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Abstract. Family with sequence similarity 20-member c 
(FAM20c), a recently characterized Golgi kinase, performs 
numerous biological functions by phosphorylating more than 
100 secreted proteins. However, the role of FAM20c in the 
salivary glands remains undefined. The present study demon-
strated that FAM20c is mainly located in the cytoplasm of duct 
epithelial cells in the salivary glands. Fam20cf/f; Mmtv‑Cre 
mice were created in which Fam20c was inactivated in the 
salivary gland cells and observed that the number of ducts 
and the ductal cross-sectional area increased significantly, 
while the number of acinar cells was reduced. The granular 
convoluted tubules (GcTs) exhibited an accumulation of 
aberrant secretory granules, along with a reduced expression 
and altered distribution patterns of β nerve growth factor, 
α-amylase and bone morphogenetic protein (BMP) 4. This 
abnormality suggested that the GcT cells were immature and 
exhibited defects in developmental and secretory functions. In 
accordance with the morphological alterations and the reduced 
number of acinar cells, FAM20c deficiency in the salivary 
glands significantly decreased the salivary flow rate. The Na+, 
cl– and K+ concentrations in the saliva were all significantly 
increased due to dysfunction of the ducts. Furthermore, Fam20c 
deficiency significantly increased BMP2 and BMP7 expression, 
decreased BMP4 expression, and attenuated the canonical and 

noncanonical BMP signaling pathways in the salivary glands. 
collectively, the results of the present study demonstrate that 
FAM20c is a key regulator of acinar and duct structure and duct 
maturation and provide a novel avenue for investigating novel 
therapeutic targets for oral diseases including xerostomia.

Introduction

Salivary gland hypofunction is the inevitable result of Sjogren 
syndrome (1) or radiation therapy for head and neck cancer (2). 
There are different aspects of salivary gland hypofunction, 
including dry mouth, saliva secretion and saliva composition 
alterations, which seriously affect patients' quality of life and 
oral health (3,4). In mice, salivary gland development begins 
with the thickening of the oral epithelium at embryonic 
day 11.5, followed by successive branching and lumenization, 
with a functional arborized structure present at eight weeks 
following birth (5-7). Salivary gland morphogenesis is precisely 
controlled by regulatory genes and growth factors (7). Bone 
morphogenic proteins (BMPs) serve important roles in the 
morphogenesis of the submandibular gland (SMG) by regu-
lating extracellular matrix (EcM) synthesis (8-10). Although 
the roles of BMPs in the salivary glands have been revealed, 
additional upstream regulatory proteins have yet to be studied.

Family with sequence similar ity 20-member c 
(FAM20c), also known as dentin matrix protein 4, is a Golgi 
kinase that catalyzes the attachment of phosphates to serine 
in S-x-E/pS motifs in secretory pathway proteins, including 
BMP4 (11-15). FAM20c can phosphorylate >100 secreted 
proteins, including specific EcM and transport proteins, 
proteases and protease inhibitors, and biologically active 
peptide hormones. The broad substrate spectrum of FAM20c 
suggests that this protein kinase participates in a wide range 
of biological processes, including cell migration and adhe-
sion, EcM deposition and wound healing, in addition to 
biomineralization (16). FAM20C gene mutations in humans 
lead to Raine syndrome, which includes osteosclerotic 
bone dysplasia (17-20). In mice, Fam20c deletion results in 
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hypophosphatemic rickets, increased levels of fibroblast 
growth factor 23 (FGF23) in the serum, reduced serum phos-
phorus levels and severe dentin, and enamel defects (21-24), 
indicating an essential role of FAM20c in bone and tooth 
development. Intriguingly, FAM20c is also likely to exert 
biological effects on processes other than mineralization 
due to its presence in mineralized tissues and soft organs, 
including salivary glands (24,25). Given that teeth and SMGs 
share similarities in morphological and molecular features 
during development (26), it was hypothesized that FAM20c 
may serve a role in regulating the development and function 
of salivary glands.

In the present study, Fam20cf/f mice were bred with mouse 
mammary tumor virus (Mmtv)-cre mice that predominantly 
express the cre recombinase in the striated ductal cells of 
the salivary glands, the mammary glands and the granular 
convoluted tubule (GcT) cells of the SMG (27-29). Fam20cf/f; 
Mmtv‑Cre mice were generated in which Fam20c was 
specifically ablated in the mammary glands and salivary glands 
to assess the biological roles of FAM20c in the postnatal 
development and function of salivary glands.

Materials and methods

Ethics statement. All animal procedures in this study were 
approved by the Institutional Animal care and Use committee 
of Harbin Medical University (Harbin, china; approved 
protocol nos. SYdW2018-046) and performed in strict accor-
dance with the National Institute of Health Guide for the care 
and Use of Laboratory Animals.

Generation of Fam20cf/f; Mmtv‑Cre mice. To generate Fam20c 
salivary gland conditional knockout mice, 4 Fam20cf/f mouse 
(department of Biomedical Sciences, Texas A&M University 
college of dentistry, dallas, TX 75246, USA; age, 1 month) 
were first mated with 4 Mmtv‑Cre mouse (Shanghai Biomodel 
Organisms center co., Ltd., Shanghai, china; age 8 weeks) 
and crossed the offspring of 20 Fam20cf/+; Mmtv‑Cre mouse 
with 20 Fam20cf/f mice to obtain 33 Fam20cf/f; Mmtv‑Cre 
conditional knockout (cKO) mice, which were salivary gland 
conditional knockout mice. Postnatal days 0 mice (1 g) were 
selected as the starting point of observation, and the 5-day- 
(5 g) and 8-week-old (40 g) mice were selected to evaluate 
the progression of salivary defects in the cKO mice. 5 female 
Fam20cf/f and Fam20cf/f; Mmtv‑Cre mice and 6 male Fam20cf/f 
and Fam20cf/f; Mmtv‑Cre mice were analyzed for each age 
group. The mice were housed in a specific-pathogen free 
laboratory animal facility with 20‑23˚C, 40‑60% humidity 
and a 12-h light/dark cycle. Standard laboratory chow and 
water were supplied ad libitum. Genotyping was performed 
by polymerase chain reaction (PcR) analyses using dNA 
extracted from mouse tails. The primer sequences and geno-
typing protocols used to confirm the presence of Fam20c 
null alleles in the salivary glands of the conditional knockout 
mice were reported previously (30). Fam20cf/f littermates of 
the Fam20cf/f; Mmtv‑Cre cKO mice were used as normal 
control mice (ctrl mice); this procedure not only reduced the 
number of animals needed but also prevented the potential 
confounding effects of individual differences when comparing 
mice from different litters. The primer sequences (Invitrogen; 

Thermo Fisher Scientific, Inc., Waltham, MA, USA) used are 
presented in Table I.

