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Abstract

The detection of gene mutations in patients with congenitally missing teeth is not very
complicated however proving causality is often quite difficult. Here we report the detection of a
substitution mutation, A42P, within the prodomain of bone morphogenetic protein-4 (BMP4) in a
small family with tooth agenesis and describe a functional alteration that may be responsible for
the tooth phenotype. Since BMP4 is essential for the development of teeth but also for many other
organs, it would be of considerable interest to find a BMP4 mutation that is only associated with
tooth agenesis. Our /n vitro investigations revealed that the A42P mutation did neither affect
processing and secretion of BMP4 nor alter functional properties like the induction of alkaline
phosphatase or signaling through Smad1/5/8 phosphorylation by the mature BMP4 ligand.
However immunofluorescent staining revealed that the prodomains of BMP4 which harbor the
AA42P substitution, form fibrillar structures around transfected cells in culture and that this fibrillar
network is significantly decreased when mutant prodomains are expressed. Our finding suggests
that in vivo, BMP4 prodomain behavior might also be altered by the mutation and could influence
storage or transport of mature BMP4 in the extracellular matrix of the developing tooth.
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Tooth agenesis is the most common congenital malformation in humans with a prevalence
ranging from 1.6 to 9.6% excluding third molars (1, 2). It can also occur as part of a
syndrome. Although tooth agenesis can be caused by environmental factors such as infection
(3), trauma, toxin or radiation, the main cause is believed to be genetic, however, for the
majority of tooth agenesis families the causative gene(s) is still unknown.

Genes that have been associated with human non-syndromic tooth agenesis include
WNT10A (4, 5), AXINZ (6), EDA pathway genes (7), MSX1 and PAX9(8). In mice, tooth
development is arrested at the bud stage in the absence of either Msx1 (9) or Pax9 (10)
transcription factors, both of which have been described as upstream effectors of bone
morphogenetic protein 4 (BMP4) expression in dental mesenchyme. BMP4, a member of
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the transforming growth factor- (TGF-B) superfamily, first detected in the presumptive
dental epithelium and then shifts to the dental mesenchyme where it plays a critical role in
mediating epithelial-mesenchymal interactions during early tooth development (11) driving
bud to cap stage transition and formation of the enamel knot signaling center. This role of
BMP4 and its functional connection with two well established tooth agenesis genes makes it
an ideal candidate gene for tooth agenesis however so far no tooth agenesis causing BMP4
mutations have been described although several BMP4 mutations were found in patients
with microphthalmia, polydactyly, kidney cysts and orofacial clefts (12, 13).

BMP4 protein is synthesized as a large precursor which dimerizes and undergoes one to two
proteolytic cleavages to release the C-terminal active ligand as well as the N-terminal
prodomains (14). The cleavages are carried out by FURIN and/or other members of the
proprotein convertase (PC) family (15). The initial main BMP4 cleavage occurs in the trans-
Golgi network (TGN) at a multibasic motif (-RXKR-, termed the S1 site) to generate the
active C-terminal ligand which stays noncovalently associated with the N-terminal
prodomains. A second cleavage can occur at an upstream motif (-RXXR-, the S2 site) in a
tissue-specific manner. Mice carrying a point mutation that prevents S2 processing show
severe loss of BMP4 activity in some tissues, such as testes and germ cells (16).

Upon secretion of the processed BMP4-prodomain complex, the prodomains can bind to
fibrillins in the extracellular matrix (17, 18) presumably for storage or transport purposes. In
analogy to the role of the similarly structured TGF-p prodomains, the Bmp4 prodomains
have also been suggested to function as a shield between ligand and receptor (19). Although
the function of the BMP4 prodomain is not quite clear yet, mutations mapped to this area
were found to be associated with congenital anomalies of the kidney and urinary track (20).

Here we report our findings of a novel BMP4 prodomain missense mutation (c.124 G > C;
Ala42Pro) in a small family where the mother and daughter presented with missing
premolars. We analyzed the effects of this mutation on the processing and secretion of
proBMP4 as well as on functional properties of mature BMP4 in order to document any
difference between wild type and mutant that could reasonably play a role in the causation
of the observed dental phenotype.

Material and Methods

Sample collections and mutation analysis

Ninety unrelated Caucasian people with congenital tooth agenesis consented to participate in
this IRB approved study and donated cheek swab or saliva samples for DNA extraction. The
exons and adjacent intron regions of Msx1, Msx2, Pax9, Axin2, Wnt10a, Lefl, Bmp4 and
EDA pathway genes were PCR amplified and sequenced. Sequence traces were visually
inspected for heterozygosity and searched against the reference sequence database for
mismatches using BLAST (NCBI). For every SNP, allele frequencies were compared
between the experimental group and the normal Caucasian control populations in the NCBI
SNP database and in the NHLBI Exome sequencing database.

