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Background: Slc26a2 is a SO4
2� transporter that is mutated in diastrophic dysplasia. The role of Slc26a2 in several chon-

drocyte functions is unknown.
Results: Slc26a2 is activated by IGF-1 to regulate chondrocyte, proliferation, differentiation, proteoglycan synthesis, and size.
Conclusion: Slc26a2 regulates multiple SO4

2�-dependent and SO4
2�-independent chondrocyte functions.

Significance: The findings should help in understanding aberrant SLC26A2 function in diastrophic dysplasia.

Mutations in the SO4
2�/Cl�/OH� exchanger Slc26a2 cause

the disease diastrophic dysplasia (DTD), resulting in aberrant
bone development and, therefore, skeletal deformities. DTD is
commonly attributed to a lack of chondrocyte SO4

2� uptake and
proteoglycan sulfation. However, the skeletal phenotype of
patients with DTD is typified by reduction in cartilage and
osteoporosis of the long bones. Chondrocytes of patients with
DTD are irregular in size and have a reduced capacity for prolif-
eration and terminal differentiation. This raises the possibility
of additional roles for Slc26a2 in chondrocyte function. Here,
we examined the roles of Slc26a2 in chondrocyte biology using
two distinct systems: mouse progenitor mesenchymal cells dif-
ferentiated to chondrocytes and freshly isolated mouse articular
chondrocytes differentiated into hypertrophic chondrocytes.
Slc26a2 expression was manipulated acutely by delivery of
Slc26a2 or shSlc26a2 with lentiviral vectors. We demonstrate
that slc26a2 is essential for chondrocyte proliferation and dif-
ferentiation and for proteoglycan synthesis. Slc26a2 also regu-
lates the terminal stage of chondrocyte cell size expansion.
These findings reveal multiple roles for Slc26a2 in chondrocyte
biology and emphasize the importance of Slc26a2-mediated
protein sulfation in cell signaling, which may account for the
complex phenotype of DTD.

Mammalian skeletal development is a tightly regulated pro-
cess, central to which are the chondrocytes that form all bone
types (1, 2). Chondrocytes are derived from mesenchymal pro-
genitor cells. Bone formation is initiated when activation of
cartilage-specific genes causes mesenchymal cell condensation

and differentiation into chondrocytes (3). These chondrocytes
form a cartilaginous template using abundant extracellular
matrix (ECM)3 comprised of proteoglycans. The ECM sur-
rounds mature chondrocytes and mediates cell-cell contacts
(3, 4).

Long bone elongation requires chondrocyte proliferation,
differentiation, and secretion of ECM to form the growth plate
cartilage (3). The growth plate is divided into three distinct
zones: the resting, proliferating, and mineralization zones (5).
In the resting zone, the chondrocytes, which are non-polarized
and arranged irregularly, serve as a committed stem cell pole.
These relatively immature cells differentiate into rapidly divid-
ing and proliferating chondrocytes in the proliferating zone. In
the hypertrophic zone, chondrocyte proliferation ceases, and
matrix ossification/mineralization starts.

Bone growth and homeostasis are highly regulated by multi-
ple factors, the most prominent of which are members of the
TGF-� and insulin-like growth factor 1 (IGF-1) families (6).
IGF-1 has an essential role in longitudinal bone growth because
Igf1 gene deletion causes dwarfism in mice (7), and aberrant
IGF-1 signaling leads to extremely short stature in humans (8)
due to impaired chondrocyte hypertrophy. Recent studies have
reported that chondrocyte hypertrophy occurs in three phases.
IGF-1 regulates the third phase to promote longitudinal bone
growth (9). The mechanism by which chondrocytes become
hypertrophic without adding cell mass must involve osmolyte
transport. However, the details of this process are poorly
understood, including the electrolyte transporters mediating
chondrocyte hypertrophy and the role of IGF-1.

Slc26a2 is a transporter with essential role in bone formation,
which may also participate in chondrocyte volume expansion.
We have shown recently that Slc26a2 functions as a SO4

2�/Cl�/
OH� exchanger that is exquisitely regulated by extracellular
Cl� (10). Mutations in Slc26a2 cause diastrophic dysplasia
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(DTD), a disorder of cartilage and bone development charac-
terized by growth retardation, skeletal dysplasia, and joint con-
tracture (11, 12). The skeletal phenotype is typified by reduc-
tion of cartilage, irregular chondrocyte size, delayed secondary
ossification center formation, and osteoporosis of the long
bones. Moreover, reduced chondrocyte proliferation and lack
of terminal differentiation likely contribute to reduced bone
growth in DTD (11, 13, 14). Thus, the growth plate height and
the number of cartilage-forming chondrocytes are greatly
reduced in the Slc26a2 mutant mouse (15). These findings sug-
gest that, in addition to its known role in cartilage protein sul-
fation, Slc26a2 has multiple roles in chondrocyte biology.

