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Abstract

FAM20C (family with sequence similarity 20-member C), a kinase that phosphorylates secretory 

proteins, plays essential roles in various biological processes. In humans, mutations in FAM20C 
gene cause Raine syndrome, an autosomal recessive hereditary disease manifesting a broad 

spectrum of developmental defects including skeletal and craniofacial deformities. Our previous 

studies revealed that inactivation of Fam20c in mice led to hypophosphatemic rickets and that high 

phosphate (hPi) diet significantly improved the development of the skeleton in Fam20c-deficient 

mice. In this study, we evaluated the effects of hPi diet on the formation of dentin in Fam20c-

deficient mice, using plain x-ray radiography, micro–computed tomography (μCT), histology, and 

immunohistochemistry. Plain x-ray radiography and μCT analyses showed that the hPi diet 

improved the dentin volume fraction and dentin mineral density of the Fam20c-deficient mice. 

Histology analyses further demonstrated that the hPi diet dramatically improved the integrity of 

the mandibular first molars and prevented pulp infection and dental abscesses in Fam20c-deficient 

mice. Our results support that the hPi diet significantly increased the formation and mineralization 

of dentin in Fam20c-deficient mice, implying that hypophosphatemia is a significant contributor to 

the dentin defects in Fam20c-deficient subjects.
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Introduction

Dentin is formed by odontoblasts, which are derived from neural crest cells (1). During 

dentinogenesis, the odontoblasts synthesize collagen and non-collagenous proteins, and 

secrete them to form the organic component of the extracellular matrix, in which 

hydroxyapatite crystals are deposited to make mineralized dentin (2). Some of the non-
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collagenous proteins, such as dentin sialophosphoprotein and dentin matrix protein 1 are 

phosphoproteins. Protein kinases are required to catalyze the attachment of phosphates to the 

amino acid residues in proteins to synthesize phosphoproteins. Family with sequence 

similarity 20 – member C (FAM20C) is a protein kinase that catalyzes the attachment of 

phosphates to serine residues within the Ser-x-Glu/pSer motifs of secretory proteins (3–6). 

FAM20C, which is highly expressed in odontoblasts (7, 8), is believed to be the enzyme 

responsible for phosphorylating dentin non-collagenous proteins including dentin 

sialophosphoprotein and dentin matrix protein 1 (3, 5, 9). Our previous studies showed that 

global inactivation of Fam20c led to hypophosphatemic rickets and dentin defects in mice 

(10). While a deficiency in the phosphorylation of dentin non-collagenous proteins 

associated with the loss of FAM20C function may lead to dentin defects, a lower level of 

serum phosphorus (hypophosphatemia) may also contribute to dentin abnormalities 

observed in the Fam20c-deficient mice. It is unclear to what extent the dentin defects of the 

Fam20c-deficient mice may be attributed to hypophosphatemia.

In our previous study, we observed that high phosphate (hPi) diet significantly improved the 

skeletal development of the Fam20c-deficient mice (11). In this study, we evaluated the 

effects of the hPi diet on the formation and mineralization of dentin in the Fam20c-deficient 

mice.

Material and Methods

Experimental mice and administration of hPi diet

The mice used in this study were the same as those described in our previous study (11). 

Briefly by mating male Sox2-Cre;Fam20cfl/+ mice with female Fam20c-floxed mice 

(Fam20cf/f), we created Sox2-Cre;Fam20cfl/fl mice (designated as “cKO mice”). The 

breeding pairs of Sox2-Cre;Fam20cfl/+ male and Fam20cfl/fl female mice were divided into 

two groups: “A” and “B”. The pregnant Fam20cfl/fl mice in Group A were fed a standard 

rodent chow (0.7% phosphorus, T.2918; Harlan Teklad), while those in Group B were given 

a high phosphate rodent chow (1.5% phosphorus, TD. 3625; Harlan Teklad, Table S1) at 

approximately 14.5 days (a time when bone mineralization begins) after the appearance of a 

vaginal plug. Fam20cfl/+ or Fam20cfl/fl mice from Group A (receiving standard diet) or 

Group B (receiving hPi diet) were used as the normal controls (referred to as “Norm”); 