In silico analysis of the BMP4 mutation

The potential impact of the A42P mutation on BMP4 function was evaluated by the
PolyPhen, (Polymorphism Phenotyping; http://genetics.bwh.harvard.edu/pph/) program and
the SIFT (Sorting Intolerant from Tolerant; (http:/sift.bii.a-star.edu.sg/) program. Both
programs make predictions about the impact of amino acid substitutions on protein function
based on sequence homologies, physical properties of amino acids, interruption of local
structural and functional motives or overall structure and function.
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Construction of expression plasmids and site-directed mutagenesis

Cell culture,

Since human and mouse BMP4 protein sequences share over 97% identity, mouse BMP4
cDNA was used for cloning into the mammalian expression vector pcDNA3. The identified
mutation was introduced into the BMP4 cDNA by a site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA). Sequence encoding the FLAG tag was inserted in-frame in
the N-terminal side of BMP4 prodomain (SHAS[FLAG]LIPE) while sequence encoding the
HA tag was inserted in-frame in the N-terminal side of mature BMP4 (-
RAKRSPKH[HA]JHPQR-). The specific sites of tag insertion were described previously
(21-23). The primers used are available on request. All constructs were sequenced entirely
to confirm the correct reading frame and point mutation.

Transient transfection and Western blot analysis

Cos-7 cells, a mesenchymal cell line and C2C12 cells which can be specifically used for
testing Bmp2/4 activity, were obtained from the American Type Culture Collection (ATCC).
Both cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Cellgro, Manassas, VA, USA). Plasmids of
both wild-type and mutant BMP4 were transfected into cells using FUGENES6 Transfection
Reagent (Roche Diagnosis, Mannheim, Germany). The empty expression vector was used as
a control. Seventy-two hours after transfection, culture media were collected and the cells
were lysed in immunoprecipitation assay buffer (50 mM Tris-Cl, PH 8, 150 mM NacCl, 1%
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS) with protease inhibitors. The lysate was
cleared by centrifugation and protein content was quantified by Pierce BCA Protein Assay
(Thermo Scientific, Rockford, IL, USA). The same amount of protein (20 pg) was loaded
for wild-type and mutant. Proteins were resolved by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes. Blots were immunolabeled with mouse monoclonal
anti-HA (Covance; 1:2000) and then followed by secondary labeling with HRP-conjugated
goat anti-mouse IgG (Santa Cruz Biotechnology, Dallas, TX, USA; 1:1000) and ECL
Chemiluminescent Detection (Thermo Scientific, Rockford, IL, USA).

Alkaline phosphatase assay

In response to BMP treatments, C2C12 mouse myoblast cells display an increase in alkaline
phosphatase (24). To determine the function of the mutant BMP4, C2C12 cells were plated
in a 12-well plate in DMEM supplemented with 10% fetal bovine serum. Cells were allowed
to grow for 12-18 h, and then transfected with wild-type and mutant BMP4 constructs
(without tag). Empty vector was used as control. Seventy-two hours after transfection,
alkaline phosphatase activity was analyzed according to the manufacturer’s instruction using
the Alkaline Phosphatase Colorimetric Assay Kit (ab83369, Abcam, Cambridge, MA,
USA). All experiments were carried out in triplicate and repeated three times. Two-sample ¢
tests were employed to evaluate the difference.

Detection of the phosphorylated Smad1/5/8 complex

C2C12 cells were transfected with either wild-type or mutant BMP4 constructs (without tag)
using FUGENES6 Transfection Reagent (Roche Diagnosis), with the empty vector as control.
Total cell lysates were harvested 72 h after transfection and Western-blot analyses were
performed to analyze the levels of phosphorylated Smad1/5/8 complex (Cell Signaling
Technology, Danvers, MA, USA, 1:1000). Beta-actin was used as a loading control.
Quantification was carried out using Image J software and normalized by Beta-actin signal.

Immunofluorescence microscopy

Different amounts of wild-type and mutant BMP4 expression plasmids with a FLAG tag in
the prodomain were transfected into Cos-7 cells. Cells were allowed to grow to confluence
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(72 hrs after transfection). The cells were then fixed with 100% methanol for 10 min at room
temperature, permeabilized with 0.1% Triton X-100 in PBS for 3 min and blocked overnight
with 1% goat serum + 0.05% NaN3 in PBS. Cell samples were incubated with mouse anti-
Flag antibodies (Stratagene, La Jolla, CA, USA) at room temperature for 1 h, followed by
incubation with Alexa 555-conjugated goat anti-mouse 1gG antibody (Invitrogen, Eugene,
OR, USA) for 1 h. The nuclei were counterstained with DAPI. Immunofluorescently stained
cells were examined under a Nikon Eclipse TE2000-U fluorescence microscope (Nikon,
Tokyo, Japan) and a Leica TCS SP5-I1 upright microscope equipped with confocal fixed
stage system (Leica DM 6000 CFS, Wetzlar, Germany). Normal mouse 1gG was used as
negative control. The experiment was repeated 3 times.

