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The teeth are one of the key parts of the stomatognathic 
system. The teeth, gingiva and periodontal tissue devel-
op from tooth germ.1 The tooth germ consists of three 
parts: the enamel organ, dental papilla and dental fol-
licle.2,3 The enamel organ is the epithelial part of the 
tooth germ2, which gives rise to dental enamel and the 
epithelial part of the gingiva, whereas the dental pa-
pilla and dental follicle are the mesenchymal parts of 
the tooth germ.4 The dental papilla develops into dental 
pulp and dentine, and the dental follicle forms cemen-
tum, periodontal ligament and alveolar bone.5 Many 
genes participate in the development of tooth germ, and 
gene variants may lead to malformation of the teeth and 
adjacent tissue.6-8 

Enamel is the hardest ectodermal tissue on the sur-
face of the tooth crown.9 The development of enamel 
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Objective: To investigate FAM20A gene variants and histological features of amelogenesis 
imperfecta and to further explore the functional impact of these variants.
Methods: Whole-exome sequencing (WES) and Sanger sequencing were used to identify patho-
genic gene variants in three Chinese families with amelogenesis imperfecta. Bioinformatics 
analysis, in vitro histological examinations and experiments were conducted to study the func-
tional impact of gene variants, and the histological features of enamel, keratinised oral mucosa 
and dental follicle.
Results: The authors identified two nonsense variants c. 406C > T (p.Arg136*) and c.826C 
> T (p.Arg176*) in a compound heterozygous state in family 1, two novel frameshift vari-
ants c.936dupC (p.Val313Argfs*67) and c.1483dupC (p.Leu495Profs*44) in a compound het-
erozygous state in family 2, and a novel homozygous frameshift variant c.530_531insGGTC 
(p.Ser178Valfs*21) in family 3. The enamel structure was abnormal, and psammomatoid cal-
cifications were identified in both the gingival mucosa and dental follicle. The bioinformatics 
and subcellular localisation analyses indicated these variants to be pathogenic. The secondary 
and tertiary structure analysis speculated that these five variants would cause structural dam-
age to FAM20A protein. 
Conclusion: The present results broaden the variant spectrum and clinical and histological 
findings of diseases associated with FAM20A, and provide useful information for future genetic 
counselling and functional investigation.
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involves two main processes10: matrix formation and 
mineralisation. Due to some gene variants, it may 
lead to changes in enamel matrix protein deposition 
and/or abnormal mineralisation11, resulting in amelo-
genesis imperfecta (AI)12. According to the Witkop 
classification set out in 198813, AI was divided into 
four categories: hypoplastic (type I: OMIM#104530, 
OMIM#104500, OMIM#204650, OMIM#301200, 
OMIM#616270, OMIM#204690, OMIM#616221, 
OMIM#617297 and OMIM#620104;), hypomaturation 
(type II: OMIM#204700, OMIM#612529, OMIM#613211, 
OMIM#614832, OMIM#615887 and OMIM#617217), 
hypocalcified (type III: OMIM#130900, OMIM#617607 
and OMIM#618386 ) and hypomaturation-hypoplastic 
with taurodontism (type IV: OMIM#104510).

FAM20A (OMIM * 611062) is one of the mem-
bers of the FAM20 gene family (FAM20A, FAM20B 
and FAM20C) that encode kinases (phosphorylating 
enzymes) which modify proteins within the secretory 
pathway.14 FAM20A gene located on human chromo-
some 17q24.2 consists of 11 exons and contains a high-
ly conserved C-terminal domain.15 FAM20A protein is 
considered to be a pseudokinase that forms a complex 
with FAM20C and allosterically activates FAM20C15-18, 
thereby promoting phosphorylation of FAM20C tar-
gets.19,20 FAM20A binds directly to FAM20C.17 FAM20C 
protein is a Golgi casein kinase that phosphorylates 
the Ser-X-Glu/Ser(P) motif of most secretory pro-
teins, including enamel matrix proteins.21 FAM20C 
variants cause Raine syndrome22, exhibiting bone and 
craniofacial/dental abnormalities.17 FAM20B protein 
is a xylose kinase regulating proteoglycan synthesis.19 
FAM20A variant can lead to enamel hypoplasia (OMIM 
#204690)23, which is inherited as autosomal recessive 
inheritance. This disease is also known as enamel-
renal syndrome (ERS).24 It is characterised by enamel 
hypoplasia, dental pulp stones, delayed eruption of 
permanent teeth, gingival overgrowth and renal cal-
cinosis.25