Fam20cfl/+ or Fam20cfl/fl mice have been shown to have normal skeleton and tooth 

development (10, 12). After weaning at postnatal 3 weeks, cKO and Norm offspring mice in 

Group A were continuously fed a standard diet while those in Group B continued to receive 

hPi diet. The cKO and Norm mice were euthanized at 7 weeks after birth and their 

mandibles were dissected for analyses. The experiments with mice were carried out 

following the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals and the animal protocol was approved by the Institutional Animal Care and Use 

Committee of Texas A&M University College of Dentistry (Dallas, TX, USA). All mice had 

free access to food and water.
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Plain x-ray radiography and micro–computed tomography (μCT)

We dissected the mandibles from the 7-week-old cKO and Norm mice and first used a plain 

X-ray radiography system (Faxitron MX-20 DC12; Faxitron Bioptics Tucson, Arizona, 

USA) to scan the mandibles with a focus on assessing the radiodensity of the molars. The 

μCT (Scanco μCT35 imaging system; Scanco Medical) analysis was done with a low-

resolution scan (12 μm slice increment) for an overall morphological assessment of the 

mandibular jaw, followed by a high-resolution scan in 6 μm slice increments of the first 

molars as previously reported (13). The data acquired from the high-resolution scans of four 

samples per group (n = 4) were used for the quantitative analyses. Dentin was analyzed 

together with cementum as these two types of tissues were indistinguishable by density in 

μCT imaging (for additional detail see: Supplemental Material and Methods in the 

Supporting Information section of this article). The quantitative data were analyzed using 

IBM SPSS Statistics 25 software and were expressed as mean ± SD (standard deviation). 

One-way ANOVA was used for multiple-group comparison. If significant differences were 

found with the one-way ANOVA, LSD post-hoc test was used to determine the differences 

between two individual groups. P < 0.05 was considered as the statistically significant 

difference.

Histology and immunohistochemistry

For histologic analysis, the mandibles were fixed in 4% paraformaldehyde in 0.1M 

phosphate buffered saline (pH 7.4) at 4°C overnight and then processed as previously 

reported (13). Serial sections were cut at a thickness of 5 μm and used for Hematoxylin and 

Eosin (H&E) staining and immunohistochemistry using the polyclonal antibodies against 

dentin sialoprotein (DSP, N-terminal fragment of dentin sialophosphoprotein) and dentin 

matrix protein 1 as previously reported (13). More details on immunohistochemistry can be 

found in Supplemental Material and Methods in the Supporting Information section of this 

article.

Results

The serum biochemistry data associated with this high phosphate diet have been published 

in our previous report (9). Briefly, the hPi diet did not have significant effects on serum 

calcium and phosphorus levels in the normal mice. However, it fully recovered the serum 

calcium levels of cKO mice and increased the serum phosphorus level of cKO mice by 

38.7% at the age of 4 weeks. This report focused on the effects of the hPi diet on dentin 

formation in the Fam20c-deficient cKO mice.

Our x-ray analyses showed that there were no obvious differences between the molars of 

Norm mice receiving hPi diet (designated “Norm+Pi mice”) versus those of Norm mice 

given a standard rodent chow (Figure S1). In this report, we used Norm+Pi mice as the 

normal controls for comparative analyses versus cKO mice receiving a standard rodent chow 

(designated “cKO”) and cKO mice receiving hPi diet (designated “cKO+Pi” mice). Our 

analyses primarily focused on the mandibular first molars from these three groups of mice.
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Plain x-ray radiography analyses showed that the molars of the cKO mice had enlarged pulp 

chamber and thinner pulp chamber walls (Figure 1B, E), compared to those of the Norm+Pi 

mice (Figure 1A, D). Evidently, the pulp chamber walls of cKO+Pi mice were much thicker 

(Figure 1C, F) than those of the cKO mice (Figure 1B, E). The short mandibular incisors in 

cKO mice were not rescued by high phosphate diet (Figure 1B, C). The reconstructed high-

resolution scan μCT images confirmed that the thinner pulp chamber wall and enlarged pulp 

chamber in the mandibular first molars of the cKO mice were markedly improved by the hPi 

diet (Figure 2A–C). Quantitative analyses of the high-resolution μCT scanning data showed 

that the hPi diet increased the dentin volume fraction (expressed as the ratio of dentin 

volume to the total volume, DV/TV) of cKO mice by 87.5% (Figure 2D) and restored the 

dentin apparent density by 43.3% (Figure 2E) and material density by 26.5% (Figure 2F). 