Histological analysis and calculation of the cross‑sectional 
area. Salivary glands were fixed in 4% paraformaldehyde 
overnight at 4˚C and embedded in paraffin. Sections (4 µm) 
were prepared for hematoxylin and eosin (H&E) staining, 
periodic acid-Schiff (PAS) staining, and immunohistochem-
ical analyses. Subsequently, 3 stained sections were randomly 
selected for each gland from 5 males and 5 females at each 
age. Images from mouse salivary gland sections were captured 
by a digital camera installed on an inverted light microscope 
(Nikon Eclipse Ti-E; Nikon corporation, Tokyo, Japan). The 
ductal cross-sectional area was calculated using image analysis 
software (Image-Pro Plus, version 7.0; Media cybernetics, 
Inc., Bethesda, Md, USA). The insubstantial region of the 
gland was automatically omitted from all cross-sectional area 
calculations and the ducts were manually encircled. The acinar 
cross-sectional area was then estimated by subtracting the duct 
cross-sectional area from the gland cross-sectional area.

Electron microscope analysis. The dissected tissues were fixed 
in 2.5% glutaraldehyde overnight at 4˚C and post‑fixed with 
1% osmium tetroxide at 4˚C for 3 h. Following dehydration 
and embedding in Spurr resin (Shanghai GenMed, co., Ltd., 
Shanghai, china), the samples were cut into 70-nm-thick 
sections using an ultramicrotome (Leica Ultracut R; Leica 
Microsystems GmbH, Wetzlar, Germany). Ultrathin sections 
were double-stained with uranyl acetate and lead citrate 
at room temperature for 10 min each. The samples were 
examined with a transmission electron microscope (HITAcHI 
H-7650; Hitachi, Ltd., Tokyo, Japan).

Immunohistochemical staining. For immunohistochemical 
staining, paraffin sections were treated with 3% H2O2 
to block endogenous peroxidase activity. Sodium citrate 
heat‑induced (about 120˚C) antigen retrieval was used for 
all specimens except cytokeratin 7 antigen, which was 
retrieved by EdTA buffer. The sections were washed three 
times with PBS plus 0.1% Tween, (Beyotime Institute of 
Biotechnology, Shanghai, china) for 5 min each. To avoid 
nonspecific immunoreactions, the sections were incu-
bated with 10% normal goat or rabbit serum (Beyotime 
Institute of Biotechnology) and 3% bovine serum albumin 
(BSA; Beyotime Institute of Biotechnology), followed by 
overnight incubation at 4˚C with primary antibodies and 
incubation at room temperature for 1 h with biotinylated 
secondary antibodies. All antibodies are presented in 
Table II. Immunopositive reactions were visualized using 
3,3'-diaminobenzidine tetrahydrochloride solution. Sections 
were counterstained with hematoxylin at room temperature 
for 1 min and the expression of target proteins was detected 
by the antibodies presented in Table II. Negative controls 
were included for all target proteins. The negative control 
group in which the primary antibody was replaced with PBS 
did not demonstrate any positive reactions. Images were 
captured using an inverted light microscope and analyzed 
using image analysis software (Image-Pro Plus, version 7.0; 
Media cybernetics, Inc., Bethesda, Md, USA). The insub-
stantial region of the gland was automatically omitted. The 
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integrated option density (IOd) values were counted and 
statistically analyzed using Prism 3.0 (GraphPad Software, 
Inc., La Jolla, cA, USA).

Immunofluorescence (IF) microscopy. Frozen salivary 
gland tissue sections were fixed with cold acetone at 
4˚C for 10 min and blocked in PBS (pH 7.4) containing 
5% BSA for 20 min at room temperature. The sections were 
incubated with a primary antibody specific for FAM20C 
(cat. no. ab107079; Abcam, cambridge, UK) overnight 
at 4˚C, followed by incubation with tetramethylrhoda-
mine-conjugated secondary antibodies (Zhongshan Jinqiao 
Biological Technology, co., Ltd., Beijing, china) at room 
temperature for 1.5 h and the nuclei were stained with 
4',6-diamidino-2-phenylindole (Invitrogen; Thermo Fisher 

Scientific, Inc.) at room temperature for 5 min. The slides 
were examined and photographed with a f luorescence 
microscope (Nikon E800; Nikon corporation) equipped 
with a digital camera (1200F; Nikon corporation) and 
image acquisition software (AcT-1; Nikon corporation). 
Antibody details can be found in Table II.

PCR and primers. Quantitative PcR (qPcR) was performed 
to evaluate the alterations in gene expression in Fam20c 
conditional knockout mice. Total RNA was extracted from 
the salivary glands with TRIzol (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. The 
RNA concentrations were measured by a Nanovue spectro-
photometer (GE Healthcare Life Sciences, Marlborough, 
MA, USA) and converted into cdNA using a real-time SYBR 

Table I. List of primers for the genotyping and reverse transcription-polymerase chain reaction.