In the present study, screening of the gene vari-
ants and histological and functional investigation were 
performed. Five variants of FAM20A were identified 
in three patients with AI, of which three were novel 
variants. The clinical phenotypes of the three probands 
were reported, and histological examinations revealed 
the dysplastic enamel structure and ectopic mineral-
isation in the dental follicle and gingival mucosa. The 
in vitro functional assay confirmed subcellular locali-
sation changes and the functional impact of FAM20A 
variants.

Materials and methods

Pedigree construction and patient recruitment

All the probands and family members of three pedigrees 
requested treatment advice at the Department of Pros-
thodontics, Peking University School of Stomatology, 
Beijing, China. Oral examinations were carried out and 
panoramic dental radiographs were taken. Informed 
consent was obtained from all the participants. This 
study was approved by the Ethics Committee of Peking 
University School and Hospital of Stomatology (PKUS-
SIRB-202162021). A total of three nuclear families were 
recruited, all of whom denied consanguineous marriage. 
Three individuals were included in Sanger sequencing 
for each pedigree. Only the proband in each pedigree 
showed the enamel hypoplasia phenotype. The mode 
of inheritance was consistent with autosomal recessive 
inheritance.

Variant detection and analysis

Genomic DNA from these three probands of the three 
recruited pedigrees was isolated from peripheral blood 
lymphocytes using a BioTek DNA Whole-blood Mini 
Kit (BioTek, Beijing, China) according to the manufac-
turer’s instructions. After polymerase chain reaction 
(PCR), DNA products were sheared to acquire 150- to 
200-bp fragments. Whole-exome sequencing (WES) was 
performed by Beijing Angen Gene Medicine Techno-
logy (Beijing, China) with the Illumina-X10 platform. 
After this, the detected variants were filtered according 
to the following methods. Firstly, all genes associated 
with tooth development were analysed26,27, especially 
for AI-associated genes. Secondly, non-synonymous 
single nucleotide variants (SNVs) and insertions/dele-
tions (InDels) with a minor allele frequency (MAF) ≥ 
0.01 in bioinformatic databases, including the single 
nucleotide polymorphism database (dbSNP, http://www.
ncbi.nlm.nih.gov/projects/SNP/snpsummary.cgi), the 
Genome Aggregation Database (gnomAD, http://gno-
mad.broadinstitute.org), the Human Gene Mutation 
Database (HGMD, http://www.hgmd.org) and the 1,000 
Genomes Project data in Ensembl (http://asia.ensembl.
org/Homo_sapiens/Info/Index) were excluded. Finally, 
pathogenicity of the remaining variants was further 
predicted using the Protein Variation Effect Analyzer 
(PROVEAN, https://www.jcvi.org/research/provean) and 
polymorphism phenotyping (PolyPhen-2, http://genet-
ics.bwh.harvard.edu/pph2/). 
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Sanger sequencing and clone sequencing

Variants of FAM20A (NM_017565.4) were identified in 
three affected families. Co-segregation analysis and 
Sanger sequencing of the probands and their fam-
ily members were performed to verify the variants of 
FAM20A based on WES results.

For further verification, the related FAM20A 
(NM_017565.4) fragments were sequenced using Sanger 
sequencing. Genomic DNA from these family members 
was isolated according to the procedure described 
above. We designed the corresponding primers (pro-
vided on request) for each variant. The PCR products 
were sequenced by Ruibio Biotech (Beijing, China). TA 
clone sequencing was used to confirm the exact status 
of the frameshift and nonsense variants.