In this work, we set out to determine the role of Slc26a2 in
chondrocyte function using two distinct cartilage model sys-
tems. The first is a mouse embryonic limb bud mesenchymal
cell system. Upon stimulation with serum, mesenchymal cells
undergo condensation, followed by proliferation and differen-
tiation to chondrocytes, and, finally, maturation to hyper-
trophic chondrocytes after several days in culture. The second
system is a murine articular chondrocyte system. Chondrocytes
are isolated from the femoral head, femoral condyle, and tibial
plateau of 5-day-old pups and differentiated into hypertrophic
chondrocytes by serial passages. We also determined the role of
Slc26a2 in IGF-1-dependent chondrocyte maturation and pro-
teoglycan synthesis. We found that Slc26a2 expression is highly
enriched in the long bone proliferating zone. Knockdown and
overexpression of Slc26a2 revealed an essential role of Slc26a2
in chondrocyte differentiation and maturation. Moreover,
Slc26a2 function is required for proteoglycan synthesis, carti-
lage formation, and sulfation. IGF-1 acutely stimulates Slc26a2
activity through activation of the PI3K pathway to stimulate
ECM formation and chondrocyte size expansion. These find-
ings demonstrate, for the first time, the multiple roles of
Slc26a2 in chondrocyte function and bone formation.

MATERIALS AND METHODS

Mice—Mice were purchased from Charles River Laborato-
ries Japan. All mouse experiments were performed according to
the guidelines of the Animal Care and Use Committee of Sook-
myung Women’s University.

Plasmids, Reagents, and Solutions—The murine slc26a2
(IMAGE ID 4014785) was from Source BioScience and was
cloned into the pcDNA3.1(�) vector using the HindIII and
XhoI sites. Anti-Slc26a2 polyclonal antibodies were generated
by Cosmogenetech. Rabbit Slc26a2 polyclonal antibodies were
generated against keyhole limpet hemocyanin (KLH)-conju-
gated synthetic Slc26a2 peptide (KELNEHFKDKLKA). Anti-�-
actin antibodies were from Sigma-Aldrich. IGF-1 was from
Sigma-Aldrich, and LY-294002, LY-303511, and PI828 were
from R&D Systems. 2�7�-bis-(2-carboxyethyl)-5-(and-6)-car-
boxyfluorescein and F-125 were purchased from Molecular
Probes. siRNA directed against the PI3K p85� subunit was pur-
chased from Santa Cruz Biotechnology. DMEM and Hanks’
buffered salt solution were from Invitrogen. For measurement
of pHi, the standard bath solution contained 140 mM NaCl, 5
mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, and 10 mM

glucose (pH 7.4 with NaOH). The Cl�-free solution contained
140 mM sodium gluconate, 5 mM potassium gluconate, 10 mM

HEPES, 1 mM calcium gluconate, 1 mM magnesium gluconate,
and 10 mM glucose (pH 7.4). Where indicated, the Cl�-free solu-
tion also included 5 mM Na2SO4.

RT-PCR, shRNA, siRNA, and qPCR—Total RNA was
extracted using TRIzol reagent (Invitrogen) according to the
instructions of the manufacturer. For RT-PCR, 1 �g of total
RNA was reverse-transcribed into single-strand cDNA using
the anchored oligo(dT) primer and M-MLV reverse transcrip-
tase (Invitrogen). Primers for RT-PCR were as follows: Slc26a2,
5�-TCC ATC ATT ACT TTG CAG ATG G-3 (forward) and
5�-CCT GAG AAT GAC ACC CCA GT-3� (reverse); 152-bp
Col-II, 5�-CAC ACT GGT AAG TGG GGC AAG A-3� (for-
ward) and 5�-GGA TTG TGT TGT TTC AGG GTT CG-3�
(reverse); 173-bp MMP13, 5�-TGA TGG ACC TTC TGG TCT
TCT GG-3� (forward) and 5�-CAT CCA CAT GGT TGG GAA
GTT CT-3� (reverse); 473-bp GAPDH, 5�-TCA CTG CCA
CCC AGA AGA C-3� (forward) and 5�-TGT AGG CCA TGA
GGT CCA C-3� (reverse); and 450-bp GAPDH was used as a
control. siRNA directed against the PI3K p85� subunit was
purchased from Santa Cruz Biotechnology.