The A42P mutation

Among all the genes we tested, only a single BMP4 missense mutation was identified in one
of the 90 tooth agenesis patients. This mutation resulted in an alanine to proline substitution
at codon 42 (A42P) in the amino acid sequence (Fig. 1A). The same mutation was
subsequently identified in the proband’s affected mother. The mother has only maxillary
missing premolars while both maxillary and mandibular second premolars are missing in the
daughter. But both of them have only tooth phenotype without any other phenotypic
manifestations. The father was unaffected and had no mutation. Other family members were
not available for further analysis of a genotype-phenotype correlation. The A42P mutation is
located in a highly conserved region of the prodomain of mammalian BMP4 protein (Fig.
1B) and had not been reported at the time of detection. The mutation was scored at 0.523
(“possibly damaging™) using the PolyPhen program or 0.33 (“tolerated”) using the SIFT
program. Predictably, any BMP4 mutation associated with such a mild phenotype cannot be
expected to be severely disruptive of BMP4 structure and function.

Effect of A42P on BMP4 processing and secretion

To determine whether the A42P mutation would affect the BMP4 processing and secretion,
the wild-type and mutant BMP4 expression constructs with HA tag were transfected into
Cos-7 cells. Western-blot analysis with an HA antibody showed that both wild-type and
mutant BMP4 have approximately the same amount of proBMP4 as well as mature BMP4 in
cell lysates and in the culture media (Fig. 2A).

Effect of Ala42Pro on BMP4 function

Alkaline phosphatase activity analysis showed that C2C12 cells transfected with either wild-
type or mutant BMP4 displayed an increase in alkaline phosphatase activity, compared with
control (P< 0.001). However, no significant difference was found between wild-type and
mutant BMP4 (P> 0.05, data not shown). Consistently, Western-blot analysis showed that
mutant BMP4 triggered the phosphorylation of Smad1/5/8, the direct downstream targets of
BMP4 signaling, to the same extent as the wild-type BMP4 (Fig. 2B). These observations
indicate that the function of the mature BMP4 ligand was not affected by the prodomain
mutation.

Immunolocalization of BMP4 prodomains

Constructs expressing Flag-tagged wild-type or mutant BMP4 were transfected into Cos-7
cells at different dosage (1.2 pg/ml, 0.8 pg/ml, 0.4 pg/ml). Immunofluorescent staining
revealed a fibrillar distribution of BMP4 prodomains in the extracellular space around cells
transfected with wild-type BMP4, suggesting that BMP4 prodomains can form or bind
extracellular fibrillar structures. A similar, but less abundant fibrillar prodomain network
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was observed around cells transfected with mutant BMP4 plasmid DNA at a concentration
of 0.4 pg/ml (Fig. 3). At higher concentrations of plasmid DNA (1.2 pg/ml, 0.8 pg/ml), the
fibrillar prodomain staining showed no apparent difference between wild-type and the
mutant. These findings suggest that the A42P mutation may have a subtle effect on BMP4
prodomain attachment, storage or transport in the extracellular matrix (ECM), possibly in a
dose dependent manner.

Discussion

It has been known for two decades that BMP4 plays a key role in the signaling interactions
between tooth bud epithelium and mesenchyme during tooth morphogenesis (11); however,
tooth agenesis-causing BMP4 mutations have never been reported. Because of its universal
function in embryonic development, mutations located in the Bmp4 ligand itself cause quite
severe phenotypes (12) and are not likely to be found in selective tooth agenesis. In this
study we provided evidence that mutations in the BMP4 prodomain may result in or
contribute to such less severe hypodontia phenotypes.

Expression constructs with an HA tag inserted in the mature BMP4 region enabled us to
track the mature BMP4 ligand and a FLAG tag in the prodomain region made it possible to
detect the prodomain fragments while both tags mark the full length BMP4 protein,
proBMP4. The A42P mutation neither affected the processing and secretion of BMP4 nor
the functionality of the mature BMP4 ligand. Although both wild-type and mutant BMP4
prodomains can form a fibrillar structure once they are secreted from the cells, this fibrillar
structure is less abundant in the mutant samples at a low concentration of transfected
plasmid DNA suggesting that the distribution of BMP4 prodomains in the ECM /n vivo may
also be affected by the A42P mutation in a dose dependent manner.