Bioinformatics

To carry out the bioinformatics analysis, we also used 
a series of bioinformatics databases, such as Mutation-
Taster (https://www.mutationtaster.org/) and PROVE-
AN. The pathogenicity of the three variants was clas-
sified according to the American College of Medical 
Genetics and Genomics (ACMG) guideline.28

The secondary structure of wild-type FAM20A and 
five mutated variants was predicted using PsiPred 
4.0 (http://bioinf.cs.ucl.ac.uk/psipred). An optimum 
template of FAM20A protein was selected for homol-
ogy modelling analysis through SWISS-MODEL (https://
swiss-model.expasy.org) and the tertiary structural 
changes of variants were captured using PyMOL soft-
ware (Molecular Graphics System, DeLano Scientific, 
San Carlos CA, USA).

Scanning electron microscope (SEM) examination of 
the affected teeth

Teeth 25,16 and 65 were extracted from proband 302, 
then fixed in 10% neutral formaldehyde solution. Tooth 
65 was separated to expose the inner surface, then the 
pieces were etched with 30% phosphate gel, rinsed with 
distilled water thoroughly and dried in the vacuum dry-
ing oven at 37°C overnight. After being coated with gold, 
the teeth samples were observed under a scanning elec-
tron microscope.

Hematoxylin-eosin (HE) staining of the patient’s gin-
gival mucosa and dental follicle

A small piece of gingival mucosa was obtained dur-
ing patient 302’s oral surgery. The dental follicle was 

obtained during the extraction of impacted tooth 16. The 
samples were fixed in 10% neutral formaldehyde solu-
tion at room temperature for 24 hours, then embedded 
in paraffin and mounted on the slicing machine and sec-
tioned to a thickness of 5 μm. The sections were stained 
with hematoxylin and eosin following the routine pro-
cess and observed under the microscope.

Construction of plasmids

The full-length coding region of the human FAM20A 
gene (NM_017565.4) was cloned into the pEGFP-C1 
expression vector with enhanced GFP to synthesise the 
wild-type plasmid pEGFP-C1-FAM20A. Then, in vitro 
site-directed mutagenesis was performed to generate 
five mutated plasmids: pEGFP-C1-R136X, pEGFP-C1- 
S178Vfs*21, pEGFP-C1-R276X, pEGFP-C1-V313Rfs*67 
and pEGFP-C1-L495Pfs*44. All plasmids were synthe-
sised by Ruibio Biotech, and the company also con-
firmed the entire sequence of the mutated constructs.

Cell culture and transfection

Human embryonic kidney 293T cells were cultured 
in Dulbecco’s modified Eagle medium (Invitrogen, 
Waltham, MA, USA) supplemented with 10% foetal 
bovine serum and 2 mmol/L L-glutamine in the pres-
ence of 5% CO2. Following the manufacturer’s instruc-
tions, transient transfection was carried out using Lipo-
fectamine 3000 (Invitrogen).

Subcellular localisation assay

We transiently transfected 293T cells with pEGFP-
C1 expression plasmids containing GFP-wild-type or 
mutated FAM20A cDNA fusion proteins. At 48 hours 
after transfection, the cells were washed three times 
with phosphate buffer and fixed with 4% paraformal-
dehyde for 15 minutes. After washing, the cells were 
placed in a mounting medium with 4’,6-diamidino-
2-phenylindole (Solarbio, Beijing, China), mounted and 
photographed using an LSM 510 Meta confocal micro-
scope (Zeiss, Oberkochen, Germany) with a ×63/1.00 
numerical aperture oil objective lens.