Gene Forward primers Reverse primers

Floxed allele a: TccAGcTTGcTAGGGcTcTGAcc b: cTATGTccAAcGGccGcAGcTT
 c: GTccTGAGGGcTGAcccAAGAcTA 
Mmtv-cre transgene AGcGATGGATTTccGTcTcTGG AGcTTGcATGATcTccGGTATTGAA
cre-loxP recombination GTGGTcTcTGccGcTGATGTAcc TTTGGGAGccTATGTccAAcGGcc
Bmp2 TGAcTGGATcGTGGcAccTc cAGAGTcTGcAcTATGGcATGGTTA
Bmp4 AcAATGTGAcAcGGTGGGAAAc TGTGGGTGATGcTTGGGAcTAc
Bmp7 AcATccGGGAGcGATTTGAc TccTcAGAAGcccAGATGGTc
β-actin AGAGGGAAATcGTGcGTGAc cTcGTTGccAATAGTGATGAcc

BMP, bone morphogenic protein.

Table II. List of antibodies.

Antibody cat. no., manufacturer Source dilution (IHc) dilution (WB) dilution (IF)

FAM20c ab107079, Abcam Rabbit 1:400  1:200
FAM20c AV49490, Sigma-Aldrich Rabbit  1:1,000 
AQP5 ab78486, Abcam Rabbit 1:200  
cytokeratin 7 ab181598, Abcam Rabbit 1:8,000  
α-Amylase 3796s, cST Rabbit  1:1,000 
β-NGF ab6199, Abcam Rabbit 1:500  
Bmp2 18933, Proteintech Rabbit  1:500 
Bmp4 ab39973, Abcam Rabbit 1:200 1:1,000 
Bmp7 ab56023, Abcam Rabbit  1:1,000 
panSmad1/5/9 ab66737, Abcam Rabbit 1:200 1:1,000 
p-Smad1/5/9 13820, cST Rabbit 1:50 1:500 
pan-Erk1/2 4695, cST Rabbit 1:200 1:1,000 
p-Erk1/2 4370, cST Rabbit 1:50 1:500 
pan-P38 8690, cST Rabbit 1:200 1:1,000 
p-P38 4511, cST Rabbit 1:50 1:500 
β-actin 4970T, cST Rabbit  1:1,000 

WB, western blotting; IHC, immunohistochemistry; IF, immunofluorescence; p‑, phosphorylated; BMP, bone morphogenic protein; Erk, 
extracellular signal regulated kinase; Smad, mothers against decapentaplegic homolog 9; AQP5, aquaporin 5; β-NGF, β nerve growth factor. 
Sigma-Aldrich; Merck KGaA (darmstadt, Germany); cST, cell Signaling Technology, Inc. (danvers, MA, USA); ProteinTech Group, Inc. 
(chicago, IL, USA).
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Premix Ex Taq™ kit (Takara Bio Inc., Otsu, Japan) on an 
MxPro-Mx3000P real-time PcR system (Stratagene; Agilent 
Technologies, Inc., Santa clara, cA, USA). The reverse tran-
scription conditions were as follows: 37˚C for 15 min followed 
by 85˚C for 5 sec. qPCR conditions were as follows: 95˚C for 
2 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 
30 sec. The primer sequences (Invitrogen; Thermo Fisher 
Scientific, Inc.) for the genes used in this study are listed in 
Table I. β-actin was used as an internal standard to calculate 
relative gene expression levels with the 2-ΔΔcq method (31).

Western immunoblotting (WB). Total protein was extracted 
from the salivary glands by using cold radioimmunoprecipita-
tion assay lysis buffer (Beyotime Institute of Biotechnology), 
that contained Benzonase nuclease, phenylmethylsulfonyl fluo-
ride, a protease inhibitor cocktail and a phosphatase inhibitor. 
The protein concentration was determined with a bicinchoninic 
acid (BcA) protein assay (Beyotime Institute of Biotechnology). 
A total of 40 µg of sample from mouse salivary glands was 
separated by SDS‑PAGE (10‑12%) and transferred to polyvi-
nylidene difluoride membranes (EMD Millipore, Bedford, MA, 
USA). Following blocking with 5% nonfat dry milk (Beyotime 
Institute of Biotechnology) at room temperature for 1 h, the 
membranes containing significant proteins were incubated with 
primary antibodies at 4˚C overnight. All antibodies used in this 
study are listed in Table II. Subsequently, the membranes were 
incubated with a horseradish peroxidase-conjugated antibody 
(Zhongshan Jinqiao Biological Technology, co., Ltd., Beijing, 
china) for 1.5 h at room temperature, followed by detection 
with an enhanced chemiluminescence kit (Biosharp, Hefei, 
china) according to the manufacturer's protocol. The immu-
noreactive bands were captured with Smartchemi™ I (Beijing 
Sage creation Science, co., Beijing, china). The band density 
was determined using ImageJ 1.46r (National Institutes of 
Health, Bethesda, MA, USA) and normalized to β-actin. Each 
experiment was repeated three times.

Collection and compositional analysis of saliva. The mice 
were weighed and injected intraperitoneally with carbachol 
(0.25 mg/kg of body weight) and were then injected intraperi-
toneally with pilocarpine (10 mg/kg of body weight) (Aladdin 
Shanghai Biochemical Technology co., Ltd., Shanghai, 
china; P129614) as previously described (32). A total of 
2 min following pilocarpine injection, the total saliva was 
collected in calibrated glass capillary tubes on ice at intervals 
of 5, 10 and 15 min and injected into pre-weighed tubes on ice; 
the collected saliva was then placed into pre-weighed tubes 
and stored at ‑80˚C. The flow rate was calculated as µg of 
saliva per normalized body weight. The total protein concen-
tration of saliva was determined by a BcA assay (Beyotime 
Institute of Biotechnology). The concentration of Na+ and K+ 
in the saliva was analyzed by an ion chromatography system 
(DIONEX, ICS‑3000; Thermo Fisher Scientific, Inc.), and Cl- 

activity was measured with an optical emission spectrometer 
(Optima, 5300dV; Optima, Inc., Tokyo, Japan).

