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Abstract

Tooth formation is tightly regulated by epithelial-mesenchymal interactions via hierarchic 

cascades of signaling molecules. The glycosaminoglycan (GAG) chains covalently attached to the 

core protein of proteoglycans (PGs) provide docking sites for signaling molecules and their 

receptors during the morphogenesis of tissues and organs. While PGs are believed to play 

important roles in tooth formation, little is known about their exact functions in this developmental 

process and the relevant molecular basis. Family with sequence similarity member 20-B 

(FAM20B) is a newly identified kinase phosphorylating the xylose in the common linkage region 

connecting the GAG with the protein core of PGs. The phosphorylation of xylose is essential to 

the common linkage elongation and the subsequent GAG assembly. In this study, we generated 

Fam20B-floxed allele in mice and found that inactivating Fam20B in the dental epithelium leads 

to supernumerary maxillary and mandibular incisors. This finding highlights the pivotal role of 

PGs in tooth morphogenesis and opens a new window for understanding the regulatory 

mechanism of PG-mediated signaling cascades during tooth formation.
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Proteoglycans (PGs) are large molecules that have one or more glycosaminoglycan (GAG) 

side chains attached to the protein core via an O-linkage through serine residue(s) (1). The 

assembly of GAG chains is initiated by the synthesis of the GAG-protein linkage region 
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(GlcAβ1–3Galβ1–3Galβ1–4Xylβ1-O-Ser), which is formed through a sequential addition of 

monosaccharide residues catalyzed by respective glycosyltransferases (2). The repeating 

disaccharide of heparan sulfate, heparin, chondroitin sulfate and dermatan sulfate are 

synthesized on the linkage region (3), followed by numerous modifications including 

sulfation, epimerization and desulfation.

Mature PGs are present on the cell surface and in the extracellular matrix (ECM) of various 

tissues. The GAG chains are involved in complex biological functions such as assembling 

and activating the complexes of growth factors or growth factor receptors, as well as 

regulating pathways in the coagulation process and complement cascades (4). Heparan 

sulfate (HS) is known to be important modulators of WNT, BMP, FGF, and SHH signaling 

pathways (5). Chondroitin sulfate (CS) and dermatan sulfate (DS) have also been recognized 

as co-receptors and signal modulators in multiple signaling pathways (6).

The development of teeth is regulated by complex reciprocal interactions between the dental 

epithelium and dental mesenchyme. The proper patterning and morphogenesis of the tooth 

organ depend on a delicate balance of various signaling pathways such as those of WNT, 

BMP, FGF, and SHH, which are reiteratively used in the determination of tooth position, 

number, type, and shape (7). The response of the cells to the changes in the extracellular 

matrix involves integral cell surface molecules to recognize their matrix ligand and initiate 

intracellular signaling.

While PGs have been thought to be important for tooth formation, little is known about their 

specific roles in this developmental process. The current knowledge gained from previous 

studies represents a significant gap in understanding the role of PGs in tooth morphogenesis 

and the relevant molecular basis. Several studies reported the expression patterns of several 

PGs in embryonic teeth (8–14) and binding activity between mesenchymal syndecan and 

tenascin (15). A line of transgenic mice overexpressing heparan sulfate proteoglycan 2 

(HSPG2) in the enamel organ display dull-ended crowns and divergent tooth roots (16, 17), 

indicating the need for an appropriate amount of HSPG2 during tooth morphogenesis. The 

oligodontia and split crowns in zebrafish lacking heparan sulfate proteoglycans (HSPGs) are 

partially attributed to an attenuated FGF8 signaling (18). The inactivation of endosulfatases 

in mice leads to mild dentin defects and impaired WNT signaling in odontoblasts, 

suggesting an essential role of HSPG desulfation in dentinogenesis (19). A more recent 

study utilizing an in vitro tooth culture system found that the differential expression of 

syndecan 1 and N-deacetylase/N-sulfotransferases (NDSTs), as well as their mediation on 

FGF retention on the cell surface, are responsible for the differential odontogenic potency 

between the reaggregated incisor and molar dental mesenchymal cells (20).