Co-immunoprecipitation (Co-IP) and immunoblotting

Human embryonic kidney 293T (HEK-293T) cells were 
transiently co-transfected with the GFP empty vector, 
wild-type mutant FAM20A-GFP and wild-type FAM20C-
FLAG plasmids using Lipofectamine 3000. Proteins from 
each group were harvested 48 hours after co-transfection. 
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50 μl of each protein sample was removed as input. GFP-
Trap Magnetic Agarose (gtma, Chromotek, Germany) were 
pre-treated according to the manufacturer’s instructions 
and added to the other protein supernatants obtained 
overnight at 4°C. The next day, the beads were washed 
until the supernatant was clear. The washed beads were 
resuspended in 2× SDS sample buffer and the superna-
tant was the IB group. To observe the protein expression, 
the IB and input samples were assessed through Western 
blot analysis. After electrophoresis on 10% polyacryla-
mide gel, the protein was transferred to a PVDF mem-
brane by electrophoresis and then incubated with anti-
GFP (ab1218) mouse antibody (Abcam, Cambridge, UK) 
and anti-Flag (AE092) rabbit antibody (Abclonal, Wuhan, 
China). The membrane was washed and incubated with 
peroxidase-conjugate rabbit or mouse anti-mouse sec-
ondary antibodies (ab150077, Abcam; ab6728, Abcam).

Results

Clinical findings confirmed AI and eruption defect 

The dental characteristics and panoramic radiographs 
of the probands are shown in Fig 1. In family 1, the 
proband (302) was a 19-year-old woman. Intraoral photo-
graphs showed mixed dentition, small dental crowns 
with generally thin enamel and yellow discolouration 
of teeth (Fig 1a to c). Obviously, her occlusal vertical 
distance was decreased. Radiographic examination 
revealed impacted permanent teeth with enamel defect 
(Fig 1d). The roots of all her teeth were generally short. 
Her parents both had normal enamel without any dis-
order. The proband stated that she had been diagnosed 
as having bilateral medullary nephrosis with small cal-
cifications in both kidneys. 

In family 2, the proband (748) was a 24-year-old 
woman. She had completed most of her dental crown 
restorations at another hospital when the intraoral 
pictures were taken. Only teeth 17, 35 and 36 without 
restoration revealed the original appearance of thin 
enamel (Fig 1e and f). Radiographic film taken prior 
to restoration showed no radiopaque enamel, delayed 
tooth eruption and intrapulpal calcifications (Fig 1g). 
Unfortunately, her parents had passed away. Her two 
brothers had normal teeth and well-developed enamel.

In family 3, the proband (914) was a 15-year-old boy. 
An intraoral scan was taken using a TRIOS intraoral 
scanner (3Shape, Copenhagen, Denmark). In addition 
to thin enamel, he also showed an anterior open bite, 
which may have been caused by an eruption defect 
and decreased occlusal vertical distance (Fig 1h to j). 

The panoramic radiograph showed that he had short 
roots and impacted teeth (Fig 1k). His parents both had 
normal dentition.

Notably, as seen on the panoramic radiographs taken 
of all three patients, the impacted teeth showed enamel 
defects as well.

Sequencing of patients and family members detected 
FAM20A variants

The pedigree of three family lines is shown in Fig 2a 
to c. Using whole-exome sequencing (WES), we identi-
fied five variants of the FAM20A gene in these families 
and confirmed them through Sanger sequencing (Fig 2d 
to h). The two nonsense variants had been document-
ed previously, whereas three frameshift variants were 
novel, then a pathogenicity prediction was made for all 
variants (Table 1).

In family 1, proband 302 carried FAM20A compound 
heterozygous variants c.406C > T (p.Arg136*) and c. 
826C > T (p.Arg276*). Her father only carried the het-
erozygous nonsense variant c.406C > T (p.Arg136*), 
while her mother only carried another heterozygous 
nonsense variant c. 826C > T (p.Arg276*). According to 
family co-segregation, the variants of the proband were 
inherited from both her parents through an autosomal-
recessive mode of inheritance. 

In family 2, proband 748 carried FAM20A compound 
heterozygous variants c.936dupC (p.Val313Argfs*67) and 
c.1483dupC (p.Leu495Profs*44). Unfortunately, both of 
her parents had passed away and were unavailable for 
genetic screening. Her two brothers were both het-
erozygous, carrying the frameshift variant c.936dupC 
(p.Val313Argfs*67), and had normal dentition, which 
was in accordance with the autosomal-recessive mode. 

In family 3, proband 914 carried a FAM20A homozy-
gous variant c.530_531insGGTC (p.Ser178Valfs*21). His 
parents both carried the same heterozygous variant. 
His family co-segregation also revealed an autosomal-
recessive inheritance pattern.

