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�� CartiLage

A mutation in SLC20A2 (c.C1849T) 
promotes proliferation while inhibiting 
hypertrophic differentiation in 
ATDC5 chondrocytes

aims
This study aimed to investigate the effect of solute carrier family 20 member 2 (SLC20A2) 
gene mutation (identified from a hereditary multiple exostoses family) on chondrocyte 
proliferation and differentiation.

Methods
ATDC5 chondrocytes were cultured in insulin- transferrin- selenium medium to induce 
differentiation. Cells were transfected with pcDNA3.0 plasmids with either a wild- type 
(WT) or mutated (MUT) SLC20A2 gene. The inorganic phosphate (Pi) concentration in the 
medium of cells was determined. The expression of markers of chondrocyte proliferation 
and differentiation, the Indian hedgehog (Ihh), and parathyroid hormone- related pro-
tein (PTHrP) pathway were evaluated by quantitative real- time polymerase chain reaction 
(qRT- PCR) and western blotting.

results
The expression of SLC20A2 in MUT group was similar to WT group. The Pi concentration in 
the medium of cells in MUT group was significantly higher than WT group, which meant 
the SLC20A2 mutation inhibited Pi uptake in ATDC5 chondrocytes. The proliferation rate 
of ATDC5 chondrocytes in MUT group was greater than WT group. The expression of ag-
grecan (Acan), α-1 chain of type II collagen (COL2A1), and SRY- box transcription factor 
9 (SOX9) were higher in MUT group than WT group. However, the expression of Runt- 
related transcription factor 2 (Runx2), α-1 chain of type X collagen (COL10A1), and ma-
trix metallopeptidase 13 (MMP13) was significantly decreased in the MUT group. Similar 
results were obtained by Alcian blue and Alizarin red staining. The expression of Ihh and 
PTHrP in MUT group was higher than WT group. An inhibitor (cyclopamine) of Ihh/PTHrP 
signalling pathway inhibited the proliferation and restored the differentiation of chon-
drocytes in MUT group.

Conclusion
A mutation in SLC20A2 (c.C1948T) decreases Pi uptake in ATDC5 chondrocytes. SLC20A2 
mutation promotes chondrocyte proliferation while inhibiting chondrocyte differentia-
tion. The Ihh/PTHrP signalling pathway may play an important role in this process.
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(c.C1948T) on inorganic phosphate (Pi) 
uptake of the ATDC5 cells.

�� The effect of mutation in SLC20A2 
(c.C1948T) on chondrocyte prolifera-
tion and differentiation.
�� The effect of mutation in SLC20A2 

(c.C1948T) on the Indian hedgehog 
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Fig. 1

Sanger sequencing confirmed the a) cloned wild- type and b) mutant mouse 
solute carrier family 20 member 2 (SLC20A2) complementary DNA (cDNA) 
(NM_011394). c) and d) This mutation causes a change of an amino acid in 
SLC20A2 protein (R > C). The arrows indicate the site of variance.

Key messages
�� A mutation in SLC20A2 (c.C1948T) decreases Pi uptake 

of the ATDC5 cells.
�� A mutation in SLC20A2 (c.C1948T) promotes chon-

drocyte proliferation while inhibiting chondrocyte 
differentiation.
�� Ihh/PTHrP signalling pathway may play an important 

role in the SLC20A2 mutation- induced disturbance of 
chondrocyte proliferation and differentiation.