shRNAs were obtained from Open Biosystems. The knock-
down efficiency of the Slc26a2 shRNA was determined by RT-
PCR, and the most efficient corresponded to hairpin sequence
shRNA-Slc26a2_#1 (5�-CCG GGC TCT TTA TTC TAT TCC
CTT CTC GAG AAG GGA ATA GAA TAA AGG AGC TTT
TG-3�) and shRNA-Slc26a2_#2 (5�-CCG GCC TCT CTA CTA
CAT AAA CAA ACT CGA GTT TGT TTA TGT AGT AGA
GAG GTT TTG-3�). Scrambled shRNA was obtained from
Addgene (5� CCT AAG GTT AAG TCG CCC TCG CTC TAG
CGA GGG CGA CTT AAC CTT AGG-3�). shRNA-Slc26a2
and scrambled shRNA were transfected into murine articular
chondrocytes (MAC) using FuGENE 6 as described in the pro-
tocol of the manufacturer. Confirmation of shRNA knockdown
by RT-PCR and immunoblotting was carried out in murine
articular chondrocytes. For qPCR, 1 �g of total RNA was
reverse-transcribed using the same conditions as above. 1/10
dilutions were used in triplicate with 0.2 �M primer and 5 �l of
LightCycler 480 SYBR Green I Master in a 10-�l reaction, and
qPCR was executed in a 384-well block on a Light Cycler 480
system (Roche). Expression levels were normalized to endoge-
nous expression of GAPDH. Fold changes were calculated
using the ��Ct method according to the instructions of the
manufacturer.

Lentiviral Infection—Lentiviruses were produced from Mac-
rogen. The titer was �107�108 transduction units/ml and was
used without further concentration. One day after plating, cells
at 3 � 105/spot and with monolayers at 4 � 105 cells/dish were
infected with a multiplicity of infection of 50 of lenti-Slc26a2 or
lenti-shRNA-Slc26a2 with 5 �g/ml of Polybrene. After 2 days,
the medium was changed, and the cells were treated with the
indicated experimental protocols.

BrdU Incorporation Assay—The cells were incubated in cul-
ture medium containing 10 �M BrdU (Sigma) for 4 h, washed
with PBS, and fixed with 4% paraformaldehyde. DNA was dena-
tured by incubation with 1.5 M HCl for 20 min and subsequent
neutralization with 0.5 M sodium borate. The cells were blocked
and permeabilized by incubation with 5% serum containing
0.2% Triton X-100 prior to addition of primary antibody. BrdU
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labeling was detected using an anti-BrdU antibody (Sigma) and
Alexa Fluor 594 goat anti-mouse IgG antibody (Invitrogen) and
counterstained with DAPI (Sigma).

Micromass Culture of Embryonic Limb Mesenchymal Cells—
Culture- and time-dependent differentiation of mesenchy-
mal cells in culture were prepared as described in Ref. 16, with
small modifications as follows. Embryonic limb mesenchymal
cells were isolated from the limb buds of E11.5 embryos and
allowed to undergo condensation, giving rise to the formation
of cartilaginous nodules that consisted of sulfated proteogly-
cans. One-third of the limb buds of E11.5 embryos were micro-
dissected and washed with Hanks’ buffered salt solution and
digested with collagen D for 10 min at 37 °C. Digestion was
terminated by the addition of the same volume of DMEM sup-
plemented with 10% FBS, 50 �g/ml streptomycin, and 50
units/ml penicillin. The digest was filtered through a sterile
20-�m cell strainer to isolate the mesenchymal cells. Mesen-
chymal cells were spotted on a culture dish at a density of 3 �
105/spot. Four hours after spotting, medium was added to cover
the spots. One day after spotting the cells, the culture medium
was changed, and the cells were infected with lenti-shRNA-
Slc26a2 or lentiviral Slc26a2 in the presence or absence of 100
ng/ml IGF-1. After 5 days in culture in the presence of 10%
serum, maximal differentiation of chondrocytes and matrix
formation was achieved. At this stage, cartilaginous nodule for-
mation was analyzed by Alcian blue staining, which stains the
highly sulfated proteoglycans and reveals their synthesis. For
cartilage organ culture, cartilage was isolated from the femoral
heads and tibias of 5-day-old mice and grown in DMEM with
10% FBS, 50 �g/ml streptomycin, and 50 units/ml penicillin for
4 days.