Measurement of circulating androgen levels. Serum testos-
terone was measured by the ELISA method with a testosterone 
parameter assay kit (R&d Systems, Minneapolis, MN, USA; 
cat. no. SKGE010) according to the manufacturer's protocol.

Statistical analysis. data are presented as the mean ± standard 
deviation of three independent experiments. Statistical testing 
was performed using Prism 3.0 (GraphPad Software, Inc., 
La Jolla, cA, USA). All statistical analyses were conducted 
by one-way analysis of variance followed by Tukey's test for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Verification of FAM20C expression and inactivation in mouse 
salivary glands. Genotyping PcR was performed with genomic 
dNA extracted from mouse tails. Using forward primer a and 
reverse primer b (Table I), the wild-type allele gave rise to a 
fragment of 500 bp, while a 400 bp fragment was generated 
from the floxed allele. The Mmtv‑Cre recombinase gene gave 
rise to a 272 bp band; the conditional cKO mouse contained 
the Mmtv‑Cre allele (reflected by the presence of the 272 bp 
PcR product) and the recombined allele that gave rise to a 
PcR fragment of 260 bp when forward primer a and reverse 
primer c (Table I) were employed for PcR analyses (Fig. 1A).

Immunohistochemistry (IHc) and IF staining were used 
to determine the expression and distribution of FAM20c 
in the salivary glands of normal control mice and to assess 
whether FAM20c was absent in cKO mice (Fig. 1B and c). 
Previous studies (12,17,30,33) demonstrated that FAM20c 
was expressed in mineralized tissues. However, the expression 
and distribution of FAM20c in salivary glands have not been 
studied. In the present study the expression of FAM20c in the 
submandibular gland (SMG), parotid gland (PG) and sublin-
gual gland (SLG) was identified. In the SMG of the control 
mice, FAM20c was expressed in the cytoplasm of cells of the 
intercalated duct (Id), striated duct (Sd) and excretory duct 
(Ed), but granular convoluted tubule (GcT) cells, which are 
situated between the striated and Ids, expressed a much higher 
level of FAM20c. In the PG and SLG, the immunostaining 
signal for FAM20C was also identified in the ductal cells. 
Furthermore, the signal for FAM20c was not observed in the 
corresponding components in the cKO mice. The negative 
staining demonstrated that FAM20C was effectively nullified 
in the salivary glands of the cKO mice (Fig. 1c).

Conditional inactivation of Fam20c leads to morphological 
and structural alterations in the salivary glands. H&E 
staining was performed to determine whether the conditional 
inactivation of Fam20c leads to morphological and structural 
alterations in the salivary glands. The tissues were processed at 
almost the same level. At postnatal days 0 and 5, when there was 
no sex difference in the SMG and the GcTs did not appear, the 
SMG of normal control mice was composed of multiple lobules 
separated by thin septa and consisted of acinar cells and few 
ductal structures. However, the SMG of cKO mice contained 
smaller lobules, prominent ductal structures and more mesen-
chymal tissue. The number of ducts was also increased in the 
cKO mice (Fig. 2A). At 8 weeks following birth, the GcTs in 
the SMG of male mice were more abundant than the GcTs 
in female mice due to the effects of androgens (34). In the 
SMG of 8-week-old mice, the cross-sectional area occupied by 
acinar cells in cKO mice was significantly decreased (P<0.01) 
and the mesenchyme was increased. The SMG of normal 
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male mice was composed of ~40% acinar areas; however, 
the acinar cross-sectional area in the SMG of male cKO mice 
covered ~20% of the gland. The SMG of normal female mice 
was composed of ~80% acinar areas; however, the acinar 
cross-sectional area in the SMG of female cKO mice covered 
~60% of the gland (Fig. 2A and B). In contrast, ductal struc-
tures were more prominent and ductal cross-sectional areas 
were increased in the SMGs of male and female cKO mice. 
The SMG of normal male mice was composed of ~30% duct 
areas; however, the ductal cross-sectional area in the SMG 
of male cKO mice covered ~85% of the gland. The SMG 
of normal female mice was composed of ~20% duct areas; 
however, the ductal cross-sectional area in the SMG of female 
cKO mice covered ~40% of the gland (Fig. 2A and C). In addi-
tion to the alterations in the ratio of ductal cells to acinar cells, 
the diameter of the GcTs became markedly larger and the 
cells were swollen with acidophilic secretion products in the 
SMG of cKO mice. The testosterone levels in the serum were 

examined to demonstrate that these morphological alterations 
could not be attributed to androgen changes. There were no 
significant alterations in serum testosterone levels between the 
cKO and control mice, indicating that the expanded GcTs are 
not associated with altered androgens (Fig. 2d).

There was also increased mesenchymal tissue present 
within the mutant PG, but the density of the ducts did not change 
appreciably (Fig. 3A). While the SMG exhibited apparent 
morphological altertions in the cKO mice, the SLG was histo-
logically normal (Fig. 3A). PAS staining was used to observe 
whether FAM20c affects mucin synthesis in the salivary 
glands. Mucin production by the SLG and PG was not markedly 
different between the cKO and control mice (Fig. 3B).