Strengths and limitations
�� We identified a novel mutation in SLC20A2 gene and 

found that this mutation promotes chondrocyte 
proliferation while inhibiting chondrocyte differenti-
ation by decreasing Pi uptake.
�� The present study is a cellular experiment, thus 

animal models with SLC20A2 mutation (c.C1948T) are 
needed to further investigate the effect of SLC20A2 on 
chondrocyte proliferation and differentiation in vivo.

introduction
Hereditary multiple exostoses (HME) is a dominantly 
inherited childhood disease with an incidence of 
1/50,000.1,2 The clinical manifestations of HME are exos-
toses on the metaphysis of bones, including the distal 
femur, proximal tibia, fibula, and humerus, which could 
lead to local deformity or pathological fractures.2-4 
Although 70% to 95% of cases of HME are associated 
with mutations in the exostosin-1 (EXT-1) and exos-
tosin-2 (EXT-2) genes,5-7 there are many patients with 
HME without EXT-1 and EXT-2 gene mutations.8,9

In our recent study, we performed whole- exome 
sequencing in a typical Chinese HME family without 
EXT-1 and EXT-2 mutations and identified a novel muta-
tion of the solute carrier family 20 member 2 (SLC20A2) 
gene (c.C1849T).10 As a member of the SLC20 family of 
solute carriers, the SLC20A2 protein (PiT-2) comprises 
652 amino acids, and its molecular mass is 70,392 
Da.11 PiT-2 is expressed ubiquitously in all tissues and 
is considered as a 'housekeeping' transport protein.11 It 
is a type III sodium- phosphate (NaPi- III) cotransporter 
that mediates the transmembrane movement of sodium 
and inorganic phosphate (Pi).11-13

It is well known that Pi is an essential component 
of all living organisms and must be actively trans-
ported into cells across the cell membranes. Cells 
get Pi in the form of negatively charged Pi from the 
extracellular environment by secondary active trans-
port.13 Pi transporters (such as Pit-2) use the inwardly 
directed electrochemical gradient of Na+ ions which 
is established by the Na+- K+- ATPase, to drive Pi influx 
into the cells.13,14 It has been reported that SLC20A2 
variants cause dysfunctional Pi transport activity in 
endothelial cells,15 leading to primary familial brain 
calcification.15,16

In theory, mutation in SLC20A2 (c.C1849T) may lead 
to a change in the amino acid sequence (p.R617C) 
(Figures  1c and 1d),10 which might induce structural 
changes and dysfunction of PiT-2, subsequently leading 
to a disturbance of Pi homeostasis in cells.

Studies have found that HME is characterized by 
inappropriate chondrocyte proliferation and bone 
growth arising at the juxtaepiphyseal region of long 
bones.17,18 It is well known that Pi plays an important 
role in the regulation of chondrocyte proliferation 
and differentiation.19,20 As SLC20A2 variants may cause 
dysfunctional Pi transport activity, we speculated that 
mutation of the SLC20A2 gene might induce meta-
bolic disturbance of Pi and inappropriate proliferation 
and differentiation of chondrocytes, and subsequently 
lead to development of HME. Additionally, the Indian 
hedgehog (Ihh)/parathyroid hormone- related protein 
(PTHrP) signalling pathway has been demonstrated to 
play notable roles in regulating the proliferation and 
differentiation of chondrocytes.21-24 Thus, we wanted to 
verify the effect of the Ihh/PTHrP signalling pathway in 
SLC20A2 mutation- induced abnormal proliferation and 
differentiation of chondrocytes.

The ATDC5 cell line, which is derived from mouse 
teratocarcinoma cells and characterized as a chondro-
genic cell line and undergoes a sequential process 
analogous to chondrocyte differentiation, has been 
reported to be an excellent in vitro model cell line for 
skeletal development.25,26 In this study, we established 
an ATDC5 cell model with a mutation of SLC20A2, 
aiming to investigate the effect of SLC20A2 mutation on 
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Fig. 2

a) An immunofluorescence examination (magnification: 40×) was performed to determine the transfection efficiency of the cell lines. Three different 
quantities of pcDNA3.0 plasmids were used to achieve the multiplicity of infection (MOI) of 100, 200, and 300. The results indicate that all the cell lines 
with a MOI of 300 had the best transfection efficiency (the green fluorescence shows the transfected plasmids). Scale bar = 1,000 μm. b) and c) Expression 
of solute carrier family 20 member 2 (SLC20A2), as determined by b) quantitative real- time polymerase chain reaction (qRT- PCR) and c) western blot. There 
was no significant difference in SLC20A2 expression level between the wild- type (WT) and mutant (MUT) groups. GAPDH, glyceraldehyde 3- phosphate 
dehydrogenase; mRNA, messenger RNA.

phosphorus metabolism, proliferation, and differentia-
tion in ATDC5 chondrocytes.