Family with sequence similarity 20 (FAM20) is a group of evolutionarily conserved 

molecules, which include FAM20A, FAM20B and FAM20C. FAM20C is a Golgi-enriched 

kinase responsible for the phosphorylation of secretory calcium-binding phospho-protein 

(SCPP) family, which includes “small-integrin-binding ligand, N-linked glycoproteins” 

(SIBLINGs) and several enamel-matrix proteins (21, 22). Fam20C-knockout mice develop 

severe hypophosphatemic rickets due to an increased renal phosphate wasting that is likely 

attributed to the remarkable elevation of serum FGF23 (23), while their dentin and enamel 
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defects are largely independent from the hypophosphatemia and appear to be local effects of 

phosphorylation failure in the SCPP proteins (24, 25, 26). FAM20A is believed to be a 

pseudokinase that forms a functional complex with FAM20C, and this complex enhances 

extracellular protein phosphorylation within the secretory pathway (27). Loss of function in 

FAM20A leads to amelogenesis imperfecta with gingival fibromatosis syndrome (28) and 

enamel renal syndrome (29) in humans and mice (30). FAM20B is a newly identified kinase 

phosphorylating the xylose in tetrasaccharide linkage region that connects 

glycosaminoglycan (GAG) chains with the core protein of proteoglycans (31). The 

phosphorylation of this xylose is essential for galactosyltransferase II (GalT-II)-mediated 

elongation of the tetrasaccharide bridge and subsequent assembly of GAGs (32, 33). Genetic 

studies showed that loss-of-function mutations in the Fam20B in zebra fish decrease the 

amount of cellular GAG chains and cause cartilage and skeleton defects, while constitutive 

deletion of Fam20B in mice results in embryonic lethality at E13.5 (30, 34).

In this study, we generated a Fam20B-floxed allele and crossbred the Fam20B-floxed mice 

with Keratin 14 promoter-driven Cre (K14-Cre) mice to generate K14-Cre;Fam20Bflox/flox 

mice, in which Fam20B was inactivated in the oral and dental epithelium. The K14-

Cre;Fam20Bflox/flox mice exhibit supernumerary incisors.

Materials and methods

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of Texas A&M University Baylor College of Dentistry (Dallas, TX, USA) and performed in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Generation of Fam20B floxed allele and K14-Cre;Fam20Bflox/flox Mice

Murine Fam20B gene (NM_145413.4) contains nine exons. We chose exons 4 and 5 as the 

floxed region. To engineer the targeting vector, a 4.6 kb 5’ homology arm, a 2.5 kb 3’ 

homology arm, and a 4.6 kb fragment containing the exons 4 and 5 were amplified by 

polymerase chain reaction (PCR) using the template DNA extracted from a BAC clone 

RP24-262C9 (CHORI, Oakland, CA, USA). The 4.6 kb fragment that contains the exons 4 

and 5 was subcloned between two loxP sequences in the targeting vector. The 5’ 

homologous arm was subcloned into the vector upstream from the 5’ loxP site, and the 3’ 

homologous arm was subcloned into the downstream of the 3’ loxP site. A PGK-DTA 

(diphtheria toxin A) cassette was located downstream from the 3’ homologous arm and used 

as negative selection for the targeting construct. The final construct was linearized by NotI 

restriction enzyme and electroporated into PluriStem C57BL/6N Murine ES cells (EMD 

Millipore, Darmstadt, Germany) (Cyagen Biosciences, Santa Clara, CA, USA). After 

positive (G418) and negative (DTA) selection, genomic DNA was extracted from the ES 

clones and a 3’ PCR screen was performed to identify the targeted clones. A positive clone 

was identified by PCR screening and confirmed by Southern blotting using the 5’, 3’, and 

Neo probes against the genomic DNA digested by KpnI or SacI restriction enzymes, 

respectively. The presence of 5’ and 3’ loxP sites in the targeted ES cells was confirmed by 

DNA sequencing (Fig. 1) (Supporting Table S1).
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The targeted ES cells were injected into the blastocysts of C57BL/6 mice (Cyagen 

Biosciences). The chimeras were crossbred with B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/

RainJ mice (Jackson Laboratory, Bar Harbor, Maine, USA) to remove the Neo cassette from 

the F1 mice (Fig. 1).

