing and analysis showed that
the father carried the LAMA3and the ¢.539A>G MMP20 mutations, while the mother
only had the ¢.692C>T MMP20 mutation. The younger brother was heterozygous for the
LAMAS3 variant but inherited no MMPZ0 mutations. These 2 MMP20 mutations have
never been reported in Al kindreds, bringing the number of known pathogenic MMP20
variants to 24 (Nikolopoulos et al., 2021; S. K. Wang et al., 2020). Phenotypically, it

has been demonstrated that biallelic MMP20 mutations can cause a wide spectrum of
enamel malformations, ranging from hypoplastic to hypomaturation defects (S. K. Wang
et al., 2013). However, hypoplastic pits and grooves are not a common finding in MMP20-
associated Al. Therefore, we conclude that the prominent enamel malformations consisting
of hypoplastic/hypomaturation enamel with pits and grooves in the proband are likely
caused by a synergistic effect from mutations in LAMA3and MMPZ0.

Phenotypic Characterization of LAMA3 Mutant Teeth

Three primary maxillary lateral incisors (tooth letter G), one each from the Family 1
proband, his twin brother, and an unrelated healthy individual, were analyzed using micro-
computed tomography (UCT). Three-dimensional reconstructions demonstrated that the
proband’s tooth (LAMAIMUL-1) had numerous deep pits and grooves on all surfaces (Figure
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5a). Most of the hypoplastic grooves ran in a vertical direction parallel to the long axis

of the tooth. While the twin brother’s tooth (LAMA3MU-2) appeared grossly comparable

to the control (LAM43VT), its enamel exhibited some surface roughness and localized
depressions. Noticeably, unlike a normal incisor, the labial surface of the tooth showed an
evident concavity at the middle third. The uCT sections indicated that the pits and grooves
of the LAMA3MUL] tooth were confined within the enamel layer, as the dentin appeared
unaffected (Figure 5b). Some defects extended to the DEJ with little or no enamel coverage.

Tissue volume analyses demonstrated that the volume percentage of LAMA3MUL] enamel
was much smaller (26.42%) than that of LAMA3MUL2 (35.40%) and control (35.47%)
enamel (Figure 5c). The level of enamel mineralization appeared to be reduced in the
LAMA3 mutant teeth compared to the wild-type (Figure 5b). Although the radiodensities
of LAMAZMULT (95%) and LAMASMUL2 (99%) enamel were only slightly lower than the
LAMA3NT respectively (Figure 5d), reduced mineralization of its enamel layer close to
the DEJ was evident on UCT sections (Figure 5b). However, a slight (3-4%) increase in
dentin radiodensity was unexpectedly observed in both LAMAS3 mutant teeth compared to
the wild-type. These results suggested that the affected enamel of LAMAZ-associated Al is
not only hypoplastic but also slightly hypomineralized.

Discussion

To date, there have been two reports demonstrating that carriers of a damaging LAMAS3
mutation exhibit isolated enamel defects (Gostyniska et al., 2016; Yuen et al., 2012). The
phenotype is primarily localized rough enamel with hypoplastic pits. However, in this
study, we presented 4 families with inherited enamel malformations and demonstrated

that heterozygous LAMAS3 mutations can cause not only localized enamel defects but

a generalized involvement as isolated Al. Consistent with the enamel malformations
reported previously, the defects are primarily hypoplastic (thin) enamel with pits and
grooves (furrows). However, some undocumented enamel phenotypes were identified in

our families. For example, the mothers of Families 1 and 3 presented with horizontal

bands of hypoplastic enamel with chalky-white discolorations. This presentation is similar
to the enamel phenotype found in individuals with specific EMAM mutations (Kim et

al., 2005; Koruyucu et al., 2018; Mardh et al., 2002). Also, carriers of a COL17A1 null
allele were previously reported to have similar hypoplastic bands of enamel in addition

to pitted defects (Murrell et al., 2007). This phenotypic resemblance suggests a molecular
interaction among these genes during enamel formation. Furthermore, a hypomaturation or
hypomineralization defect was also observed in some of our patients, as the affected enamel
showed reduced radiopacity and contrasted less with underlying dentin on radiographs. Our
UCT analyses showing decreased enamel radiodensity in LAMAS3 mutant teeth from Family
1 further support this observation. Accordingly, it was previously shown that enamel of JEB
patients contains only 60-70% mineral per volume compared to 80-90% in control enamel,
indicating a hypomaturation enamel phenotype when laminin-332 is defective (Kirkham et
al., 2000). Overall, our characterizations demonstrate a wide phenotypic spectrum of enamel
malformations caused by LAMA3 mutations, including generalized thin enamel, hypoplastic
pits and grooves, horizontal bands with chalky whiteness, and enamel hypomaturation.
Noticeably, the enamel phenotype can vary significantly among not only individuals
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with different mutations but members within a family carrying the same mutation. This
phenotypic variability might be explained by mutations in other genes (genetic modifiers).
Prasad et al. previously reported an individual with heterozygous COL17A1and LAMAS3
mutations showing non-syndromic hypoplastic Al with pitting defects and suggested a
disease mechanism of digenic inheritance (Prasad et al., 2016). Previously, with an Al
family carrying both ENAM and LAMAS3 mutations, we also suspected a synergistic effect
from these two mutations that caused severe enamel hypoplasia (Zhang et al., 2019). In