Methods
Cell culture. The ATDC5 cell line was purchased from 
American Type Culture Collection (ATCC, Manassas, 
Virginia, USA). The cells were grown in mainte-
nance medium (named TS medium; Santa Cruz 
Biotechnology, Santa Cruz, California, USA), which was 
made of a 1:1 mixture of Dulbecco's Modified Eagle 
Medium (DMEM) and Ham's F-12 medium containing 
1% (vol/vol) antibiotic- antimycotic, 5% fetal bovine se-
rum (FBS), 10 μg/ml human transferrin (T), and 3 × 10−8 
mol/l sodium selenite (S). The cells were maintained 
in a humidified atmosphere of 5% CO2 at 37°C. To in-
duce differentiation, the ATDC5 cells were cultured in 
insulin- transferrin- selenium (ITS) medium (Santa Cruz 
Biotechnology), which was made of TS medium supple-
mented with 0.1 mg/ml insulin. After 14 days (D14) of 
ITS, the DMEM was substituted with Minimum Essential 
Medium α (α-MEM) until day 21 (D21).
Construction of plasmids and transfection. The muta-
tion of SLC20A2 (c.C1849T) was identified by whole- 
exome sequencing in a Chinese family with HME with-
out EXT-1 and EXT-2 mutations.10 The proband (age, 
four years; sex, male) sought medical advice at our 
hospital due to multiple exostoses at the bilateral distal 
femur, proximal tibia and fibula, distal tibia, proximal 
humerus, and left scapula. The mother and grandfather 
of the proband were also diagnosed with HME.10

The pcDNA3.0 plasmids were constructed by Gene-
Pharma (Shanghai, China). Since the ATDC5 cells are 
derived from mice, the corresponding mutation of 
SLC20A2 in mice is C2343T (NM_011394, GRCm38/
mm10). The wild- type and mutant mouse SLC20A2 
complementary DNA (cDNA) (NM_011394) were 

cloned into the vector pcDNA3.0 (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA) using NotI and 
HindIII restriction sites. Then, the pcDNA3.0 plasmids 
were collected, purified, and titered to ensure a titre 
greater than 108 TU/µl. Then, Sanger sequencing was 
used to confirm the cloned cDNAs (Figures 1a and 1b). 
The pcDNA3.0 plasmids were then transfected into 
ATDC5 cells using Lipofectamine 2000 (Invitrogen, 
Carlsbad, California, USA) according to the manufac-
turer's instructions.

ATDC5 cells transfected with pcDNA3.0 plas-
mids containing the wild- type SLC20A2 gene and the 
mutated SLC20A2 gene were named WT and MUT, 
respectively. Additionally, ATDC5 cells that were not 
transfected with the pcDNA3.0 plasmid were used as 
a control group.
Quantitative real-time polymerase chain reaction. The 
method of quantitative real- time polymerase chain re-
action (qRT- PCR) was similar to that used in our previous 
study.27 In brief, total RNA was extracted using TRIzol 
(Invitrogen, Rochester, New York, USA) according to 
the manufacturer's instructions and reverse transcribed 
into cDNA templates. The qRT- PCR reaction mixture 
contained 10 μl of Bestar SybrGreen qPCR master Mix 
(DBI, Ludwigshafen, Germany), 0.5 μl of each prim-
er, 1 μl of cDNA template, and 8 μl of double- distilled 
water (ddH2O). The primers used in the present study 
were designed using Primer Express software (Applied 
Biosystems, Foster City, California, USA). Primer se-
quences are listed in Supplementary Table i. The am-
plification was conducted with a denaturation step at 
94°C for two minutes, followed by 40 cycles of amplifi-
cation at 94°C for 20 seconds, 58°C for 20 seconds, and 
72°C for 20 seconds. The melting curve was analyzed 
between 62°C and 95°C. The relative messenger RNA 
(mRNA) levels of the genes were calculated using the 
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Fig. 3