Monolayer Culture and Three-dimensional Pellet Culture of
MACs—MACs in primary culture were prepared from the car-
tilage of the femoral heads and tibias of 5-day-old mice. The
cartilage was incubated with 1% collagenase D for 4 h. Colla-
genase digestion was terminated by addition of the same vol-
ume of medium containing 10% serum (DMEM, 10% FBS, 50
�g/ml streptomycin, and 50 units/ml penicillin). Cells were col-
lected by centrifugation and washed twice with Hanks’ buffered
salt solution. The pellet was resuspended, and cells were seeded
as a monolayer on a culture dish. The medium was changed
every 2 days. Starting on the first day, cells were subjected to
serial passage from passage 0 to passage 2 every 5 days.

For generating three-dimensional pellet cultures, 24 h after
seeding mouse articular chondrocytes, the cells were trypsinized,
counted, and then 4 � 105 cells were pipetted into 15-ml tubes.
Cells were centrifuged at 460 � g for 10 min and the supernatant
was decanted. The pellets were carefully layered with 1 ml of
culture medium, and the tubes were incubate in a CO2 incuba-
tor. The next day, the cells were infected with lenti-Slc26a2 or
lenti-shRNA-Slc26a2 and treated with vehicle or 100 ng/ml
IGF-1 as specified. The medium was changed every 2 days for 7
days. The pellets were then washed with PBS twice, and the cells
were fixed by the addition of 1 ml 4% paraformaldehyde and
rocking for 2 h. The pellets were air-dried, detached from the
15-ml tube, and then the pellet was embedded in OCT (opti-
mum cutting temperature) compound. Cryostat sections were
stained with Alcian blue and imaged.

Alcian Blue Staining—For evaluation of sulfated proteogly-
can synthesis, cells were fixed with solution containing 30%
EtOH, 0.4% paraformaldehyde, and 4% acetic acid for 15 min at
room temperature and stained with 1% Alcian blue 8GS
(Sigma) at pH 1.0 overnight to specifically stain the sulfated
proteoglycans. For quantification of sulfated proteoglycan syn-
thesis, Alcian blue-stained cells were washed three times with
double-distilled water, and the cells were extracted with 6 M

guanidine hydrochloride by overnight incubation with gentle
shaking. The absorbance of the released dye was measured at
656 nm.

Analysis of Mouse Articular Chondrocyte Cell Size—Cultures
of mouse articular chondrocytes treated as indicated were pho-
tographed using an Olympus DP73 camera. The images were
imported into ImageJ 1.45s (NIH Image Core Development),
and the cell size was analyzed. The entire images were selected,
and a threshold was applied to highlight the cell edges. The
average cell sizes were then determined by the software for each
image. Multiple images from each culture were captured ran-
domly and averaged to obtain the mean � S.E.

Measurement of Slc26a2 Activity—HeLa cells grown on cov-
erslips that formed the bottom of a perfusion chamber were
cotransfected with Slc26a2 and/or siPI3K and GFP. Two days
after transfection, the cells were loaded with the pH-sensitive
dye 2�7�-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
(2.5 �M) and F-125 for 10 min and washed by perfusion with
standard bath solution to remove external dyes and allow
recovery of the resting pH. Cells were then treated with vehicle
or 100 ng/ml IGF-1 for 10 min in the absence or presence of
PI828 or Ly294002. The fluorescence ratio of 490/440 nm was
monitored by a PTI system, and the ratio was used to determine
changes in pHi as described before (17).

Measurement of 35SO4
2� Uptake—MACs and HeLa cells

were washed with PBS and then incubated in low ionic buffer (1
mM MgCl2, 300 mM sucrose, and 10 mM Tris-HEPES (pH 7.4))
and 0.5 mM SO4

2� supplemented with 5 �Ci/ml 35SO4
2� at 37 °C.

After 10 min of incubation, the uptake reaction was terminated
by washing the cells three times with ice-cold washing buffer
(containing 100 mM sucrose, 100 mM NaN3, 1 mM MgCl2, and
10 mM Tris-HEPES), denatured with 10% trichloroacetic acid,
and solubilized with a solution containing 1N NaOH and 2%
SDS. Uptake was calculated as pmol/105 cells/min.

Statistics—All experiments were repeated at least three
times, and the results are given as mean � S.E. Statistical anal-
ysis was performed using Prism software. Differences between
the groups were analyzed for statistical significance by Stu-
dent’s t test. p 	 0.05 was considered statistically significant.