To further confirm the morphological alterations in 
the cKO mice, the protein expression of several functional 
markers of acinar cells and duct cells in the salivary tissues 
was examined. To prove that acinar differentiation was 
reduced in the mutant SMG, immunohistochemical staining 

Figure 1. Verification of FAM20C expression and inactivation. (A) Genomic DNA was extracted from the tails of mice of each genotype and genotyping 
was performed with specific primers for the floxed Fam20c allele, the recombined Fam20c allele and the Mmtv‑Cre allele. (B) Immunofluorescence assay of 
FAM20c in the SMG. The SMG from control littermates exhibited strong staining. FAM20c was expressed in the cytoplasm of the Id, Sd and Ed cells (long 
arrows) and the GcT cells (short arrows); in contrast, the cells from cKO mice did not stain. (c) Immunohistochemistry of FAM20c in the SMG, PG and SLG. 
In the SMG of control mice, FAM20c was expressed in the cytoplasm of the Id, Sd and Ed cells (long arrows) and the GcT cells (short arrows). In the PG 
and SLG of control mice, the immunostaining signal for FAM20c was also observed in the ductal cells, whereas the cKO mice did not stain. For images of 
Fam20cf/f or Fam20cf/f; Mmtv‑cre mice, the second panel presents magnified images of the outlined areas from the corresponding panel. Fam20C, family with 
sequence similarity 20-member c; PG, parotid gland; SLG, sublingual gland; SMG, submandibular gland; GcT, granular convoluted tubule; Id, intercalated 
duct; Sd, striated duct; Ed, excretory duct; cKO, Fam20cf/f; Mmtv‑Cre conditional knockout.
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was performed for aquaporin 5 (AQP5), a functional marker 
of acinar cells. In the SMG of the control mice, AQP5 
was expressed in the apical pole of acinar cells and the 
localization of this expression was normal in the mutant 
SMG (Fig. 4A). The protein expression of AQP5 was signifi-
cantly decreased due to the reduced number of acinar cells in 
cKO mice (P<0.001; Fig. 4A and B). cytokeratin 7 (KRT7) is 
a major marker of ductal cells. The expression of KRT7 was 
examined to assess the differentiation of ducts. In the SMG 
of the control mice and cKO mice, KRT7 was expressed in 
the membrane and cytoplasmic of GcT cells (Fig. 4A). In 
accordance with the increased ducts in cKO mice, the expres-
sion of KRT7 were significantly increased in the SMG of 
cKO mice (P<0.001; Fig. 4A and c).

Fam20c deficiency resulted in defective GCT maturation. 
Nerve growth factor (β‑NGF) is a highly specific marker of 
GcT cells. The expression of β-NGF was examined to assess 
the development of GcTs. In the Fam20cf/f mice, high-level 
expression of β-NGF was identified in the cytoplasm of 
GcT cells (Fig. 4A). However, the expression of β-NGF was 
noticeably reduced in cKO mice (Fig. 4A and d).

Amylase is another highly specific marker of GCT cells. 
The expression of α-amylase (SAA) was examined in the SMG 
to assess the secretion function of GcT cells. The expression 
of SAA was noticeably reduced in the salivary gland tissues 
of cKO mice compared to that in the normal control mice. 
Representative bands, and histograms of the relative protein 
expression level are displayed in Fig. 4E and F.

Figure 2. Morphological and structural alterations of the SMG in cKO mice. (A) Salivary glands were collected from six male or female mice at postnatal 
day 0, postnatal day 5 or postnatal week 8 for hematoxylin and eosin studies (n=5 in each group). At postnatal days 0 and 5, the ducts (long arrows) were more 
pronounced in the SMG of cKO mice. At postnatal week 8, the ratio of the ductal cross‑sectional area was increased significantly (granular convoluted tubule 
cells: Short arrows) and the mesenchyme was increased (asterisks) in the SMG of the male and female cKO mice. The acinar cells (arrowheads) appeared 
normal. (B) Quantitative evaluation of the SMG acinar cross-sectional areas. **P<0.01. (c) Quantitative evaluation of the SMG duct cross-sectional areas. 
male, ****P<0.0001 and female, ***P<0.001. (d) ELISA of serum testosterone. The serum testosterone level was unchanged between cKO and control mice. 
For images of Fam20cf/f or Fam20cf/f; Mmtv‑cre mice, the second panel presents magnified images of the outlined areas from the corresponding panel. SMG, 
submandibular gland; cKO, Fam20cf/f; Mmtv‑Cre conditional knockout.
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Figure 3. PG/SLG morphological and structural alterations in cKO mice. (A) Hematoxylin and eosin staining of the PG and SLG. There was more mesenchymal 
tissue (indicated by asterisks) present within the mutant PG. The number of ducts (arrows) and acinar cells (arrowheads) did not change substantially. (B) Periodic 
Acid-Schiff staining of the SMG, PG and SLG. The production of mucin by the SMG did not change appreciably between the cKO and control mice. Fam20c, family 
with sequence similarity 20-member c; PG, parotid gland; SLG, sublingual gland; SMG, submandibular gland; cKO, Fam20cf/f; Mmtv‑Cre conditional knockout.

Figure 4. Expression of AQP5, KER7, β-NGF and SAA in the SMG. (A) Immunohistochemistry of AQP5, KER7 and β-NGF (duct cells: Arrows; acinar cells: 
Arrowheads). Semiquantitative immunohistochemical analysis of (B) AQP5, (c) KER7 and (d) β-NGF. In cKO mice, the expression of AQP5 and β-NGF 
was decreased significantly compared with the control mice. ***P<0.001. The expression of KER7 in cKO mice increased compared with the control mice. 
***P<0.001. (E) The level of SAA protein was analyzed by western blotting. The expression of SAA was decreased in cKO mice compared with control mice. 
(F) densitometry analysis of the western blots is presented. *P<0.05. Error bars represent the standard deviation (n=3). SAA, α-amylase; AQP5, aquaporin 5, 
KER7, cytokeratin 7; β-NGF, β nerve growth factor; cKO, Fam20cf/f; Mmtv‑Cre conditional knockout.
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To further determine whether Fam20c deficiency affected 
the secretory function of GcT cells, the cell structure of the 
GcT cells was examined by transmission electron microscopy 
(TEM). The apical region of the GCT cells was filled with 
rounded and uniformly dense secretory granules. The TEM 
images demonstrated that very small secretory granules with 
aberrant morphology accumulated in the GcT cells of cKO 

mice; in comparison, the granules in the GcT cells of the control 
mice were of normal size, indicating that the GcT cells were at 
an immature stage of development in the cKO mice (Fig. 5A). 
Additionally, in the cKO mice, certain GcT cells appeared to 
have entered the apoptotic process, as reflected by the presence 
of endoplasmic reticulum expansion and nuclear condensa-
tion. In accordance with these morphological alterations, the 