To generate conditional knockout mice in which Fam20B is specifically inactivated in the 

epithelial tissues (including the oral and dental epithelium), we crossbred the mice following 

the strategy as previously described (24, 25). Briefly, the F1 heterozygous (Fam20Bflox/+) 

mice were crossbred with K14-Cre transgenic mice to produce K14-Cre;Fam20Bflox/+ mice, 

and the offspring were inbred to produce the K14-Cre;Fam20Bflox/flox mice. The K14-Cre 

transgenic mouse line used in this study was KRT14-Cre 43 transgenic mice (Jackson 

Laboratory), a K14-Cre transgene made by inserting a modified Cre cDNA fragment PCR-

amplified from the pACN vector (35) into the BamHI site of a K14 expression vector (36). 

In addition, we generated Sox2-Cre;Fam20Bflox/flox mice by mating the Fam20Bflox/flox mice 

with Sox2-Cre transgenic mice, a line expressing Cre transgene at ~E6.5 and inactivating the 

floxed alleles in nearly all tissues.

Genotyping for detecting the floxed alleles, the Cre transgene and the Cre-loxP-mediated 

recombination events were performed by PCR analyses using specific primers (Table S) and 

the genomic DNA from tail lysates.

X-ray and micro-computed tomography

The lower and upper jaws dissected from 4-wk-old mice were analyzed with plain X-ray 

radiography (Faxitron Bioptics, Tucson, Arizona USA). Micro-CT analyses were performed 

using a Scanco micro-CT35 imaging system (Scanco Medical, Wayne, PA, USA) with a 

medium-resolution scan (7.0 µm slice increment) on the dissected tissues, as previously 

described (23, 26). The images were reconstructed with the EVS Beam software using a 

global threshold at 240 Hounsfield units. The samples from 6 K14-Cre;Fam20Bflox/flox, 

K14-Cre;Fam20Bflox/+, or WT mice (3 males and 3 females of each genotype) were 

examined by X-ray and micro-CT analyses, respectively.

Backscattered scanning electron microscopy

For the scanning electron microscopy (SEM) analyses, the lower and upper jaws from 4-wk-

old mice were fixed in 4% paraformaldehyde overnight and dehydrated through a graded 

series of ethanol concentrations (70–100%), then embedded in methylmethacrylate without 

prior decalcification. Transectioning of the incisors and sagittal sections of the first molars 

were mounted, carbon coated and examined with field emission scanning electron 

microscopy (Philips XL30, FEI Company, Hillsboro, Oregon, USA). The samples from 6 

K14-Cre;Fam20Bflox/flox, K14-Cre;Fam20Bflox/+, or WT mice (3 males and 3 females of 

each genotype) were examined in the SEM analyses.

Reverse transcription polymerase chain reaction

The dental epithelium was dissected from the first lower molars of 3-d-old mice. Total RNA 

was prepared using a Rneasy Mini Kit (Qiagen, Valencia, CA, USA) and converted into 

cDNA using a Reverse Transcription Kit (Qiagen), following the manufacturer’s 
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instructions. RT-PCR was performed to examine the deletion of exons 4 and 5 in the 

Fam20B mRNA extracted from the K14-Cre;Fam20Bflox/flox mice (Table S).

Western immunoblotting

We dissected and pooled dental epithelium from the mandibles of E13.5 K14-

Cre;Fam20Bflox/flox and WT mouse embryos after treating the mandibles with 1.8 U/ml 

dispase (Roch, Indianapolis, IN, USA) at room temperature for 15 min. The total protein 

lysates prepared from the dental epithelium were loaded onto 12% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western immunoblotting 

using the anti-syndecan-1 antibody (Santa Cruz Biotechnology, USA) at a concentration of 

200 ng/ml.

Crossbreeding K14-Cre mice with Rosa26 reporter mice and X-galactosidase staining

The K14-Cre mice were crossbred with Rosa26 reporter mice (Jackson Lab), and the 

embryos were collected at E10.5, E11.5, E12.5 and E13.5, followed by X-Gal staining as 

previously described (20).