The inorganic phosphate (Pi) concentration in the culture medium, as 
measured using a Malachite Green Phosphate Assay Kit and microplate 
spectrophotometer. A high Pi concentration in the medium reflected low 
Pi uptake in the cells. The Pi concentration in the mutant group (MUT) was 
significantly higher than that in the wild- type group (WT) on days  
7, 14, and 21.

RT- PCR system (Mx3000P; Agilent Stratagene, Santa 
Clara, California, USA).
Cell proliferation assay. The method used for the cell 
proliferation assay was similar to that used in our pre-
vious study.27 The proliferation of ATDC5 chondrocytes 
at different timepoints was determined using the Cell 
Counting Kit-8 (CCK-8) assay (Beyotime Biotechnology, 
Shanghai, China) according to the manufacturer’s in-
structions. Briefly, CCK-8 solution (10 μl/100 μl medi-
um) was added to the wells of each group and thor-
oughly mixed. Then, 100 μl of CCK-8 medium was 
added to the cells and incubated at 37°C for four 
hours. The optical density (OD) values were detected 
with a microplate spectrophotometer (Thermo Fisher 
Scientific) at 450 nm.
Western blotting analysis. The method of western 
blotting analysis was similar to that used in our previ-
ous study.27 ATDC5 chondrocytes were washed three 
times with phosphate- buffered saline (PBS) and then 
dissolved using 1% phenylmethylsulphonyl fluoride 
(PMSF) (Beyotime Biotechnology) for 30 minutes. The 
cells were centrifuged at 14,000 rpm for ten minutes, 
total protein was collected, and the concentrations 
were determined using a protein concentration deter-
mination kit (Thermo Fisher Scientific). Equal amounts 
of protein (30 μg) from different samples were separat-
ed by 10% sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS- PAGE) at 80 V for 2.5 hours. The 
proteins were then transferred onto a polyvinylidene 
difluoride (PVDF) membrane (Millipore, Burlington, 
Massachusetts, USA). The membrane was rinsed with 
Tween- Tris buffered saline (TTBS) and blocked with a 
skim milk solution for one hour. The membranes were 
then incubated with primary antibodies against SLC20A2 