Bioinformatics analysis indicated functional impact 
of FAM20A variants

To predict the functional impact of these variants, we 
first searched the dbSNP and gnomAD databases, then 
carried out pathogenicity prediction using PROVEAN 
and MutationTaster. We then classified these nonsense 
and frameshift variants as pathogenic variants accord-
ing to the ACMG classification (Table 1).

By predicting the secondary structure of FAM20A 
protein, it can be found that all the nonsense and 
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frameshift variants lead to the truncation of the normal 
protein, resulting in serious changes to the structure 
of FAM20A. The tertiary protein structure analysis also 
shows that the proteins are truncated and the spatial 
structures have changed (Fig 3). 

Histomorphological analyses of the clinical samples 
confirmed the enamel defect and ectopic mineralisa-
tion in the mucosa and dental follicle

Three teeth were obtained from proband 302, including 
unerupted 25, unerupted 16 and erupted 65 with heavy 

abrasion. The root morphology of tooth 16 was irregu-
lar and curved, and a developmental anomaly could be 
seen near the apex (Fig 4a). Tooth 65 was divided into 
two halves according to the buccolingual direction. Cal-
cification of the pulp cavity was notable, and the enamel 
could hardly be seen on the tooth (Fig 4b).

SEM analysis of the surface of tooth 25 (Fig 4c and e) 
revealed a variety of features, including rough, knob-
like calcifications and some relatively smooth mineral. 
SEM analysis of the occlusal surface of tooth 65 (Fig 4d 
and f) showed some larger craters suggestive of resorp-
tion lacunae. 

Fig 1  Dental characteris-
tics of the three patients. 
Digital photographs and 
panoramic radiograph 
of proband 302 (a to d) 
and proband 748 (e to g). 
Intraoral scan images and 
panoramic radiograph of 
proband #914 (h to k).
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A small piece of the oral gingival mucosa and the 
dental follicle were obtained from proband 302. Upon 
HE staining, they both presented ectopic psammoma-
toid calcifications (Fig 4g and h).

In vitro experiments revealed changes in subcellular 
localisation of FAM20A variants

To evaluate the subcellular localisation of the FAM20A 
variants, we determined the subcellular localisation 
of the five mutated proteins by immunofluorescence. 
The results showed that wild-type FAM20A was located 
in the cytoplasm, but the localisation of the FAM20A 
variants R136*, R276*, L495Pfs*44 and S178Vfs*21 was 
altered. GFP-R136*, GFP-R276* and GFP-S178Vfs*21 
were located in the whole cytoplasm with weak expres-
sion in the nucleus (Fig 5c-c’’, d-d” and e-e’’). Notably, 
GFP-L495Pfs*44 was scattered in the nucleus and dense-
ly clumped in the nucleolus (Fig 5g-g”), which was very 
different from the wild-type. The results indicated that 
R136*, R276*, L495Pfs*44 and S178Vfs*21 severely affect-
ed the subcellular localisation of FAM20A, which might 
contribute to the pathogenic process in these patients. 
On the other hand, the V313Rfs*67 variant seemed to 
be located in the same place in the cell as the wild type 
(Fig 5f-f”), but without local condensation in the cyto-
plasm, suggesting that the V313Rfs*67 may lead to devel-
opmental anomalies in a different way compared with 
the other four variants.

Co-immunoprecipitation (Co-IP) and immunoblot-
ting illustrate reduced binding of mutant FAM20A 
protein to FAM20C

Based on the results, FAM20A protein is shown to have 
the ability to bind to FAM20C protein in vitro. The five 
mutants also have a weakened binding tendency com-
pared to the wild-type (Fig 6). The molecular weights of 
the mutant proteins were all reduced to varying degrees, 
further supporting the aforementioned predictions for 
the proteins; however, no comparisons were made be-
tween the variants to determine the severity of the re-
duction in binding capacity.