The function of BMP4 prodomains has been largely uncharacterized until recently when it
was reported that BMP4 prodomains have a high affinity to the N-terminal region of
Fibrillin-1, a major component of the extracellular matrix (18). It would be interesting to
investigate if BMP4 prodomains also interact with some of the more tooth bud specific
ECM proteins. This indicates that BMP4 prodomains may have the function of attaching to
the microfibrils in the ECM for storage or transport of the mature BMP4 dimers. In addition,
a recent structural study about the role of prodomains in members of the Tgf-beta family has
revealed that the prodomains play a role in preventing premature receptor ligand interaction
(19).

Different tissues have different sensitivity to BMP4 dosage. Tissues such as testes and germ
cells are more sensitive to BMP4 dosage while other tissues like the limb, dorsal vertebrae
and kidney may not be affected by subtle loss of BMP4 activity (17). The developing tooth
organ is also sensitive to BMP4 dosage (25); therefore, the A42P caused reduction in storage
capability of mature BMP4 in the ECM could be the reason for the tooth agenesis
phenotype.

Rare genetic variants are much more likely to have phenotypic consequences than the more
common polymorphisms (26) however proving the functional significance of a rare mutation
is not an easy task especially when extended family data are not available. When we first
discovered the A42P mutation in this tooth agenesis family of Turkish ancestry, it was a new
mutation and only several months later A42P appeared in the NHLBI Exome SNP database
with an allele frequency of about 0.05% in Caucasians and 0 in African Americans. Since
tooth agenesis is quite common and no phenotype data are available for the genotypes
represented in the NHLBI SNP database there was no reason to assume that the A42P is a
completely neutral mutation. The location of A42P in the N-terminal a1 helix of the
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prodomain, an area which has been shown to participate in the formation of a “straitjacket”
shielding the TGF-beta ligand from receptor recognition (19) and the amino acid change
from alanine to proline which is likely to introduce a conformational change in the protein
structure, suggests that A42P could contribute to the observed tooth agenesis phenotype.
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"CAGGGCCACCCGGGAGGACGC
210 220

Daughter

TCAGGGCCACNCGGGAGGACGC
210 220

Mother

"CAGGGCCACGCGGGAGGACGC
210 220

Father

Signal peptide 24 42
MIPGNRMLMVVLLCOQVLLGGASHASLIPETGKKKVAEIQGHPGGRRSGQS

Human MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS

Goat
Sheep
Cattle
Mouse
Rat
Pig
Rabbit

MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS
MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS
MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS
MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS
MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS
MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS
MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQS

Fig. 1.

BMP4 (G to C) mutation identified in a nuclear family. (A) Sequencing results showing the
normal father (bottom) and the mutated alleles in mother and daughter. (B) A line-up of
BMP4 sequences of patients and different species. Note that the mutation is located in a
highly conserved region of the prodomain of the mammalian BMP4 protein (red).
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Fig. 2.

Effect of the A42P mutation on proBMP4 processing and secretion, as well as signaling
transduction. (A) Western-blot analysis with anti-HA showed that there was no apparent
difference in ProBMP4 and BMP4 levels in cell lysates and in the medium from Cos-7 cells
transfected with HA-tagged wild-type or mutant BMP4 expression constructs. A schematic
representation of the construct used in this experiment was shown at the bottom. (B)
Western-blot analysis showed that wild-type and mutant BMP4 induced a comparable
increase in the levels of phospho-Smad 1/5/8 in the C2C12 cell lysates. Empty vector of
pcDNA3 was used as control and beta-actin was used as a loading control. Quantification
using Image J software showed 1.39 and 1.46 fold increases of phosphorylated Smad1/5/8
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for wild-type and A42P, respectively, normalized by empty vector. C, cell lysate; M, culture

medium; EV, empty vector; Wt, wild-type; SP, signal peptide; PD, prodomain; BMP4,
mature, ligand. All experiments were repeated 3 times.
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Fig. 3.

Immunofluorescence staining showed that the fibrillar distribution of BMP4 prodomains
was affected by the A42P mutation at a low amount of transfected plasmid DNA (0.4 g/
ml). Constructs expressing Flag-tagged wild-type or mutant BMP4 were transfected into
Cos-7 cells. Three days later, immunofluorescent staining was performed to detect proBMP4
or BMP4 prodomain with anti-FLAG antibodies; DAPI was used to stain nuclei. Confocal
images revealed less fibrillar BMP4 prodomain structure around cells transfected with the
A42P mutant (B, D) compared to the wild-type (A, C) in three independent experiments.
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