(1:1000) (Abcam, Cambridge, UK), runt- related tran-
scription factor 2 (Runx2) (1:1000; Abcam), aggrecan 
(Acan) (1:1000; Millipore), α-1 chain of type II collagen 
(COL2A1) (1:1000; Santa Cruz Biotechnology), SRY- 
box transcription factor 9 (SOX9) (1:1000; Millipore), 
α-1 chain of type X collagen (COL10A1) (1:1000; Santa 
Cruz, USA), matrix metallopeptidase 13 (MMP13) 
(1:1000; Abcam), Ihh (1:500; Abcam), PTHrP (1:1000; 
Abcam), and glyceraldehyde 3- phosphate dehydroge-
nase (GAPDH) (1:10000; Abcam) at 4°C overnight. The 
secondary horseradish peroxidase (HRP)- conjugated 
immunoglobulin G (IgG) antibody (1:2000; Boster 
Biological Technology, Pleasanton, California, USA) was 
added to the membranes after four washes with TTBS 
and incubated for 45 minutes at 37°C. The blots were 
developed using the ECL Plus reagent (Millipore), and 
images were recorded in the Gel Imaging System (Bio- 
Rad Laboratories, Hercules, California, USA).
alcian blue staining. ATDC5 chondrocytes were plated 
in 12- well dishes and cultured in ITS differentiation me-
dium for 21 days. The cells were rinsed with PBS, fixed 
for 30 minutes in 4% paraformaldehyde (Jianglaibio, 
Shanghai, China), and stained with an Alcian Blue solu-
tion (0.1% Alcian Blue in 0.1 M hydrochloric acid (HCl), 
pH 1; Sigma- Aldrich, St. Louis, Missouri, USA) over-
night. Finally, the cells were washed twice with ddH2O 
and then dried. Images were taken using a Leica INM 
200 UV microscope (Leica, Wetzlar, Germany). The area 
fraction of cartilage glycosaminoglycans was measured 
using ImageJ 1.51 v (National Institutes of Health (NIH), 
Bethesda, Maryland, USA).
alizarin red staining. The culture medium was dis-
carded, fixed with 4% paraformaldehyde for 15 to 20 
minutes, and washed with PBS three times. Alizarin 
red staining solution (ScienCell, San Diego, California, 
USA) was prepared in advance and added to the cul-
ture plate. The plate was placed in the incubator for 15 
minutes, and the staining solution was removed. The 
cells were washed with PBS solution three times and 
drained. Images were taken using a Leica INM 200 UV 
microscope. The area fraction of calcium deposition 
was measured using ImageJ 1.51 v (NIH).
Malachite green-based assay for Pi determination. The Pi 
concentration of the cells was determined by a Malachite 
Green Phosphate Assay Kit (Cayman Chemical, Ann Arbor, 
Michigan, USA) according to the manufacturer's instruc-
tions. Briefly, ATDC5 chondrocytes were cultured in ITS 
differentiation medium. On days 7, 14, and 21, 50 µl of ITS 
medium from each group was collected before the medi-
um was changed. The collected medium was then added 
to the 96- well Malachite Green Phosphate Assay Kit, and 
the developed malachite green- phosphomolybdate com-
plex was measured with a microplate spectrophotome-
ter (Thermo Fisher Scientific) at 620 nm.28 The measured 
concentration of Pi in the medium could indirectly reflect 
the uptake of Pi by the cells. A high concentration of Pi in 
the medium reflected a low uptake of Pi in the cells.
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Fig. 4

The evaluation of cell proliferation of chondrocytes. The expression of markers of chondrocyte proliferation (aggrecan (Acan), α-1 chain of type II collagen 
(COL2A1), and SRY- box transcription factor 9 (SOX9)), as measured by: a) to c) quantitative real- time polymerase chain reaction (qRT- PCR); and d) 
western blot, were significantly higher in the mutant (MUT) group than in the wild- type (WT) group. e) The proliferation rate (optical density (OD)) of the 
chondrocytes in the MUT group was significantly higher than that in the WT group on days 7, 14, and 21 (*p < 0.05 vs WT group). f) and g) The results of 
Alcian blue staining (magnification: 100×) on day 21 also showed a significant increase of cartilage glycosaminoglycans (stained blue) in the MUT group 
when compared with the WT group. f) and g) Cyclopamine caused a decrease in cartilage glycosaminoglycans in the MUT group. Scale bar = 50 μm. GAPDH, 
glyceraldehyde 3- phosphate dehydrogenase; mRNA, messenger RNA.

Statistical analysis. All data are expressed as means and 
SDs (n = 3). One- way analysis of variance (ANOVA) and the 
least significant difference (LSD) post hoc test were used to 
evaluate the differences among groups. All statistical analy-
ses were performed using the statistics package SPSS v22.0 
(IBM, Armonk, New York, USA). A statistical value of p < 0.05 
was considered significant..

results
Verification of the established atDC5 cell lines. An im-
munofluorescence examination was performed to 

determine the transfection efficiency of the cell lines 
(WT and SLC20A2 mutation). Each cell line was trans-
fected with three different quantities of pcDNA3.0 plas-
mids (10 μl, 20 μl, and 30 μl; concentration = 1×108 TU/
ml). These three different quantities of plasmids could 
achieve a multiplicity of infection (MOI) of 100, 200, 
and 300, respectively. The results indicate that both cell 
lines had good transfection efficiency; however, the cell 
lines with an MOI of 300 had the best transfection effi-
ciency (Figure 2a). Thus, we used these cell lines with 
an MOI of 300 for further investigation.
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Fig. 5