Discussion

AI generally refers to inherited enamel malformations 
that may include other local defects such as delayed 
tooth eruption and misshapen roots.24,29 In the case of 
enamel-renal syndrome (ERS)25, the dental problems 
may appear prior to any evidence of kidney disease, 
perhaps because kidney ultrasound examinations are 
rarely performed on AI patients. Proband 302 in fam-
ily 1 described herself as having bilateral medullary 
nephrosis with small calcifications in both kidneys, but 
did not provide the results of her renal examination. 
For patients diagnosed with bi-allelic FAM20A variants, 
it is advisable that the kidney be examined regularly to 
achieve early diagnosis and treatment. The proband of 
family 1 carried FAM20A complex heterozygous vari-
ants c.406C > T (p.Arg136*) and c.826C > T(p.Arg276*). 
Although these two nonsense variants have been pre-

Table 1  Summary of FAM20A variants in the present study.

Family Exon Nucleotide 
change

Protein 
change

Variation 
type

dbSNP (AF) gnomAD 
(MAF)

Provean Mutation 
Taster

ACMG classification  
(evidence of pathogenicity)

Family1 2 c.406C>T p.R136* Nonsense
rs144411158 
(0.000000)

0.000003979 Neutral
Disease-
causing

PVS1+PS3+PM2+PM4+ 
PP1+PP4+PP5
Pathogenic

Family1 6 c.826C>T p.R276* Nonsense
rs387907215 
(0.00000)

——
Deleteri-
ous

Disease-
causing

PVS1+PS3+PM2+PM4+ 
PP1+PP4+PP5
Pathogenic

Family2 11 c.1483dupC p.L495Pfs*44 Frameshift / —— /
Disease-
causing

PVS1+PS3+PM2+PM4+ 
PP1+PP4
Pathogenic

Family2 7 c.936dupC p.V313Rfs*67 Frameshift / —— /
Disease-
causing

PVS1+PM2+PM4+PP1+PP4
Pathogenic

Family3 2 c.530_531insGGTC p.S178Vfs*21 Frameshift / —— /
Disease-
causing

PVS1+PS3+PM2+PM4+ 
PP1+PP4
Pathogenic

—, Variant was not found in ExAC; /, Variant cannot be predicated in dbSNP or Provean.
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Fig 2  Pedigree and sequencing chromatograms of the three families. Pedigree of family 1 (a), family 2 (b) and family 3 (c). DNA 
sequencing chromatogram showing a heterozygous FAM20A variant of c.406C > T (p.Arg136*) in proband 302 (II-1) and her father 
(I-1) (d). DNA sequencing chromatogram showing a heterozygous FAM20A variant of c. 826C > T (p.Arg276*) in proband 302 (II-1) 
and her mother (I-2) (e). DNA sequencing chromatogram showing a heterozygous FAM20A variant of c.936dupC (p.Val313Argfs*67) 
in proband 748 (II-2) and her two brothers (I-1, II-3) (f). DNA sequencing chromatogram showing a heterozygous FAM20A variant of 
c.1483dupC (p.Leu495Profs*44) in proband 748 (II-2) (g). DNA sequencing chromatogram showing a homozygous FAM20A variant 
of c.530_531insGGTC (p.Ser178Valfs*21) in proband 914 (II-2) and the same heterozygous FAM20A variant in his parents (I-1, I-2) (h).
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viously reported separately in compound heterozygous 
states with other variants22,30, in the present study their 
presence in the compound heterozygous state is novel. 
We found that the root development of the unerupted 
molar was abnormal and the root apex of tooth 16 was 
curved, which was consistent with previous literature.25 
SEM analysis revealed a rough calcified nodule area 
and a relatively smooth mineral area on the crown sur-
face, which was consistent with previous literature.25 
Through HE staining, the dental follicle and gingival 
mucosa of proband 302 displayed psammomatoid cal-
cifications, and the ectopic mineralisation in the den-
tal follicle and gingival mucosa was in accordance with 
previous literature.23,24 This reoccurrence of clinical 
findings from different studies further confirmed the 
phenotypes related with FAM20A variants.