Nevertheless, the apparent density and material density of the cKO+Pi mice were still 

significantly lower than the Norm+Pi mice.

H&E staining showed that the mandibular first molars of the 7-week-old cKO mice showed 

remarkably decreased dentin thickness (Figure 3B, E), compared to those of the Norm+Pi 

mice (Figure 3A, D), and the high phosphate diet markedly increased the dentin thickness in 

the cKO+Pi mice (Figure 3C, F). In addition, numerous small rounded areas appeared to be 

“empty spaces” that were present in the dentin matrices of both cKO and cKO+Pi mice 

(Figure 3E, F). Moreover, the first molars in the cKO mice showed pulp exposure, severe 

pulp infection and necrosis, and lack of odontoblasts in the dental pulp. In contrast, the first 

molars in the cKO+Pi mice had no obvious signs of direct pulp exposure or infection, and 

odontoblasts were still evident at the border of the dentin and pulp. All four cKO mice fed 

with standard diet had dental abscesses by the age of 7-weeks, but all Norm+Pi mice and 

cKO+Pi mice examined in this study did not form dental abscesses. Dentin 

sialophosphoprotein, the most abundant non-collagenous protein in the dentin matrix, which 

exists primarily in the forms of processed N-terminal fragment known as dentin sialoprotein 

and C-terminal fragment referred to as dentin phosphoprotein, is critical for normal 

formation and mineralization of tooth dentin (14). Anti- dentin sialoprotein 

immunohistochemistry (Figure 3G–I) revealed that the dentin sialoprotein immunostaining 

intensity was similar in the crown dentin among Norm+Pi, cKO and cKO+Pi groups. 

Nevertheless, many small rounded areas, which showed weak or no dentin sialoprotein 

immunostaining signals, were found in the dentin matrixes of both cKO and cKO+Pi mice; 

these small rounded areas corresponded to those observed in the H&E stained histological 

sections.

Discussion

The genes whose mutations cause hypophosphatemia include phosphate-regulating gene 

with homologies to endopeptidases on the X chromosome (PHEX) (15–17), fibroblast 

growth factor 23 (FGF23) (18–20), dentin matrix protein 1 (DMP1) (21, 22), ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (ENPP1) (23–25) and FAM20C (10).

Several studies have examined the pathogenic role of hypophosphatemia in the skeletal 

defects in subjects with hypophosphatemic rickets/osteomalacia, but its roles in dental 

abnormalities are less well studied. A combination of oral phosphate supplement and 
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calcitriol has been shown to restore phosphate homeostasis and to improve bone 

mineralization when taken by subjects with hereditary hypophosphatemic rickets/

osteomalacia, yet the findings are inconsistent concerning its effects in improving dental 

development (17, 26–28). The high phosphate diet (hPi) alone also improved the skeletal 

development of the Hyp mice with Phex mutations; however, information is very limited in 

terms of whether or not the hPi diet improved the dental development of the Phex-deficient 

subjects (17, 29–31). Long-time (more than 40 days) but not short-time (less than 30 days) 

high-calcium/-phosphate diet improved some of the histopathological features of the incisor 

dentin of Hyp mice (30, 31). Moreover, application of the hPi diet to Dmp1-null mice, which 

also manifested hypophosphatemic rickets/osteomalacia, showed that hPi improved the 

skeletal development of the Dmp1-null mice (21); yet this report did not describe the effects 

of the dietary phosphorus supplement on tooth development. Similarly, we previously only 

reported that the hPi diet improved the skeletal development of the Fam20c-defieicent mice 

(11). In this study, we described the rescue effects of the hPi diet on the dental development 

in the Fam20c-defieicent mice.