RESULTS

Slc26a2 Expression Level Correlates with Mesenchymal Cell
Differentiation to Chondrocytes—Bone formation starts with
the laying down of cartilage by chondrocytes, which is com-
prised primarily of sulfated proteoglycans (4). Proteoglycan sul-
fation depends on SO4

2� uptake by chondrocytes. The SO4
2�

transporter Slc26a2 mediates most SO4
2� uptake by chondro-

cytes, as evident from the reduced sulfation of cartilage of
patients with DTD (18) and of the DTD mouse (11). We have
shown recently that Slc26a2 functions as a SO4

2�/Cl�/OH�

Slc26a2 in Chondrocyte Functions

JANUARY 24, 2014 • VOLUME 289 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 1995



exchanger that is regulated by external Cl� (10). However, the
multiple skeletal abnormalities in DTD, including reduced car-
tilage volume, irregular chondrocyte size, reduced chondrocyte
proliferation, and lack of terminal chondrocyte differentiation

(11, 13, 14), suggest that Slc26a2 may have additional roles in
chondrocyte biology.

To further understand the role of Slc26a2 in chondrocyte
function, we first followed Slc26a2 expression during chondro-

FIGURE 1. Expression pattern of the SO4
2�/Cl�/OH� exchanger Slc26a2. a, the indicated mouse tissues were used to analyze Slc26a2 mRNA by RT-PCR and

protein by Western blot analysis. IB, immunoblot. b, immunolocalization of Slc26a2 in chondrocytes from mouse articular cartilage explants. c and d, changes
in Slc26a2 mRNA during chondrocyte differentiation and maturation that were measured as a function of time in culture (c) and during cell passages (d). Col-II
was used as the marker for proliferating chondrocytes and MMP13 as the marker for terminal chondrogenesis of hypertrophic chondrocytes in micromass
culture of embryonic limb mesenchymal cells. Expression was analyzed by qPCR (columns) and RT-PCR (blots). The results are given as mean � S.E. of three
independent experiments.

FIGURE 2. Slc26a2 stimulates chondrocyte proliferation. a, localization of Slc26a2 in a 5-day-old mouse epiphyseal growth plate. Growth plate zones were
identified by Alcian blue staining, and the number of chondrocytes expressing Slc26a2 in each zone was determined using ImageJ software (columns). The
averages are the mean � S.E. of four experiments. b, shRNA #2 reduced the expression of Slc26a2 mRNA and protein in MACs by about 70% after 72 h of
treatment. IB, immunoblot. c, expression of Slc26a2 increased, whereas knockdown of Slc26a2 decreased, proliferation of MACs. Cells were treated with
Slc26a2 and shSlc26a2 for 2 days before an assay of cell proliferation by BrdU staining (n 
 3). *, p 	 0.05.
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cyte differentiation using two model systems. The RT-PCR
analysis and Western blotting in Fig. 1a show the ubiquitous
expression of Slc26a2, with a high expression of Slc26a2 in the
cartilage, kidney, and colon. Fig. 1b shows expression of Slc26a2
in chondrocytes of freshly isolated mouse articular cartilage
explants. In Fig. 1c, we used micromass culture of embryonic
limb mesenchymal cells that were allowed to differentiate over
12 days in culture. Expression of Col-II was used as a marker for
proliferating chondrocytes, (19), and expression of MMP13 was
used as a marker for terminally differentiated hypertrophic
chondrocytes (20). qPCR (columns) and RT-PCR (blots)
showed that the expression levels of Slc26a2 followed that of
Col-II (Fig. 1c). This was confirmed by determining the expres-
sion patterns of Col-II and Slc26a2 in cultured MACs that had
been differentiated by serial passages (Fig. 1d).

High Slc26a2 Expression in Proliferating Chondrocytes Is
Required for MAC Proliferation—The findings in Fig. 1, c and d,
suggest a high expression of Slc26a2 in proliferating chondro-
cytes. To further probe the role of Slc26a2 in chondrocyte pro-
liferation, we determined Slc26a2 expression in mouse epiphy-
seal growth plates (Fig. 2a). The growth plate cartilage was
stained with Alcian blue to demarcate morphological differ-
ences among zonal chondrocytes. Fig. 2a shows high Slc26a2
expression in the proliferating zone, modest expression in the
hypertrophic zone, and minimal expression in the resting zone.
Evidence for a possible role of Slc26a2 in chondrocyte prolifer-

ation is shown in Fig. 2, b and c. Fig. 2b shows that 72 h of
treatment with Slc26a2 shRNA #2 decreased mRNA and pro-
tein expression of Slc26a2 in cultured MACs by about 70%. In
Fig. 2c, MAC proliferation was analyzed by BrdU assay. MACs
in culture were transfected either with empty vector, scrambled
shRNA, shSlc26a2, or Slc26a2, and proliferation was evaluated
by staining the cells for BrdU. Counting the BrdU-positive cells
in multiple, randomly selected fields in four different experi-
ments showed that expression of Slc26a2 increased MAC
proliferation, whereas knockdown of Slc26a2 significantly
decreased MAC proliferation (Fig. 2c). This is further sup-
ported by the finding that, in the DTD knock-in mouse, there is
a reduction in both chondrocytes and BrdU-positive cells in the
proliferating zone of the long bone growth plate (13).