The evaluation of chondrocyte differentiation. The expression of markers of chondrocyte differentiation (α-1 chain of type X collagen (COL10A1), matrix 
metallopeptidase 13 (MMP13), and runt- related transcription factor 2 (Runx2)), as measured by: a) to c) quantitative real- time polymerase chain reaction 
(qRT- PCR); and d) western blot, were significantly lower in the mutant (MUT) group compared with the wild- type (WT) group. e) and f) The results of Alizarin 
red staining (magnification: 100×) on day 21 also showed that calcium deposition (stained red) was significantly decreased in the MUT group compared 
with the WT group, and cyclopamine caused a significant increase in calcium deposition in the MUT group. Scale bar = 50 μm. GAPDH, glyceraldehyde 
3- phosphate dehydrogenase; mRNA, messenger RNA.

the expression of SLC20a2 was changed. The expression lev-
el of SLC20A2 was determined by qRT- PCR and western blot. 
Results of qRT- PCR indicate that the relative expression level 
of SLC20A2 mRNA in cells with the SLC20A2 mutation (MUT 
group) at day 14 was similar to that in WT cells (WT group) 
(Figure 2b). A similar result was obtained by western blot 
analysis (Figure 2c).
SLC20A2 mutation induced lower uptake of Pi in atDC5 chon-
drocytes. The uptake of Pi in ATDC5 chondrocytes was deter-
mined by the Malachite Green Phosphate Assay Kit. The re-
sults indicate that the Pi concentration in the medium of cells 
with the SLC20A2 mutation (MUT group) was significantly 
higher than that in the medium of WT group cells at days 7, 

14, and 21 (Figure 3). In the present study, there was a ba-
sal Pi concentration in the culture medium. Thus, the higher 
concentration of Pi in the cells with SLC20A2 meant that the 
SLC20A2 mutation significantly inhibited Pi uptake in ATDC5 
chondrocytes.
SLC20a2 mutation significantly promoted chondrocyte 
proliferation. The proliferation of ATDC5 differentiated 
chondrocytes at different timepoints was determined us-
ing the CCK-8 assay. We found that cells transfected with 
the mutated SLC20A2 pcDNA3.0 plasmid (MUT group) 
exhibited a significantly greater proliferation rate at days 
7, 14, and 21 than cells transfected with WT SLC20A2 (WT 
group) (Figure 4e).
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Fig. 6

The expression of Indian hedgehog (Ihh)/parathyroid hormone- related protein (PTHrP) signalling pathway. The expression of Ihh and PTHrP, as measured by: 
a) and b) quantitative real- time polymerase chain reaction (qRT- PCR); and c) western blot, were significantly higher in the mutant (MUT) group compared 
with the wild- type (WT) group. Cyclopamine significantly inhibited the expression of Ihh and PTHrP in the MUT group. GAPDH, glyceraldehyde 3- phosphate 
dehydrogenase; mRNA, messenger RNA.

The qRT- PCR results indicate that the relative mRNA 
expression of parameters of chondrocyte proliferation, 
such as Acan, COL2A1, and SOX9, in the MUT group was 
significantly higher than that in the WT group at days 
7, 14, and 21 (Figures  4a to 4c). Similar results were 
obtained by western blot analysis (Figure 4d).

The results of Alcian blue staining showed that carti-
lage glycosaminoglycans were significantly more abun-
dant in the MUT group than in the WT group at day 21 
(Figures 4f and 4g).
SLC20A2 mutation inhibited chondrocyte differentia-
tion. The results of qRT- PCR indicate that the relative 
mRNA expression of parameters of chondrocyte differ-
entiation, such as Runx2, COL10A1, and MMP13, in the 
MUT group was significantly decreased compared to 
that in the WT group at days 14 and 21 (Figures 5a to 
5c). Similar results were obtained by western blot anal-
ysis (Figure 5d).