The mandibular first molar of cKO mice receiving standard diet had very thin dentin in the 

crown and root whose mineral density was dramatically lower than in the normal control 

mice. The phosphorus supplementation significantly increased the dentin volume and 

density of the cKO mice. At 7 weeks after birth, the first molar pulp chamber of the cKO 

mice fed with standard diet was exposed and the dental pulp had severe infection along with 

remarkable pulp necrosis. The pulp chamber wall of the cKO mice with phosphate 

supplementation (cKO+Pi mice) was intact, the dental pulp had no apparent infection, and 

the odontoblasts were evident at the boundary of the dental pulp. While the dentin volume 

and mineral density of cKO+Pi mice were remarkably better than those of the cKO mice fed 

with standard diet, these dentin parameters in the cKO+Pi mice were still below the levels in 

the Norm+Pi mice. These observations indicate the dietary phosphorus supplement 

significantly improved but not completely rescued the dentin defects in the cKO mice.

The partial rescue of the dentin defects may be attributed to loss of phosphorylation of 

certain dentin matrix proteins. Dentin sialophosphoprotein and dentin matrix protein 1 are 

two highly phosphorylated non-collagenous matrix proteins (32–34). They are essential for 

dentin formation (14, 35). It has been demonstrated that dentin matrix protein 1 

phosphorylation is compromised in the Fam20c-deficient mice (36). In vitro studies also 

suggest that FAM20C alone is responsible for phosphorylating majority of secreted 

phosphoproteins (6). Therefore, in addition to hypophosphatemia, the loss of 

phosphorylation in the matrix proteins may also contribute to the dentin defects of the 

Fam20c cKO mice.

In addition to dentin, the hPi diet improved the formation of alveolar bone in the cKO mice. 

Plain x-ray radiography (Figure 1A–C) and reconstructed low-resolution μCT images 

(Figure S2A–C) demonstrated that the cKO mice receiving standard diet had a much porous 

mandible and alveolar bone, compared to the Norm+Pi mice, and that the hPi diet 

dramatically improved the overall structure of the mandible and alveolar bone of the cKO 

mice. The high-resolution μCT scan analyses demonstrated that the hPi diet improved the 

formation and mineralization of the alveolar bones in the cKO mice (Figure S2D–F). 
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Quantitative analyses showed that the bone volume fraction (expressed as BV/TV ratio), 

bone apparent density and material density in the cKO+Pi mice were significantly higher 

than those in the cKO mice (Figure S2G–I). H&E staining and anti-DMP1 

immunohistochemistry also revealed a dramatic loss of periodontal tissues (including 

alveolar bone, cellular cementum and periodontal ligament) in the cKO mice, compared to 

those in the Norm+Pi mice, and high phosphate diet partially restored these tissues in the 

cKO+Pi mice (Figure S3).

In summary, these findings suggest that hypophosphatemia is a significant contributor to the 

dentin defects in Fam20c-deficient subjects and that the partial rescue of the dentin defects 

may be due to loss of phosphorylation in certain dentin matrix proteins that cannot be 

restored by high phosphate diet. Moreover, this study pinpoints the pathogenic role of 

hypophosphatemia in the alveolar bone defects in the Fam20c-deficient subjects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding

This work was supported by USA National Institute of Health Grant DE022549 (to CQ) and, Texas A&M 
University College of Dentistry Department of Biomedical Sciences Seed Grant TAMCOD-BMS-2019-004 (to 
HZ).

References

1. Arana-Chavez VE, Massa LF. Odontoblasts: the cells forming and maintaining dentine. Int J 
Biochem Cell Biol. 2004;36(8):1367–73. [PubMed: 15147714] 

2. Linde A, Goldberg M. Dentinogenesis. Crit Rev Oral Biol Med. 1993;4(5):679–728. [PubMed: 
8292714] 

3. Tagliabracci VS, Engel JL, Wen J, Wiley SE, Worby CA, Kinch LN, et al. Secreted kinase 
phosphorylates extracellular proteins that regulate biomineralization. Science. 
2012;336(6085):1150–3. [PubMed: 22582013] 

4. Ishikawa HO, Xu A, Ogura E, Manning G, Irvine KD. The Raine syndrome protein FAM20C is a 
Golgi kinase that phosphorylates bio-mineralization proteins. PLoS One. 2012;7(8):e42988. 
[PubMed: 22900076] 