this study, the father of Family 4 proband carried heterozygous LAMA3and MMP20
mutations and showed pitted enamel with a hypomaturation defect, further demonstrating
this phenotypic modification from other mutations. Therefore, it is possible that the
phenotypic variability we observed in our families might result from unidentified sequence
variants in genes involved in enamel formation. Nevertheless, in Family 1, the severity
(expressivity) of enamel defects is extremely different between the proband and his identical
twin, suggesting that epigenetic or environmental factors might also significantly contribute
to the phenotypic variability in LAMA3-associated Al.

It has been well documented that heterozygous LAMB3 mutations cause pitted autosomal
dominant hypoplastic Al (Al1A; OMIM#104530) (Kim et al., 2013; Poulter et al., 2014).
The malformed enamel likely results from a dominant negative effect of the mutant
protein, since all of the reported mutations are located in the last two exons and lead

to generation of a truncated LAMB3 (Smith et al., 2019). Accordingly, enamel defects
have never been reported in heterozygous carriers of loss-of-function LAMB3 or LAMCZ2
mutations from JEB families, further suggesting that a single functional allele of these

2 genes is sufficient for proper enamel formation. However, on the contrary, it has been
suspected that the localized enamel defects found in carriers of a heterozygous LAMAS3
mutation are caused by haploinsufficiency (Gostynska et al., 2016; Yuen et al., 2012).

All three previously-reported LAMA3 mutations are apparent loss-of-function variants:
¢.5315del, p.(Gly1772Aspfs*30); ¢.7204C>T, p.(Arg2402*) and ¢.9511+1G>A, p.(?) (Table
S1). In this study, we reported 4 novel Al-causing LAMA3 mutations, including one
missense (¢.9400G>C) and three indel (c.3712dup; ¢.5891dup; c.7367del) variants. The

3 indels cause a premature termination codon, and the mutant transcripts presumably
undergo nonsense mediated decay. The missense mutation, p.(Asp3134His), substitutes a
positively-charged residue, histidine, for a highly conserved, negatively charged, aspartate
and would likely cause a loss of function. Also, these pathogenic variants disperse

over the gene without mutational homogeneity, which further supports the pathogenesis
of haploinsufficiency. These findings suggest that the dose of LAMAS3, compared to
LAMB3 and LAMC?2, has to be tightly regulated during amelogenesis. It has been
demonstrated that the LAMAS3 monomer pool inside the cell is the smallest among all 3
monomers and used as a regulatory mechanism of heterotrimeric laminin assembly, which
corresponds to our notion (Matsui, Wang, Nelson, Bauer, & Hoeffler, 1995). Currently,
five LAMAZ3 protein isoforms are described in the NCBI database. They are generated

by different LAMA3 cDNA transcript variants (TVs) from alternative splicing. While
isoforms 1 (NP_937762.2) and 3 (NP_001121189.2) belong to the longer a.3B isoforms,
2 (NP_000218.3) and 4 (NP_001121190.2) are categorized as the shorter a3A isoforms,
which lack the N-terminal half of a3Bs (Ryan, Tizard, VanDevanter, & Carter, 1994).
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The isoform 5 (NP_001289925.1), also known as LaNt alpha31, is a recently-discovered
LAMAZ isoform that has not yet been well characterized (Hamill, Langbein, Jones, &
McLean, 2009). The functional significance of these isoforms during amelogenesis is largely
unknown. The NM_198129.4:¢.3712dup mutation, identified in our Family 2, is located

at Exon 30 of LAMAS3, which is not used in TV2 and TV4 for short a3A isoforms,
suggesting an indispensable role for long a3B isoforms in enamel formation. Moreover,
The NM_198129.4:¢.5891dup (NM_000227.6:¢c.1064dup) mutation, identified from Family
1, resides at Exon 47, which is not included in TV3 and TV4 to generate isoforms 3 and

4, further indicating that these 2 isoforms are not sufficient to serve the full function of
LAMAS during amelogenesis. In other words, isoforms 1 and 2 might play more significant
roles in enamel formation. Accordingly, differential expression of various LAMAS3 isoforms
during enamel formation and their alterations caused by the mutation might underlie the
phenotypic variability of LAMA3-associated Al.