Alizarin red staining showed that there was more 
calcium deposition in the WT group than in the MUT 
group (Figures 4e and 4f).
SLC20A2 mutation activated the ihh/PtHrP signalling 
pathway. The qRT- PCR results indicate that the relative 
mRNA expression of Ihh and PTHrP in the MUT group 
was significantly higher than that in the WT group at 
days 7, 14, and 21 (Figures 6a and 6b). Similar results 

were obtained by western blot analysis at day 21 
(Figure 6c). An inhibitor (cyclopamine) of the Ihh/PTHrP 
signalling pathway significantly inhibited the prolifera-
tion (Figures 4f and 4g) and restored the differentiation 
of chondrocytes (Figures 5e and 5f) in the MUT group, 
as shown by Alizarin red and Alcian blue staining.

Discussion
PiT-2 is widely expressed in all kinds of tissues and 
organs, including chondrocytes.12,13,29 In the present 
study, mutations in SLC20A2 did not lead to a significant 
change in the expression level of PiT-2 in ATDC5 chon-
drocytes (Figures  2b and 2c). At present, no study has 
reported the effect of gene mutation on the expression of 
SLC20A2 in chondrocytes. However, Taglia et al30 investi-
gated the effect of the SLC20A2 mutation on PiT-2 expres-
sion in patient fibroblasts and found that the mutation 
did not affect PiT-2 expression. However, some other 
studies reported a decrease in SLC20A2 mRNA by approx-
imately 10% to 35% in cells from affected patients.31-33 
The expression of SLC20A2 did not significantly decrease 
in the present study, which may be attributed to the 
location of the mutation. In theory, the mutation in 
SLC20A2 (c.C1849T) may lead to a change in the amino 
acid sequence (p.R617C) (Figures 1c and 1d), in which 
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the 617th amino acid (arginine) is changed to cysteine. 
This mutation was not a truncation mutation, and it 
did not lead to a stop of mRNA translation. Additionally, 
the relative molecular masses of arginine (174.2) and 
cysteine (121.1) were similar, leaving the expression level 
of SLC20A2 unchanged.

Although the expression of SLC20A2 did not change 
significantly, the function of PiT-2 was influenced. The 
present study shows significantly decreased uptake of Pi in 
ATDC5 chondrocytes with the SLC20A2 mutation. Since 
PiT-2 is a NaPi- III cotransporter that mediates the trans-
membrane movement of sodium and Pi, the changed 
function of PiT-2 may contribute to the decrease in Pi 
uptake. Our previous study showed that the mutation of 
SLC20A2 (c.C1849T) was at the highly conserved amino 
acid sequences, at which a mutation might have a great 
probability to induce structural and functional changes.10 
Other studies have also reported severe Pi transport 
impairment in cells with SLC20A2 mutations.30,34,35 In 
particular, in the study by Taglia et al30 mentioned above, 
although the authors did not find significant changes in 
PiT-2 expression in SLC20A2 mutant cells, they observed 
significantly reduced Pi uptake, which may be attributed 
to altered PiT-2 subcellular localization in cells with the 
SLC20A2 mutation.