5. Cui J, Xiao J, Tagliabracci VS, Wen J, Rahdar M, Dixon JE. A secretory kinase complex regulates 
extracellular protein phosphorylation. Elife. 2015;4:e06120. [PubMed: 25789606] 

6. Tagliabracci VS, Wiley SE, Guo X, Kinch LN, Durrant E, Wen J, et al. A Single Kinase Generates 
the Majority of the Secreted Phosphoproteome. Cell. 2015;161(7):1619–32. [PubMed: 26091039] 

7. Hao J, Narayanan K, Muni T, Ramachandran A, George A. Dentin matrix protein 4, a novel 
secretory calcium-binding protein that modulates odontoblast differentiation. J Biol Chem. 
2007;282(21):15357–65. [PubMed: 17369251] 

8. Wang X, Hao J, Xie Y, Sun Y, Hernandez B, Yamoah AK, et al. Expression of FAM20C in the 
osteogenesis and odontogenesis of mouse. J Histochem Cytochem. 2010;58(11):957–67. [PubMed: 
20644212] 

9. Cozza G, Moro E, Black M, Marin O, Salvi M, Venerando A, et al. The Golgi ‘casein kinase’ 
Fam20C is a genuine ‘phosvitin kinase’ and phosphorylates polyserine stretches devoid of the 
canonical consensus. FEBS J 2018;285(24):4674–83. [PubMed: 30387551] 

10. Wang X, Wang S, Li C, Gao T, Liu Y, Rangiani A, et al. Inactivation of a novel FGF23 regulator, 
FAM20C, leads to hypophosphatemic rickets in mice. PLoS Genet. 2012;8(5):e1002708. 
[PubMed: 22615579] 

Zhang et al. Page 6

Eur J Oral Sci. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Zhang H, Li L, Kesterke MJ, Lu Y, Qin C. High-Phosphate Diet Improved the Skeletal 
Development of Fam20c-Deficient Mice. Cells Tissues Organs. 2019;208(1–2):25–36. [PubMed: 
32101876] 

12. Wang X, Wang S, Lu Y, Gibson MP, Liu Y, Yuan B, et al. FAM20C plays an essential role in the 
formation of murine teeth. J Biol Chem. 2012;287(43):35934–42. [PubMed: 22936805] 

13. Zhang H, Xie X, Liu P, Liang T, Lu Y, Qin C. Transgenic expression of dentin phosphoprotein 
(DPP) partially rescued the dentin defects of DSPP-null mice. PLoS One. 2018;13(4):e0195854. 
[PubMed: 29672573] 

14. Sreenath T, Thyagarajan T, Hall B, Longenecker G, D’Souza R, Hong S, et al. Dentin 
sialophosphoprotein knockout mouse teeth display widened predentin zone and develop defective 
dentin mineralization similar to human dentinogenesis imperfecta type III. J Biol Chem. 
2003;278(27):24874–80. [PubMed: 12721295] 

15. Eicher EM, Southard JL, Scriver CR, Glorieux FH. Hypophosphatemia: mouse model for human 
familial hypophosphatemic (vitamin D-resistant) rickets. Proc Natl Acad Sci U S A. 
1976;73(12):4667–71. [PubMed: 188049] 

16. The HYP Consortium. A gene (PEX) with homologies to endopeptidases is mutated in patients 
with X-linked hypophosphatemic rickets. Nat Genet. 1995;11(2):130–6. [PubMed: 7550339] 

17. Bitzan M, Goodyer PR. Hypophosphatemic Rickets. Pediatr Clin North Am. 2019;66(1):179–207. 
[PubMed: 30454743] 

18. ADHR Consortium. Autosomal dominant hypophosphataemic rickets is associated with mutations 
in FGF23. Nat Genet. 2000;26(3):345–8. [PubMed: 11062477] 

19. White KE, Carn G, Lorenz-Depiereux B, Benet-Pages A, Strom TM, Econs MJ. Autosomal-
dominant hypophosphatemic rickets (ADHR) mutations stabilize FGF-23. Kidney Int. 
2001;60(6):2079–86. [PubMed: 11737582] 