Statistical analysis

Data were expressed as mean ± SD. The Student’s t-test was used to compare the means 

between two groups. For analyses where comparisons were made among more than two 

groups, an analysis of variance (ANOVA) was used followed by Bonferroni method of 

multiple comparisons to determine which groups are significantly different from each other. 

A value of p < 0.05 was considered statistically significant.

Results

Validation of Fam20B inactivation

RT-PCR results confirmed the deletion of exons 4 and 5 in the Fam20B mRNA extracted 

from the dental epithelium of 3-d-old K14-Cre;Fam20Bflox/flox mice compared with their 

wild type (WT) littermates (Fig. 1). The Sox2-Cre;Fam20Bflox/flox mice showed embryonic 

lethality at E13.5 as the constitutive Fam20B-knockout mice did (34).

Reduction of Syndecan-1 in the dental epithelium

The results of Western immunoblotting showed remarkably less proteoglycans of 

syndecan-1 in the dental epithelium of K14-Cre;Fam20Bflox/flox mice compared with that 

from the WT mice, indicating a possible GAG deficiency in the K14-Cre; Fam20Bflox/flox 

mice (Fig. 1L).

Supernumerary teeth

The Fam20Bflox/flox and K14-Cre;Fam20Bflox/+ mice were viable and fertile. We did not 

observe apparent differences in body size between these mice and WT mice (Fig. 2); the 

average body weight of 4-wk-old K14-Cre;Fam20Bflox/flox mice was 15.80 ± 1.92 g and that 

of WT mice was 15.69 ± 2.10 g (n = 12, P>0.05).
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All of the K14-Cre;Fam20Bflox/flox mice displayed supernumerary incisors at the mesial 

sides of the lower incisors (i.e., 100% incidence). Approximately 23% of the K14-

Cre;Fam20Bflox/flox mice had supernumerary incisors at the lingual side of the upper incisors 

(i.e., 23% incidence). There were no supernumerary molars in the K14-Cre;Fam20Bflox/flox 

mice (Fig. 3).

Enamel phenotypes

Clinically, the tooth surface of the K14-Cre;Fam20Bflox/flox mice appeared opaque white 

compared to the brown-colored teeth in the WT mice (Fig. 2). SEM shows the enamel 

prisms of the K14-Cre;Fam20Bflox/flox mice to be less clearly defined in structure with more 

mineralization surrounding the prisms compared to similar sections from WT mice (Fig. 3), 

The enamel of the K14-Cre;Fam20Bflox/+ mice did not show apparent phenotypic 

differences from the WT mice (data not shown).

K14-Cre showed a lower level of expression in the incisor regions than in the molar 
regions at E10.5–E12.5

The X-Gal staining clearly showed that the molar regions had a lower level of K14-Cre 

expression than in the incisor regions at E10.5–E12.5 (Fig. 4). The intensity of K14-Cre 

increased in the molar regions over time and reached a level similar to that in the incisor 

regions at E13.5 (Fig. 4).

Discussion

FAM20B is a xylose kinase essential to the elongation of proteoglycan tetrasaccharide 

linkage region and the subsequent GAG assembly. The early embryonic lethality of Fam20B 

constitutive knockout mice makes it difficult to examine the tooth development in these 

mice (30). In this study, we generated Fam20B-floxed allele in which exons 4 and 5 were 

flanked by the loxP sequences. The deletion of exons 4 and 5 resulted in a frameshift from 

downstream exons that contain the highly conserved kinase domain, thus leading to Fam20B 

inactivation. We crossbred the Fam20B-floxed mice with K14-Cre transgenic mice to 

generate the K14-Cre;Fam20Bflox/flox mice in which Fam20B was specifically inactivated in 

the epithelial tissues. RT-PCR analyses confirmed the inactivation of Fam20B in the dental 

epithelium of the K14-Cre;Fam20Bflox/flox mice.