Figure 5. conditional knockout of Fam20c causes defective maturation of the GcTs. (A) TEM images of GcT cells from each mouse genotype. The white 
arrows indicate secretory granules, the red arrows indicate the cell nucleus and the blue arrows indicate the endoplasmic reticulum. In GcT cells from control 
mice, the apical region was filled with rounded, uniformly dense secretory granules (white arrows). In GCT cells from cKO mice, the morphology of the 
secretory granules appeared aberrant (white arrows). certain GcT cells from cKO mice demonstrated nuclear pyknosis (red arrows) and hollowing of the 
rough endoplasmic reticulum (blue arrows). (B) TEM images of acini from each mouse genotype. In cKO mice, the cell gap was wider than that in the control 
mice (arrowheads). TEM, transmission electron microscope; GcT, granular convoluted tubule; cKO, Fam20cf/f; Mmtv‑Cre conditional knockout; Fam20c, 
family with sequence similarity 20-member c.
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mesenchyme was increased in the SMG of cKO mice compared 
with that in the normal control mice (Fig. 5B).

Saliva from Fam20c‑deficient mice exhibits an abnormal 
f low rate and composition. To determine whether the 
morphological alterations observed in the cKO mice resulted 
in dysfunction of the salivary gland, the flow rate and 
electrolyte composition of saliva were measured. Saliva is 
mainly produced in the acini and the electrolytes secreted by 
the acini are resorbed in the duct (35). In accordance with the 
morphological changes that indicated the presence of fewer 
acinar cells, the volume of saliva obtained from the male 
and female cKO mice was significantly decreased compared 
with that obtained from the control mice (P<0.01; Fig. 6A). 
In addition, the concentration of total protein in the saliva 
from cKO mice was significantly increased compared with in 
the saliva from the control mice (P<0.001; Fig. 6B). Analyses 
of the ion concentrations in the saliva demonstrated that the 
Na+, cl– and K+ concentrations in the saliva were significantly 
increased in the cKO mice compared with in the control mice 
(P<0.01; Fig. 6c-E). These results indicated that knockout 
of Fam20c influenced the secretory function of the salivary 
glands.

Conditional knockout of Fam20c leads to an altered BMP4 
distribution pattern and attenuates BMP signaling. As a 
family of secreted proteins, BMPs, especially BMP4, have a 
typical S-x-E/S motif and are predicted to be substrates of 
FAM20c (16). IHc and WB were performed to determine 
whether the expression of BMP2, BMP4, and BMP7 and 
the activity of canonical and noncanonical signaling path-
ways were altered in the salivary glands of the cKO mice. 
In Fam20cf/f mice, BMP4 was localized to the cytoplasm of 
Id, Sd and Ed cells, particularly GcT cells, and was widely 
distributed in the EcM in the SMG. However, in cKO mice, 

BMP4 accumulated in the GcT cells but was nearly unde-
tectable in the EcM (Fig. 7A). These results demonstrated 
that the conditional inactivation of Fam20c resulted in an 
altered BMP4 distribution pattern. In the SMG of the normal 
control and cKO mice, pan-mothers against decapentaplegic 
homolog 9 (Smad)1/5/9, p-Smad1/5/9, pan-extracellular signal 
regulated kinase (ERK) and pan-p38 were mainly local-
ized to the cytoplasm of the duct cells, and phosphorylated 
(p)-Erk and p-p38 was expressed in the nucleus of the duct 
cells (Fig. 7B and c). In the PG and SLG of the normal 
control and cKO mice, BMP4 was also localized to the 
cytoplasm of duct cells, and the expression was downregu-
lated in the cKO mice (Fig. 8A and B). The expression and 
location of BMP signaling pathway members in the PG and 
SLG were the same as in the SMG (Fig. 8c-F). In addition, 
WB revealed that Fam20c deficiency significantly increased 
BMP2 and BMP7 expression and decreased BMP4 expres-
sion (P<0.05; Fig. 9A). Notably, it was observed that although 
the transcription of Bmp4 did not change, the transcript levels 
of Bmp2 and Bmp7 were significantly increased (P<0.05; 
Fig. 9B), which implied that phosphorylation may be impor-
tant for the activity of BMP ligands. The results of WB were 
consistent with IHc. The expression of both p-Smad1/5/9 
and pan-Smad1/5/9 significantly decreased in cKO mice 
(P<0.05), but the ratio of p-Smad1/5/9 to pan-Smad1/5/9 did 
not alter significantly between Fam20cf/f mice and Fam20cf/f; 
Mmtv‑Cre mice (Fig. 9c). The expression of pan-ERK was 
not different between the control mice and cKO mice, but 
the p-Erk/pan‑Erk ratio was significantly decreased in the 
cKO mice due to the reduction in p-Erk (P<0.05; Fig. 9d). 
despite the downregulation of both pan-p38 and p-p38, 
the p-p38/pan-p38 ratio increased markedly in the cKO 
mice (Fig. 9E). These results implied that Fam20c deficiency 
altered the activity of the canonical and noncanonical BMP 
signaling pathways.

Figure 6. The effects of FAM20C on salivary parameters. (A) The flow rate of saliva. The volume of saliva obtained from male (***P<0.001) and female cKO 
mice (**P<0.01) was significantly lower than that obtained from control mice. (B) The total protein concentration of the saliva. The total protein concentration 
was increased in cKO mice ***P<0.001. The (c) Na+, (d) cl– and (E) K+ ion concentrations in the saliva. The Na+, cl– and K+ concentrations were significantly 
increased in saliva from cKO mice compared with saliva from control mice **P<0.01. cKO, Fam20cf/f; Mmtv‑Cre conditional knockou; Fam20c, family with 
sequence similarity 20-member c.
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Discussion

FAM20c is expressed in multiple tissues, including mineralized 
and nonmineralized tissues and bodily fluids (21,22,33). 
FAM20c can phosphorylate >100 secreted proteins; the broad 
substrate spectrum and ubiquitous distribution of FAM20c 
indicate that in addition to its role in biomineralization, 
this kinase may serve roles in a number of other biological 
functions (16). Therefore, it is necessary to eliminate Fam20c 
specifically in the salivary glands to investigate the biological 
effects of this enzyme on the development and function of 
the salivary gland. In the present study, Mmtv‑Cre mice were 
used, in which cre activity was restricted to the ductal cells of 
the salivary gland at an early embryonic stage (29), to prevent 
the expression of Fam20c in the salivary gland.