20. Kinoshita Y, Fukumoto S. X-Linked Hypophosphatemia and FGF23-Related Hypophosphatemic 
Diseases: Prospect for New Treatment. Endocr Rev. 2018;39(3):274–91. [PubMed: 29381780] 

21. Feng JQ, Ward LM, Liu S, Lu Y, Xie Y, Yuan B, et al. Loss of DMP1 causes rickets and 
osteomalacia and identifies a role for osteocytes in mineral metabolism. Nat Genet. 
2006;38(11):1310–5. [PubMed: 17033621] 

22. Lorenz-Depiereux B, Bastepe M, Benet-Pages A, Amyere M, Wagenstaller J, Muller-Barth U, et 
al. DMP1 mutations in autosomal recessive hypophosphatemia implicate a bone matrix protein in 
the regulation of phosphate homeostasis. Nat Genet. 2006;38(11):1248–50. [PubMed: 17033625] 

23. Levy-Litan V, Hershkovitz E, Avizov L, Leventhal N, Bercovich D, Chalifa-Caspi V, et al. 
Autosomal-recessive hypophosphatemic rickets is associated with an inactivation mutation in the 
ENPP1 gene. Am J Hum Genet. 2010;86(2):273–8. [PubMed: 20137772] 

24. Lorenz-Depiereux B, Schnabel D, Tiosano D, Hausler G, Strom TM. Loss-of-function ENPP1 
mutations cause both generalized arterial calcification of infancy and autosomal-recessive 
hypophosphatemic rickets. Am J Hum Genet. 2010;86(2):267–72. [PubMed: 20137773] 

25. Christov M, Juppner H. Phosphate homeostasis disorders. Best Pract Res Clin Endocrinol Metab. 
2018;32(5):685–706. [PubMed: 30449549] 

26. Sabandal MM, Robotta P, Burklein S, Schafer E. Review of the dental implications of X-linked 
hypophosphataemic rickets (XLHR). Clin Oral Investig. 2015;19(4):759–68.

27. Robinson ME, AlQuorain H, Murshed M, Rauch F. Mineralized tissues in hypophosphatemic 
rickets. Pediatr Nephrol. 2020;35(10):1843–54. [PubMed: 31392510] 

28. Hirst L, Abou-Ameira G, Critchlow S. Hypophosphataemic Rickets Secondary to Raine 
Syndrome: A Review of the Literature and Case Reports of Three Paediatric Patients’ Dental 
Management. Case Rep Pediatr. 2021;2021:6637180. [PubMed: 33505751] 

29. Hayashibara T, Hiraga T, Sugita A, Wang L, Hata K, Ooshima T, et al. Regulation of osteoclast 
differentiation and function by phosphate: potential role of osteoclasts in the skeletal abnormalities 
in hypophosphatemic conditions. J Bone Miner Res. 2007;22(11):1743–51. [PubMed: 17638577] 

30. Abe K, Masatomi Y, Nakajima Y, Shintani S, Moriwaki Y, Sobue S, et al. The occurrence of 
interglobular dentin in incisors of hypophosphatemic mice fed a high-calcium and high-phosphate 
diet. J Dent Res. 1992;71(3):478–83. [PubMed: 1573080] 

Zhang et al. Page 7

Eur J Oral Sci. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Masatomi Y, Nakagawa Y, Kanamoto Y, Sobue S, Ooshima T. Effects of serum phosphate level on 
formation of incisor dentine in hypophosphatemic mice. J Oral Pathol Med. 1996;25(4):182–7. 
[PubMed: 8809687] 

32. Qin C, Brunn JC, Cook RG, Orkiszewski RS, Malone JP, Veis A, et al. Evidence for the proteolytic 
processing of dentin matrix protein 1. Identification and characterization of processed fragments 
and cleavage sites. J Biol Chem. 2003;278(36):34700–8. [PubMed: 12813042] 

33. Ritchie HH, Wang LH. Sequence determination of an extremely acidic rat dentin phosphoprotein. J 
Biol Chem. 1996;271(36):21695–8. [PubMed: 8702961] 

34. George A, Bannon L, Sabsay B, Dillon JW, Malone J, Veis A, et al. The carboxyl-terminal domain 
of phosphophoryn contains unique extended triplet amino acid repeat sequences forming ordered 
carboxyl-phosphate interaction ridges that may be essential in the biomineralization process. J Biol 
Chem. 1996;271(51):32869–73. [PubMed: 8955126] 