Inactivation of Fam20B impairs the GAG assembly of HS, CS and DS. It is intriguing that 

inactivating Fam20B in the dental epithelium leads to supernumerary incisors. This finding 

highlights the pivotal role of proteoglycans in the control of tooth number at the early stage 

of tooth development. Supernumerary tooth formation is closely related to upregulation or 

hypersensitivity of WNT, BMP, FGF, or SHH signaling. Gain-of-function in the WNT 

pathway by constitutive stimulation of β-catenin (37, 38) and overexpression of Lef1 (39) in 

the oral epithelium, or by inactivation of WNT negative regulators such as low density 

lipoprotein receptor-related protein 4 (Lrp4) (40), adenomatous polyposis coli (Apc) (41), 

epiprofin (42), and ectodin (43–49), led to supernumerary tooth formation. The 

supernumerary teeth in the mice overexpressing ectodysplasin A (Eda) (50, 51), 

ectodysplasin receptor (Edar) (52, 53), IκB kinase β (IKKβ) (54), or nuclear factor kB (NF-
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kB) (55) were accompanied by upregulation of WNT signaling. In addition to WNT 

signaling, gain-of-function in BMP signaling shown in ectodin- (43), CCAAT enhancer-

binding protein beta- (CEBPB−) (56), and Osr2-KO mice (57), led to supernumerary teeth 

as part of a phenotype. Inactivation of genes encoding FGF antagonists, Sprouty2 and 4, led 

to supernumerary teeth due to hypersensitivity in FGF signaling (58, 59). Notably, the 

activity changes in these signaling pathways ultimately need an ectopic SHH expression to 

induce the supernumerary tooth formation (43, 60, 61). Given the regulatory roles of GAGs 

in mediating the WNT, BMP, FGF and SHH signaling pathways, and the correlation 

between the activity changes of these pathways and the supernumerary teeth, we speculate 

that the supernumerary teeth in the K14-Cre;Fam20Bflox/flox mice may be associated with 

the activity changes in one or several preceding pathways that are tightly regulated by the 

GAGs.

The exclusive location of supernumerary teeth in the incisor regions of the K14-

Cre;Fam20Bflox/flox mice may be attributed to a differential expression of Fam20B, 

proteoglycans, or their downstream signaling molecules in the dental epithelium between the 

incisor and molar regions. It may also arise from a different deletion efficiency of Fam20B 

by the K14-Cre between the incisor and molar regions, seeing that the K14-Cre activity in 

the molar regions was remarkably lower than that in the incisor regions at E10.5–E12.5 

(Figure 3), a time window critical for dental epithelium thickening, invaginating, and 

budding.

The enamel of K14-Cre;Fam20Bflox/flox mice showed an opaque-white color in contrast to a 

brown color in the normal mice, while the enamel thickness was not affected. The enamel 

prisms in K14-Cre;Fam20Bflox/flox mice showed a less clear structure compared with WT, 

and seemingly had more mineralization surrounding the enamel prisms. It remains to be 

determined whether the reduction of proteoglycans in enamel matrix had facilitated the 

degradation of matrix proteins and accelerated the mineralization process of enamel matrix. 

The FAM20 family is composed of three members — FAM20A, FAM20B, and FAM20C. 

The enamel phenogypes in the Fam20C- and Fam20A-KO mice are remarkablly different 

from the enamel appearance in Fam20B-KO mice. The former two are very similar in the 

morphology alteration in ameloblasts and the lack of enamel formation, which is likely 

attributed to the fact that FAM20C phosphorylates SCPP proteins that are essential for the 

assembly and mineralization of enamel matirx, and that FAM20A is a pseudokinase 

essential for the kinase activity of FAM20C in ameloblasts by forming a complex with the 

latter.

In summary, this study revealed previously unknown functions of FAM20B and 

proteoglycans in tooth development, hereby opens a new window for exploring the 

regulatory role of proteoglycans in the signaling cascades governing tooth formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of Fam20B conditional knockout (KO) allele
A. Fam20B wild type (WT) allele. The black boxes indicated exons. The red bars 

represented 5' and 3' probes for Southern blotting. B. Fam20B targeting vector. The black 

triangles indicated loxP sequences. The white triangles represented Frt sequences. The 

crossed dashed lines indicated the position of 5' and 3' homologous arms. Neo, neomycin 

resistance. DTA, diphtheria toxin A. C. Targeted allele. The red bars indicated 5', 3', and 