Activation of Slc26a2 by IGF-1—The IGF-1 pathway potently
regulates chondrocyte function by regulating sulfated pro-
teoglycan synthesis (21, 22) and the critical step of chondrocyte
size expansion (9). To study the role of Slc26a2 in IGF-1-medi-
ated chondrocyte regulation, we first determined the effect of
IGF-1 stimulation on Slc26a2 activity in HeLa cells, which
express native IGF-1 receptors (23) and have minimal Slc26a2
activity. Slc26a2 activity was measured by following intracellu-
lar pH (pHi) to record the SO4

2�/OH� exchange activity. The
experimental protocol and basal activity of HeLa cells trans-
fected with empty vector (black trace) and Slc26a2 (green
trace) are shown in Fig. 3a. Cells bathed in HEPES-buffered

FIGURE 3. IGF-1 activates Slc26a2 through the PI3K pathway. a and b, example traces. d, summary of the number of experiments indicated on top of the
columns. Slc26a2 activity was measured in transfected HeLa cells as the reduction of pHin changes in response to exposing the cells to 5 mM SO4

2� in a Cl�-free
solution. HeLa cells expressing Slc26a2 were treated with vehicle of 100 ng/ml IGF-1 for 10 min before measurement of pHin. Treatment with the PI3K inhibitors
was for 10 min prior to measurement of pHi. The concentrations used were 10 �M Ly294002, 20 �M LY303511, and 2.5 �M PI828. Cells were also treated with PI3K
siRNA or scrambled (SC) siRNA for 48 h prior to transfection of Slc26a2 and measurement of pHin 24 h later. c, measurement of 35SO4

2� uptake into MACs, MACs
treated with shSlc26a2, and untransfected HeLa cells as controls. *, p 	 0.05; #, p 	 0.01 relative to the respective controls. In c, the control is SO4

2� uptake by
MACs. In d, the control is the acidification measured in unstimulated cells expressing Slc26a2.
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medium were perfused with Cl�-free solution and then
exposed to a Cl�-free solution containing 5 mM SO4

2�. This
resulted in acidification because of SO4

2� influx and OH�

efflux. Removal of external SO4
2� slowly reversed the change

in pHi and resulted in an overshoot of pHi. Restoring bath
Cl� resulted in recovery of pHi because of Cl�/OH�

exchange. The overshot is likely due to hidden Cl�in/
SO4

2�
out exchange during SO4

2� uptake and SO4
2�

in/OH�
out

exchange during the incubation in Cl�-free solution.
Accordingly, Fig. 3a (magenta trace) shows that, in the pres-
ence of external Cl�, the overshoot is nearly eliminated.

Attempts to demonstrate Slc26a2 activity in MACs using the
pHi assay resulted in a small signal. Alternatively, we measured
35SO4

2� uptake in MACs and used untransfected HeLa cells as a
control. Fig. 3c shows that 35SO4

2� uptake by MACs is much
higher than that in HeLa cells and is reduced by about 65%
when MACs are treated with shSlc26a2.

The effect of IGF-1 on Slc26a2 function was then studied in
HeLa cells expressing Slc26a2. Notably, IGF-1 activated
Slc26a2 (Fig. 3, a and d). This is evident from the faster rate and
larger extent of reduction in pHi on exposure to SO4

2� and
increase in pHi on removal of SO4

2�. The function of IGF-1 in
chondrocytes is mediated by the PI3K pathway (24), although

the targets of IGF-1 and PI3K are not well defined. Therefore,
we used several probes to test the role of the PI3K pathway in
IGF-1-mediated activation of Slc26a2. Unexpectedly, as seen in
Fig. 3, b and d, the PI3K inhibitors Ly294002 and PI828 and
siRNA knockdown of PI3K all markedly reduced the activity of
Slc26a2 in unstimulated cells, as well as in cells stimulated with
IGF-1. This indicates that the PI3K is obligatory for the func-
tion of Slc26a2.