35. Ye L, MacDougall M, Zhang S, Xie Y, Zhang J, Li Z, et al. Deletion of dentin matrix protein-1 
leads to a partial failure of maturation of predentin into dentin, hypomineralization, and expanded 
cavities of pulp and root canal during postnatal tooth development. J Biol Chem. 
2004;279(18):19141–8. [PubMed: 14966118] 

36. Yang X, Yan W, Tian Y, Ma P, Opperman LA, Wang X. Family with sequence similarity member 
20C is the primary but not the only kinase for the small-integrin-binding ligand N-linked 
glycoproteins in bone. FASEB J. 2016;30(1):121–8. [PubMed: 26324849] 

Zhang et al. Page 8

Eur J Oral Sci. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Plain X-ray radiography of the mandibles from 7-week-old mice.
Shown are representative plain X-ray radiography of the mandibles from 7-week-old Norm
+Pi (A and D), cKO (B and E) and cKO+Pi (C and F) mice. D, E and F are enlarged views of 

the molar regions in A, B and C, respectively. The pulp chamber wall of the first molar in 

the cKO mice was thinner than that in the Norm+Pi mice. High phosphate diet remarkably 

increased the thickness of the pulp chamber wall in the cKO+Pi mice. High phosphate diet 

also markedly improved the alveolar bone in the cKO+Pi mice. d: dentin; avb: alveolar bone. 

Bars in A to F: 1 mm.
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Figure 2: High-resolution μCT scan and quantitative μCT analyses of the mandibular first 
molars from 7-week-old mice.
A-C, Reconstructed high-resolution μCT images of the mandibular first molars from 7-

week-old Norm+Pi (A), cKO (B) and cKO+Pi (C) mice. The dentin of the first molar in the 

cKO mice was remarkably thinner than in the Norm+Pi mice. High phosphate diet 

dramatically increased the dentin thickness in the cKO+Pi mice. Note the porous appearance 

of the pulp chamber wall in the cKO mice but not in the Norm+Pi mice. d: dentin. Bars in A, 

B, C: 200 μm. D-F, Quantitative μCT analyses of the mandibular first molars from 7-week-

old Norm+Pi, cKO and cKO+Pi mice. Shown are the quantitative μCT analysis results of the 

dentin volume fraction (expressed as the ratio of dentin volume to the total volume, DV/TV) 

(D), dentin apparent density (E) and material density (F). *: P< 0.05. ***: P< 0.001.
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Figure 3: H&E and anti-dentin sialoprotein immunohistochemistry staining of the mandibular 
first molars from 7-week-old mice.
A-F, H&E staining of the mandibular first molars from 7-week-old Norm+Pi (A and D), cKO 

(B and E) and cKO+Pi (C and F) mice. D, E and F are higher magnifications of the upper 

right boxed areas in A, B and C, respectively. The dental pulp of the first molars in the cKO 

mice had severe infection with necrosis, and were devoid of odontoblasts (B and E), 

compared to the pulp of the Norm+Pi mice (A and D). The dental pulp of the cKO+Pi mice 

had no obvious signs of infection, and odontoblasts were evident at the border of dentin and 

pulp (C and F). Numerus small round areas (arrowheads) were present in the dentin matrixes 

of both cKO and Norm+Pi mice (E and F). G-I, Anti- dentin sialoprotein 
immunohistochemistry staining of the mandibular first molars from 7-week-old Norm+Pi 

(G), cKO (H) and cKO+Pi (I) mice. The immunostaining signal intensity for dentin 
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sialoprotein in the dentin matrixes was similar among Norm+Pi (G), cKO (H) and cKO+Pi 

(I) mice. Numerous small round areas (arrowheads), which showed weak, or no dentin 
sialoprotein immunostaining signals, were evident in both cKO (H) and cKO+Pi (I) mice, 

but not in Norm+Pi (G) mice. d: dentin; dp: dental pulp; Od: odontoblasts; avb: alveolar 

bone. Bars in A, B, C: 200 μm. Bars in D-I: 20 μm.
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