Our study also indicates that the SLC20A2 muta-
tion promotes chondrocyte proliferation while inhib-
iting chondrocyte differentiation. Chondrocytes with 
the SLC20A2 mutation exhibited a significantly greater 
proliferative rate than cells with WT SLC20A2 (Figure 4f). 
The expression of markers of chondrocyte proliferation 
(Acan, COL2A1, and SOX9) were significantly increased 
in ATDC5 chondrocytes with the SLC20A2 mutation. 
The Alcian blue staining also showed similar results 
(Figure  4f). In contrast, the expression of markers of 
chondrocyte differentiation (Runx2, COL10A1, and 
MMP13) and calcium deposition (Figure 5) were signifi-
cantly decreased in ATDC5 chondrocytes with the 
SLC20A2 mutation. These results may be attributed to 
the decreased uptake of Pi in cells with the SLC20A2 
mutation. Studies have demonstrated that Pi plays an 
important role in chondrocyte differentiation, matura-
tion, and mineralization, and all these effects are depen-
dent on Pi entry into cells through sodium- dependent 
transporters.36-38 Liu et al39 cultured mouse metatarsals 
with low Pi medium (0.05 mM) and found significantly 
impaired chondrocyte differentiation compared with 
that of the control group. In contrast, Zalutskaya et al19 
cultured mouse metatarsals in high Pi medium (7 mM) 
and found that compared with low Pi (1.25 mM), high 
Pi significantly decreased chondrocyte proliferation and 
promoted chondrocyte differentiation. Other studies 
have also reported that Pi enhances chondrocyte differ-
entiation and maturation.36,40 Our results agreed with 
previous studies.36-40 Studies have found that HME is 
characterized by inappropriate chondrocyte prolifer-
ation and bone growth arising at the juxtaepiphyseal 

region of long bones,17,18 thus the results of our study 
point to a new direction of the mechanism of develop-
ment of HME in patients without mutation of EXT1 or 
EXT2. Furthermore, the mutation of SLC20A2 might lead 
to the development of HME by inducing a disturbance of 
proliferation and differentiation of chondrocyte.

Our study also shows that the Ihh/PTHrP signalling 
pathway plays an important role in SLC20A2 mutation- 
induced disturbance of chondrocyte proliferation and 
differentiation. The expression of Ihh and PTHrP was 
significantly higher in ATDC5 chondrocytes with the 
SLC20A2 mutation. It has been demonstrated that Ihh acts 
through PTHrP, and activation of Ihh signalling upregu-
lates PTHrP while preventing chondrocyte hypertrophy.41 
Minina et al22 found that overexpression of Ihh inhibited 
hypertrophic differentiation of chondrocytes, and it could 
be recovered by an inhibitor of the Ihh signalling pathway 
(cyclopamine). Additionally, other studies have demon-
strated that Pi and PTHrP are required for normal growth 
plate maturation, and the PTH/PTHrP receptor mediates 
the effects of Ihh and PTHrP on chondrocyte differentia-
tion.39,42 Liu et al39 found that low Pi significantly increased 
PTHrP expression while attenuating chondrocyte differ-
entiation in cultured metatarsals; however, low Pi did not 
impair chondrocyte differentiation in PTHrP knockout 
mice. Our results agreed with previous studies.22,39,42 
When an inhibitor of the Ihh signalling pathway (cyclo-
pamine) was added, the expression of PTHrP and Ihh 
and chondrocyte proliferation (Figures  4f and 4g) was 
decreased as expected, while the chondrocyte differenti-
ation of cells with the SLC20A2 mutation partially recov-
ered (Figures 5e and 5f).

It should be noted that there are some limitations in 
the present study. We only used cell models to investi-
gate the effect of SLC20A2 mutation (c.C1849T) on the 
proliferation and differentiation of chondrocytes, and we 
used a transfection system which meant that SLC20A2 
would be overexpressed in all cells. However, we do not 
think this changes the conclusion. Since both groups 
(WT and MUT) were overexpressed, all of them have a 
same base level of expression of SLC20A2 which makes 
them comparable.

In conclusion, a mutation in SLC20A2 (c.C1948T) 
does not change the expression of SLC20A2. However, 
it leads to decreased Pi uptake in ATDC5 chondrocytes. 
SLC20A2 mutation also promotes chondrocyte prolifer-
ation while inhibiting chondrocyte differentiation. The 
Ihh/PTHrP signalling pathway may play an important 
role in the SLC20A2 mutation- induced disturbance 
of chondrocyte proliferation and differentiation. The 
present study points to a new direction to investigate 
the mechanism of development of HME in patients 
without mutation of EXT1 or EXT2. The mutation of 
SLC20A2 might lead to the development of HME by 
inducing a disturbance of proliferation and differentia-
tion of chondrocytes.
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