The hypoplastic enamel defects found in JEB patients and individuals carrying LAMA3

or LAMB3 mutations demonstrate that laminin-332 is critical for the appositional growth

of enamel formation. Accordingly, laminin-332 subunits have been shown to be highly
expressed by secretory ameloblasts, although the basement membrane, more specifically
the lamina densa, is degraded at this stage (Sahlberg, Hormia, Airenne, & Thesleff; 1998;
Yoshiba et al., 1998). Recently, a molecular model for secretory stage of amelogenesis

was proposed (Simmer et al., 2021). A cell attachment apparatus was described for
ameloblasts to form and elongate enamel ribbons, where laminin-332 was considered to
interact with 2 important enamel matrix proteins, enamelin (ENAM) and ameloblastin
(AMBN). Our findings that the enamel phenotypes caused by LAMAS3 mutations are similar
to those of ENAM-associated Al, including pitting defects and horizontal hypoplastic
bands, provide human genetic evidence to support this hypothetical model. Furthermore, the
hypomaturation defect we found in our patients also suggests a critical role for laminin-332
during the maturation stage, when a specialized basement membrane is reformed. A Lamc2
knockout mouse model rescued by human LAMCZtransgene under the cytokeratin 14
promoter was previously shown to exhibit hypomaturation enamel defects, which supports
our findings and confirm that laminin-332 is essential for enamel maturation (Wazen et al.,
2016).

In summary, this study demonstrates that both short and long isoforms of LAMAS3 are
essential for proper enamel formation and argues that, like LAMBS3, heterozygous LAMAS3
mutations can cause pitted autosomal dominant hypoplastic Al (AlI1A).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) LAMAS3 wild-type (1:1) LAMA3 ¢.5891dup (1:2, 1111, 11:2)
CAACGTGCCTTCAGGTGACTTTTCCAGAGA CAACGTGCCTTCAGGTGACTTTTCCAGAGA

CAACGTGCCTTCAGGTGACTTTTCCAGAGA CAACGTGCCTTCAGGGTGACTTTTCCAGAG
i 2 ¥ ¥V P 3 G D F 535 R E N V P 35 G *

ODI_14425_Fig.1 AITW25.tif

Figure 1.
Family 1 with LAMA39.214745dup mutation. (a) The family pedigree suggests a dominant

pattern of disease inheritance. The proband has an identical twin brother. The DNA
sequencing chromatogram shows a G-duplication (NM_198129.4:¢.5891dup) that causes a
premature termination codon (NP_937762.2: p.Asp1965*) in one LAMASZallele. (b, €) The
proband (11:1) at age 7 presented with generalized enamel hypoplasia with irregular pits and
grooves. The panorex showed moth-eaten appearance of tooth enamel. (c, f) His twin brother
(11:2) had less severe phenotype with some localized enamel pits. (d, g) The mother’s

(1:2) teeth showed horizontal bands of hypoplastic enamel with chalky-white discolorations.
Localized pitted enamel defects and dental attrition were also evident.
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LAMA3 wild-type (I:1, 11:2) LAMA3 c.3712dup (1:2, 11:1)

ARAARACAGCTTTTACCTTGAGTGAGTATC AAAAAACAGCTTTTACCTTGAGTGAGTATC
ARAARACAGCTTTTACCTTGAGTGAGTATC AAAAMCAGCTTTTEACCTTGAGTGAGTAT
K N 5 F ¥ L D[ Intron--- K N s F L P * [ Intron---

\ o s T A 1 il AR i ".. . A fif
I:1 2 SOV V YL { YUYy Y YV Y LYY (T MY AR --'Irlll TATATA"A Jf'-.llb",:"}, L ||'\

ODI_14425_Fig.2 AITW4.tif

Figure2.
Family 2 with LAMA39.160520dup mutation. (a) The pedigree indicates a nuclear

family in which the proband and his mother had enamel malformations. The

DNA sequencing chromatogram shows the heterozygous LAMAS3 duplication defect:
NM_198129.4:¢.3712dup, NP_937762.2:p.Tyr1238Leufs*3 identified in both affected
individuals. (b, ¢) The proband (11:1, age 7) had a mixed dentition showing enamel defects,
primarily vertical hypoplastic grooves of facial surface of teeth. The panorex revealed

ragged enamel of unerupted tooth numbers 4 and 5. (d, ) The mother (1:2) showed generally
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normal-looking enamel except for some pitted defects, particularly on canines and bicuspids.
Moderate dental attrition was noticed.
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(a) ild-type GGCAGTIGTGGATGGCCAGCTCACCTIGTG | M
= 5 wile-type  GGCAGTTGTGGATGECCAGCTCACCTGTG ()