Proband 748 from family 2 carried FAM20A complex 
heterozygous variants c.936dupC (p.Val313Argfs*67) 
and  c.1483dupC (p.Leu495Profs*44). These are both 
novel variants that have not been reported before, 
and both of which lead to truncation of the pro-
tein and functional impairment of FAM20A protein. 
Interestingly, variant Leu495Profs*44 is changed from 
the 495th amino acid near the end of the protein, while 
wildtype FAM20A has 541 amino acids. However, the 
change in its intracellular localisation was the most 
significant among the five variants found in the pres-
ent study. The Leu495Profs*44 variant is restricted 
densely in the nucleolus. An intact signal sequence is 
necessary for secretion of FAM20A and that secretion is 
accompanied by prominent localisation of the protein 
to the ER.14 If the highly conserved C-terminal putative 
kinase domain of FAM20A is mutated, the original sig-
nal sequence is lost, which may lead to re-entry from 
the endoplasmic reticulum into the nucleus.14 The vari-
ant Leu495Profs*44 is predicted to disrupt the signal 
sequence without grossly altering the other structure. 
The subcellular localisation results of the present study 
confirmed the structure prediction, and this result 
provided new evidence for the function of FAM20A 
subdomains.

Proband 914 carried a FAM20A homozygous vari-
ant, c.530_531insGGTC (p.Ser178Valfs*21), which was 
novel and led to severe protein truncation. His parents 
both carried the rare heterozygous variant, but denied 
consanguineous marriage. He showed anterior open 
bite, which could be attributed to the eruption disorder 
related to FAM20A variant. This speculation needs to be 
confirmed further with future clinical and functional 
studies.

  Based on the Co-IP results, we can see that all five 
variants weaken the ability to bind to FAM20C, affecting 

Fig 3  Bioinformatics analysis of the FAM20A variants. The 
predicted secondary structure of the wild-type FAM20A protein 
(a). The predicted secondary structure of five mutated FAM20A 
proteins. Sites of variants are indicated by green squares. The 
structural changes in these mutated proteins compared to the 
wild-type FAM20A are shown as blue squares, α-Helices are 
represented as pink squares, strands are represented as yel-
low squares, and while coils are represented as grey squares 
(b to f). Tertiary structural modelling of the FAM20A protein (g). 
Predicted tertiary structural changes in the five altered proteins 
(h to l). 
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Fig 4  Histological features of proband 302’s teeth, dental follicle and gingival mucosa. Photograph of tooth 16 (a). Photograph of 
tooth 16 shows curved roots and poorly developed root morphology (b). Photograph of tooth 65 cut in a buccolingual direction with 
thin enamel (c). Low magnification view of the occlusal surface of tooth 65 for SEM analysis (d). Higher magnification of the box in 
panel c (e). Higher magnification of the box in panel d (f). HE section showing dental follicle tissue, with the arrow indicating ectopic 
psammomatoid calcification (g). HE section showing gingiva mucosa, arrows indicating ectopic psammomatoid calcification (h). 

Fig 5  Expression and subcellular localisation of wild-type and mutated FAM20A proteins. Subcellular localisation of wild-type or 
mutated FAM20A. Cells transfected with GFP-R136*, GFP-R276* and GFP-S178Vfs*21 show expression in the entire cytoplasm with 
weak expression in the nucleus. GFP-V313Rfs*67 is located in the same location as the wild type, yet without local condensation in 
the cytoplasm. GFP-L495Pfs*44 shows densely clumped distributions within the nucleus. The empty vector with GFP was transfected 
into 293T cells as a negative control (a to g). Nuclei staining by DAPI, 4,6-diamino-2-phenylindole (a’ to g’). Merge of GFP and DAPI 
(a” to g”). FAM20A (GFP, green); nuclei (DAPI, blue)
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the downstream function of the FAM20A-FAM20C com-
plex, which leads to the development of AI. The present 
findings are also consistent with those from previous 
literature.18,25

Conclusion

The present authors identified five FAM20A variants, 
three of which were novel, in three patients with AI, 
and verified the functional impacts with in vitro experi-
ments. The clinical and histological features were also 
recorded. This study broadened the variant spectrum 
of FAM20A and will facilitate in-depth investigation in 
the future.
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