Neo probes for Southern blotting. The blue arrows represented primers for 3' PCR screening 

for the targeted allele. D. Targeted allele without Neo cassete. The Neo cassete was removed 

by Flp-Frt mediated recombination. The blue arrows indicate PCR primers used to detect the 

flox allele (F and R1) and Cre-loxP mediated recombination event (F and R2). E. 
Conditional knockout allele. The exons 4 and 5 were removed by Cre-loxP mediated 

recombination. The blue arrows indicate the PCR primers for detecting the recombination 

event. F. PCR 3' screening for the targeted ES clone. The targeted allele gave rise to a 4.1 kb 

fragment, while the WT allele produced no band. Mut, Fam20B-floxed allele. G. Southern 
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blotting of KpnI-digested gDNA with 5' probe. The probe identified a 9.9 kb fragment in the 

WT allele, and a 5.7 kb fragment in the targeted allele. H. Southern blotting of SacI-digested 

gDNA with 3' probe. The probe identified a 23.4 kb fragment in the WT allele, and a 7.3 kb 

fragment in the targeted allele. I. Southern blotting of KpnI-digested gDNA with Neo probe. 

The probe did not detected any fragment in the WT allele, but identified a 5.3 kb fragment in 

the targeted allele. J. PCR genotyping. The WT allele gave rise to a 242 bp fragment. The 

floxed allele produced a 303 bp fragment. The Cre-mediated recombination generated a 261 

bp fragment. Rec, loxP-Cre mediated recombination in the Fam20B allele. K. RT-PCR 

using primers spanning exons 4 and 5 identified a 384 bp product in WT but no band was 

generated from the K14-Cre;Fam20Bflox/flox (KO) mice. L. Western immunoblotting using 

the antibody against the core protein of syndecan-1 (arrow) in the dental epithelium of WT 

and KO embryos. The epitheliun from the KO mice had a lower level of proteoglycan form 

(arrowheads), compared with that from the WT.
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Figure 2. Gross defects in the K14-Cre;Fam20Bflox/flox mice
A. Gross observation did not show apparent difference in the body size, hair, and skin 

among the 4-wk-old wild type (WT), K14-Cre;Fam20Bflox/+ heterozygous (Het) and K14-

Cre;Fam20Bflox/flox (KO) mice. Scale bar, 10 mm. B. The K14-Cre;Fam20Bflox/flox mice 

showed supernumerary incisors. The incisors in the K14-Cre;Fam20Bflox/flox mice were 

opaque and showed a white color, while the incisors in the WT and Het mice were 

transparent and had a brown color. Scale bar, 1mm.
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Figure 3. Supernumerary teeth and enamel phenotypes in the K14-Cre;Fam20Bflox/flox mice
A. Plain X-ray. The supernumerary incisors (arrows) in the K14-Cre;Fam20Bflox/flox (KO) 

mice had smaller size and shorter length of roots than those in the normal mice. B. Micro-

CT. Transection of lower incisors showed supernumerary incisors (arrows) in the KO mice. 

C. Micro-CT of upper jaws showed supernumerary incisors (arrows) in the KO mice. D. 
Micro-CT. Transection of upper incisors showed supernumerary teeth (arrows) in the KO 

mice. E. Micro-CT showed no morphology difference in the lower molars among the KO, 

heterozygous (Het) and WT mice. F and G. Backscatter SEM. The enamel of both molars 
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(middle column) and incisors (right column) in the KO mice showed less clear structure of 

enamel prisms and seemingly more mineralization surrounding the prisms compared with 

those in the WT mice. F1 was the higher magnification view of the upper box area in F; F2 

was the high magnification view of the lower box area in F. G1 was the high magnification 

view of the upper box area in G; G2 was the high magnification view of the lower box area 

in G. Scale bars, 10 µm.
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Figure 4. The molar and incisor regions in E10.5–E12.5 embryos showed different levels of K14-
Cre activity
X-Gal staining showed lower level of K14-Cre in the molar regions (green arrows) than in 

the incisor regions (red arrows) in the mouse embryos at E10.5 and E12.5. The K14-Cre 

activity in the molar regions increased to the similar level as the incisor regions at E13.5. 

Scale bars, 100 µm.
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