(M4v2) A v v D 6 0 L T C

CVXVVAVIVY LAY YVAYV VALY VAVAL
GGCAGTTGTGGATGGCCAGCTCACCTGTG
GGCAGTTGTGGATGCCAGCTCACCTGTGT
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Figure 3.
Family 3 with LAMAZ3g.229850del mutation. (a) The pedigree shows a large

consanguineous family in which the proband was born of first-cousin marriage. The

DNA sequencing chromatogram shows a G-deletion (NM_198129.4:¢.7367del) that causes
frameshift and a premature termination codon (NP_937762.2: p.Gly2456Alafs*22) in one
LAMAZS3allele. (b, €) The proband’s (V:4, age 12) teeth exhibited chalky-white appearance
with hypoplastic pits and horizontal bands. His panorex showed relatively thin enamel on
anterior teeth. (c, f) The mother’s (1V:5) teeth showed horizonal bands of hypoplastic enamel
with chalky-white discolorations, similar to the phenotype of the mother from Family 1.
Pitted defects were also evident. The panoramic radiograph revealed a reduced contrast
between enamel and dentin. (d, g) Proband’s older brother (V:3) had no apparent enamel
defects except for some opaque spots and strips over cervical region of his posterior teeth.
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LAMAS3 c.4573G>C MMP20 c.539A>G MMP20 c.692C>T
- (11:3, 11:1, 111:2) (11:3, 11:1) (11:2, 1:1)

L4 TCAGCTGGATTCAAA GATTCCTATCCATTC GGCCATGCCCTGGGC
TCAGCTGCATTCAAA GATTCCTGTCCATTC GGCCATGTCCTGGGC

s ||
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Figure 4.
Family 4 with LAMA39.265216G>C and MMPZ20 mutations. (a) The pedigree

indicates that the proband (I11:1) and his father (11:3) are the only 2 individuals with
enamel malformations. The DNA sequencing chromatograms from the proband show
one LAMA3and two MMP20 heterozygous mutations. While the LAMAS3 variant
(NM_198129.4:¢.9400G>C) and one MMPZ0 mutation (c.539A>G, p.Tyrl80Cys) were
inherited from his father, the other MAP20 mutation (c.692C>T, p.Ala231Val) was
maternally derived. (b, i) The proband’s (age 10) teeth showed both enamel hypoplasia
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and hypomaturation with defective pits, which might result from a synergistic effect of
LAMA3and MMP20 mutations. The panorex revealed that his enamel was thin and

had reduced contrast with underlying dentin. (c, d, g) The father’s teeth appeared chalky
white and had hypoplastic enamel pits and grooves. His panorex also revealed a reduced
radiopacity of tooth enamel. (e, h) The mother (I1:2) had no overt enamel defects. (f, j)

The proband’s brother (111:2) had a primary dentition with normal-looking enamel. The
panoramic radiograph showed that the enamel of both his primary and permanent teeth was
slightly hypoplastic (thin).
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LAMA3WT

LAMA3Mut-2

AMAZM1

e R
5’#’.\ T,

)

Tooth Tissue Volumes (mm') 9%, Ensenel Volume Hounsfield Units Mean Sud Dev Std Err 95%CT (Min)  95%0C1 (Max)

LAMAZM™.] 7993 87 961.45 0.67 7992 54 709521

LAMAP¥. LAMAZ  LAMATYT LAMATD LAMAT2 LAMAGT Enamel LAMAZN 820905 91218 0.53 $297.00 S300.10

Enamel 12,0718 17 16,7242 ED 5389 61.3016 LAMAM 38883 956.34 0.58 8357.67 300,00
Dentin 310816 201383 27.2819 EAE+D) 2TaTd 376196 KENCTES LAMA™.| 4378.22 1404.43 0.58 437706 437938
Pulp 25307 20284 31368 EAD+P) 590147 54,7995 24,9806 Dentin LAMAZME0 433622 146557 0.62 433408 433745
Total 45,6841 49,6391 471427 ET 264244 354003 354758 LAMA™T 120379 146311 120244 120514

0ODI_14425_Fig.5 microCT-v2.tif
Figureb.

Micro-computed tomographic (LCT) analyses of exfoliated primary incisors. Three primary
maxillary lateral incisors (tooth letter G) were analyzed, one each from Family 1 proband
(LAMA3MUL.1) “his twin brother (LAMA3MUL2) and a healthy control kid (LAMA3WT),
(a) Three-dimensional reconstruction of pCT images showing the labial (top) and distal
(bottom) views of the teeth. While the proband’s tooth showed extremely rough surface
with hypoplastic pits and grooves, his twin brother’s only had some surface irregularity and
depressions. (b) Pseudo-color images of sagittal (top) and transverse (bottom) sections of
the teeth. The color coding is based upon the radiodensity of the material. The enamel of
LAMA3 mutant teeth show reduced radiodensity compared to the control. (c) Measurements
of tooth tissue volumes and ratios. (d) Radiodensity measurements (in Hounsfield Units) of
enamel and dentin.
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