Slc26a2 Regulates Sulfated Proteoglycan Synthesis—The essen-
tial role of IGF-1 in proteoglycan synthesis (6) and the regula-
tion of Slc26a2 by IGF-1 (Fig. 3) raised the question of whether
Slc26a2 function is required for proteoglycan synthesis. This
was tested using micromass culture of embryonic limb mesen-
chymal cells isolated from limb buds of E11.5 embryos. These
cells undergo condensation and differentiation giving rise to
formation of cartilaginous nodules consisting of sulfated pro-
teoglycans that can be analyzed by staining with Alcian blue.
Fig. 4a shows that treating the chondrocytes with 100 ng/ml
IGF-1 markedly increased proteoglycan synthesis. Surprisingly,
overexpression of Slc26a2 was almost as effective as IGF-1 in
increasing proteoglycan synthesis and knockdown of Slc26a2
prominently reduced basal proteoglycan synthesis. Moreover,
Fig. 4b shows that knockdown of Slc26a2 strongly inhibited the

FIGURE 4. Slc26a2 is essential for proteoglycan synthesis by chondrocytes. a and b, micromass cultures of embryonic limb mesenchymal cells were
prepared from limb buds of E11.5 embryos and allowed to undergo condensation to form cartilaginous nodules consisting of sulfated proteoglycans. Infection
with lentiviruses carrying Slc26a2 and shSlc26a2 were as described under “Materials and Methods.” The cultures were treated with vehicle (dimethyl sulfoxide),
10 �M of the PI3K inhibitor LY29002, or 100 ng/ml IGF-1. At the end of the incubation, the micromasses were stained with Alcian blue to visualize the sulfated
proteoglycans. In a, the controls are micromasses without any treatment. In b, the controls are micromasses treated with dimethyl sulfoxide. The results are
representative of three to four experiments, and the columns show the mean � S.E. c, three-dimensional (3D) cultures (n 
 4 –5) and a monolayer culture (n 

3) of mouse articular chondrocytes were prepared as detailed under “Materials and Methods,” infected with Slc26a2 or shSlc26a2, and treated with 100 ng/ml
IGF-1. The controls were cultures without any treatment. After 5 days in culture, sulfated proteoglycans were analyzed by staining with Alcian blue and
measurements of the Alcian blue absorbance. Shown are representative images, and the columns are mean � S.E. *, p 	 0.05; #, p 	 0.01 relative to the
respective untreated controls (None).
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effect of IGF-1 on proteoglycan synthesis, and IGF-1 had a very
modest effect on proteoglycan synthesis in cells overexpressing
Slc26a2. As expected, inhibition of PI3K by Ly294002 inhibited
the effects of both Slc26a2 and IGF-1.

To provide further support for these findings, we mea-
sured proteoglycan synthesis by mouse articular chondro-
cytes that were maintained either in three-dimensional cul-
ture (Fig. 4c, top row and columns) or in monolayer culture
(bottom row and symbols). Again, treatment with IGF-1 and
overexpression of Slc26a2 increased proteoglycan synthesis,
whereas knockdown of Slc26a2 inhibited synthesis. The
findings in Fig. 4 indicate that IGF-1 and Slc26a2 function in
the same metabolic pathway; that the activity of Slc26a2 is
essential for proteoglycan synthesis, not only sulfation; and
that Slc26a2 is essential for IGF-1-mediated stimulation of
proteoglycan synthesis.

Slc26a2 Regulates Chondrocytes Cell Size—Another well
defined function of IGF-1 is the stimulation of chondrocyte
volume expansion (9) by an unknown mechanism. Therefore,
we determined whether Slc26a2 affects chondrocyte cell size
and whether it is required for an IGF-1-mediated increase in
chondrocytes size. In Fig. 5, MACs at serial passage 2 were
transfected with empty vector or with Slc26a2. Two days after
transfection, the cells were treated with IGF-1 in the presence
or absence of the PI3K inhibitor PI828 or treated with siPI3K
and incubated for an additional 3 days. IGF-1 and Slc26a2
increased chondrocyte size with a combined effect smaller
than the additive effect. PI3K activity was necessary for both

IGF-1-mediated and Slc26a2-mediated chondrocyte volume
expansion.

DISCUSSION

This study aimed to explore the role of the SO4
2�/Cl�/OH�

exchanger Slc26a2 in key chondrocyte functions essential for
bone metabolism. Mutations in Slc26a2 are associated with
DTD (25), and features of the disease are generally attributed to
lack of SO4

2� transport needed for sulfation of ECM proteins.
However, DTD is characterized by other aberrant functions of
chondrocytes, including reduction in cartilage, irregular chon-
drocyte size, reduced chondrocyte proliferation, and lack of ter-
minal chondrocyte differentiation. These are unlikely to result
solely from defective proteoglycan sulfation (11, 13, 14).