In this study, the distribution of FAM20c was assessed in 
the salivary glands and demonstrated that FAM20c serves an 
important role in the formation and maturation of the salivary 
gland ducts. Phenotypic analysis by histological staining 
demonstrated that more mesenchymal tissue and smaller 
lobules were present within the mutant salivary glands, and 
the proportion of duct to acinar cells was altered by the inac-
tivation of Fam20c at 0, 5 days and 8 weeks following birth. 
This result is highly suggestive of a branching defect during 
embryogenesis that leads to the formation of fewer epithelial 
end buds and ultimately fewer secretory acini. The induction 
of duct differentiation and inhibition of acinar differentia-
tion were further supported by the expression alterations in 
AQP5 and KRT7. AQP5 is a water channel protein, which 
serves a major role in regulating the saliva fluid secretion. The 

Figure 7. conditional knockout of Fam20c leads to an altered BMP4 distribution pattern and altered BMP expression in the SMG. (A) IHc of BMP4 in the 
SMG. In control mice, BMP4 was localized in the cytoplasm of ducts cells (black arrows) and EcM (arrowheads). In the cKO mice, BMP4 was restricted 
to ducts (black arrows). For images of Fam20cf/f or Fam20cf/f; Mmtv‑cre mice, the second panel presents magnified images of the outlined areas from the 
corresponding panel. IHc of BMP signaling pathways components in the SMG. IHc reaction to (B) pan-Smad1/5/9, (c) p-Smad1/5/9, pan-ERK and pan-p38 
were detected in the cytoplasm of duct cells (black arrows) while the signals against p-Erk and p-p38 were observed in the nucleus (red arrows). IHc, immuno-
histochemistry; BMP, bone morphorgenic protein; Smad, mothers against decapentaplegic homolog 9; p-, phosphorylated; ERK, extracellular signal regulated 
kinase; Fam20c, cKO, Fam20cf/f; Mmtv‑Cre conditional knockout; family with sequence similarity 20-member c.
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production level of AQP5 indicates defective acinar cell func-
tion (35,36). The reduced expression of AQP5 in cKO mice 
was the result of inhibition of acinar differentiation. KRT7 is 
expressed strongly in the ducts of the SMG and a number of 
other glandular tissues from E14 (37,38). Fam20c deficiency 
in salivary glands increased the expression of KRT7 indicated 
that FAM20c promoted induction of duct differentiation. 
Theoretically, the development of GcT cells depends on 

androgen signaling and the GcTs are much larger in the SMG 
in males (34). However, in the present study, although the GcT 
duct cells were larger in the cKO mice, the concentration of 
serum testosterone was not different between the control and 
cKO mice. In male and female adult cKO mice, along with 
the morphological alterations of GcTs, the cross-sectional 
areas of the duct cells were increased, without sex-associated 
differences. Therefore, the morphological alterations were 

Figure 8. conditional knockout of Fam20c leads to alterations in the distribution pattern of BMP4 and the expression of BMP signaling pathway components in 
the PG and SLG IHc of BMP4 in the (A) PG and the (B) SLG. In control mice, BMP4 was localized to the cytoplasm of duct cells (black arrows). For images of 
Fam20cf/f or Fam20cf/f; Mmtv‑cre mice, the second panel exhibits magnified images of the outlined areas from the corresponding panel. IHC of BMP signaling 
pathways in the PG and the SLG. (c) IHc of pan-ERK and pan-p38 in the PG. (d) IHc of p-ERK and p-p38 in the PG. (E) IHc of pan-ERK and pan-p38 in 
the SLG. (F) IHc of p-ERK and p-p38 in the SLG. IHc reaction to pan-ERK and pan-p38 were detected to the cytoplasm of duct cells (black arrows), however 
the p-Erk and p-p38 were observed in the PG (red arrows) but not in the SLG (red arrows). IHc, immunohistochemistry; BMP, bone morphorgenic protein; p-, 
phosphorylated; ERK, extracellular signal regulated kinase; PG, parotid gland; SLG, sublingual gland; Fam20c, family with sequence similarity 20-member c.
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Figure 9. The canonical and noncanonical BMP signaling pathways are attenuated in the SMG of cKO mice. (A) canonical and noncanonical BMP signaling 
pathways components were examined by western blotting with antibodies against BMP2, BMP4 and BMP7. (B) comparison of the relative mRNA expression 
levels of Bmp2, Bmp4 and Bmp7 between normal control mice and cKO mice. *P<0.05. (c) canonical and noncanonical BMP signaling pathways components 
were examined by western blotting, with antibodies against pan-Smad1/5/9 and p-Smad1/5/9, with antibodies against (d) pan-Erk and (E) p-Erk, and with 
antibodies against pan-p38 and p-p38. β-actin was used as the internal control. *P<0.05 vs. the Fam20cf/f mice and the error bars represent the standard 
deviation (n=3). BMP, bone morphogenic protein; Smad, mothers against decapentaplegic homolog 9; p-, phosphorylated; ERK, extracellular signal regulated 
kinase; cKO, Fam20cf/f; Mmtv‑Cre conditional knockout.
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not attributed to androgen signaling but rather to the role of 
FAM20c.