To further study the role of Slc26a2 in chondrocyte function,
we changed Slc26a2 expression acutely to minimize the com-
pensation and adaptation that may occur in murine models of
DTD and to examine the role of Slc26a2 overexpression. In
addition, acute manipulation in culture allowed us to follow the
dynamic regulation of chondrocyte function. Of note, the
reduced Slc26a2 activity in the mouse model of DTD (13) and
knockdown of Slc26a2 in chondrocytes (Fig. 2) showed a simi-
lar impairment in chondrocyte proliferation. This suggests that
the function of Slc26a2 in chondrocytes cannot be compen-
sated for by any of the other SLC26 SO4

2� transporters, such as
the ubiquitous Slc26a1 and slc26a6 or Slc26a3 (27, 28).

Chondrocytes are regulated by multiple growth factors, prin-
cipally members of the TGF� and FGF superfamilies, which

FIGURE 5. Slc26a2 is essential for chondrocytes size increase. Mouse articular chondrocytes in culture were passed until passage P2 and then transfected
with an empty vector (Control), Slc26a2 (a and b), or shSlc26a2 (c and d). Two days after transfection, the cells were treated with 100 ng/ml IGF-1 (a–d) in the
presence of absence of the PI3K inhibitor PI828 (a and b) and incubated for an additional 3 days. At the time of transfection with Slc26a2, cells were also treated
with siPI3K (a and b). After a total of 5 days, cell sizes were analyzed by ImageJ as described under “Materials and Methods.” Scale bars, 30 �m. The columns show
the averages of three to five experiments. *, p 	 0.05; #, p 	 0.01 relative to the respective controls; NS, not significant. For b and d, the control was untreated
cells, marked as control in b.
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affect chondrocyte proliferation, differentiation, and ECM syn-
thesis (6, 29). However, IGF-1 is a key growth factor in skeletal
development that also influences the effect of TGF-� receptors
(6, 30). Therefore, we focused on the role of Slc26a2 in regula-
tion of chondrocytes by IGF-1. Interestingly, knockdown of
Slc26a2 inhibited the effects of IGF-1, and overexpression of
Slc26a2 recapitulated the effects of stimulation with IGF-1.
Importantly, IGF-1 minimally increased proteoglycan synthe-
sis and chondrocyte size in cells overexpressing Slc26a2, sug-
gesting that many effects of IGF-1 are mediated by increased
Slc26a2 activity and, perhaps, expression (31).

Our findings suggest that the PI3K pathway is essential for
basal Slc26a2 activity and for stimulation of Slc26a2 by IGF-1
(Fig. 3). The requirement of PI3K activity for the basal activity
of Slc26a2 was unexpected and was observed with two inde-
pendent PI3K inhibitors and by knockdown of PI3K. This sug-
gests that Slc26a2 is constitutively phosphorylated by PI3K.
Considering the central role of Slc26a2 in chondrocyte biology,
our findings indicate a major role for PI3K in regulation of
chondrocytes (29). Interestingly, inhibition of basal PI3K activ-
ity inhibits basal growth and the effects of parathyroid hor-
mone, C-type natriuretic peptide, and IGF-1 in explant cultures
(32–34). In addition, expression of active Akt in murine carti-
lage promotes chondrocyte differentiation, whereas dominant-
negative Akt delays chondrocyte differentiation (35). Our find-
ings of regulation of both basal and stimulated Slc26a2 activity
by PI3K is consistent with and can explain these findings. Fur-
thermore, it is likely that Slc26a2 mediates the function of other
agonists acting on chondrocytes through the PI3K pathway.

Our findings support a more general role of Slc26a2 in chon-
drocyte development and function than has been appreciated
previously. Slc26a2 influences chondrocyte proliferation (Fig.
2), differentiation (Fig. 4), and growth (Fig. 5). How can Slc26a2
mediate such a variety of chondrocyte functions? This may be
related to the multiple roles of sulfation in cell biology.
Although most protein sulfation and sulfate demand occurs in
cartilage synthesis, other cell constituents are also sulfated.
Common sulfated substrates include cholesterol, steroid hor-
mones, and sulfolipids (36). Cholesterol sulfate regulates the
synthesis pathway of cholesterol (37), and heparan sulfate is a
cofactor of several signaling receptors and growth factors (38,
39). Thus, the multiple structural and regulatory roles of sulfa-
tion are essential for all chondrocyte functions that mediate
bone formation. This study suggests that the main chondrocyte
sulfate supplier is Slc26a2, which provides SO4

2� for both struc-
tural and regulatory proteins. This is likely unique to chondro-
cytes and osteoblasts (40) because other cells may not require
Slc26a2 for signaling and development, as is suggested by a
primarily skeletal phenotype in DTD. Because Slc26a2 is also
expressed at high levels in the kidney, (Fig. 1), likely at the lumi-
nal membrane of proximal tubule (41), and in the colon (26), it
should be of interest to determine the renal and intestinal phe-
notype of DTD.
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