Although FAM20c was expressed only in the ducts of sali-
vary glands in adults, knockout of FAM20c promoted ductal 
differentiation and restricted acinar differentiation. In the 
salivary glands, morphological differentiation of most acinar 
and ductal cells occurred at E17 and continued following birth 
until puberty (39-41). The expression of Mmtv-Cre can already 
be observed prior to E11.5 and is clearly visible at E13.5 and 
E15.5 (27). The mRNA and protein of Fam20c were detected 
in the teeth and at ossification sites in the head at E14.5 and 
were also expressed in the cerebral cortex and cranial nerve 
ganglia in E15.5 and E16.5 embryos (21). All these previous 
studies provided clues that FAM20c may modulate salivary 
acinar and ductal differentiation during early embryonic 
development. Therefore, although FAM20c was expressed 
only in the ducts following birth, the proportion of duct cells 
to acinar cells was affected by the knockout of FAM20c in the 
salivary gland. The PG and SLG were histologically normal 
in the cKO mice, implying that the SMG may simply be more 
sensitive to Fam20c deficiency during morphogenesis than the 
PG and SLG.

GcT epithelial cells have numerous secretory granules 
containing various bioactive peptides, including β-NGF (42), 
whose expression level parallels the maturation of 
GcTs (34,37,43). Amylase is an important digestive enzyme 
for polysaccharides and it is produced by acinar cells of the 
PG, serous demilune cells of the SLG, and GcT cells of the 
male SMG (44-46). Previous studies (47,48) demonstrated 
that SAA activity in mouse SMG homogenates increased 
following puberty, paralleling the development of GcT cells, 
which leads to sex-biased levels in adulthood. In the present 
study, although the number and cross-sectional area of ducts 
increased in the Fam20c-null mice, the expression of β-NGF 
and SAA was noticeably reduced suggesting the abnormal 
function of the GcT duct cells. In addition, TEM revealed 
the accumulation of very small secretory granules with 
aberrant morphology in the Fam20c‑deficient GCT cells, 
suggesting that FAM20c may participate in regulating the 
biogenesis and secretion of secretory granules and may be 
involved in the highly specific steps of secretory organelle 
maturation (49), considering that the Golgi participates in 
the biogenesis of secretory granules (50). FAM20c phos-
phorylates secretory proteins within the consensus sequence 
S-x-E/pS, which is present in BMP2, BMP4 and BMP7; 
therefore, BMPs may be the substrates for FAM20c. In the 
present study, the loss of Fam20c resulted in the abnormal 
expression of BMP4; BMP4 was not observed in the mesen-
chyme. Secreted proteins are stored at high concentrations 
in dense-core secretory granules, which can be released 
in response to external signals (51) and are important for 
the transport of secreted proteins. Whether abnormally 
expressed BMP4 accumulated in the cytoplasm of GcT cells 
due to dysregulated transport of the immature secretory 
granules or to structural alterations in proteins that cannot 
be phosphorylated is unclear. Therefore, future studies are 
needed to demonstrate the specific effect of FAM20C on the 
transport of secretory proteins.

The normal function of salivary glands requires an 
adequate area of salivary gland acini that function effectively. 

The abnormal morphology of the cKO salivary glands, with 
reduced acinar cell differentiation, was confirmed by the 
reduced expression of AQP5. However, these acinar cells 
appeared to be perfectly formed and not atrophic. This finding 
suggests that the secretory function of acinar cells is normal 
in the cKO mice, but owing to the smaller number of acinar 
cells, less saliva is secreted. The alterations in the electrolyte 
composition of the saliva suggest that the altered physiological 
function of the ducts may result from ductal immaturity.

Past studies (6,10,52) on the salivary glands focused 
mostly on branching development and studies on the regu-
lation of the acini to duct ratio were limited. FAM20c is a 
phosphorylated protein kinase that specifically recognizes 
S-x-E/pS motifs. BMPs contain multiple phosphorylated 
S-x-E/S motifs, including BMP2 (46SdE48, 117SLE119 and 
147SAE149), BMP4 (50SHE52, 91SGE93 and 155SAE157), and BMP7 
(48SQE50, 219SEE221 and 248SVE250), implying that FAM20c 
may phosphorylate BMPs. Analysis of gene expression associ-
ated with salivary gland morphogenesis indicated that BMPs 
serve important roles during embryonic SMG morphogenesis. 
It was reported that compared with SMGs from Bmp7+/+ mice, 
SMGs from Bmp7–/– mice exhibit a disordered mesenchyme 
and markedly fewer ducts; the effect of BMP4 on the salivary 
glands is opposite to that of BMP7; BMP4 inhibits the size and 
number of buds, as well as further branching (9). In the present 
study, it was demonstrated that FAM20C deficiency altered the 
protein level and/or distribution of BMP2, BMP4 and BMP7 
but did not alter the mRNA level of Bmp4. Furthermore, BMP 
signaling pathways were attenuated in the salivary gland of 
cKO mice. FAM20c deficiency resulted in the attenuated 
phosphorylation of Smad1/5/9, Erk and p38 in the salivary 
glands, implying that FAM20c positively regulates BMP 
signaling via the phosphorylation of BMP ligands. Another 
study from the authors' group (not yet published) demonstrated 
that the number of salivary gland ducts increased significantly 
in Bmp2f/f;Bmp4f/f;K14‑Cre mice. The similar morphological 
changes in the salivary glands from Fam20C cKO mice 
and Bmp2;Bmp4 double-cKO mice indicates that FAM20c 
may affect the development of salivary glands via the BMP 
signaling pathway. Future studies are warranted to validate the 
hypothesis that FAM20c inhibits duct formation by regulating 
BMP signaling.

In conclusion, the results of the present study demonstrated 
that FAM20c may be a key regulator of acinar and duct 
structure and duct maturation; therefore, the results augment 
existing information about the biological roles of FAM20c, 
establish a possible link between FAM20c and the transport of 
secreted proteins and provide a novel avenue for investigating 
new therapeutic targets for oral diseases including xerostomia.
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