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chondrocytes reduced aggrecan and caused dwarfism.

\_

(Background: The physiological roles of mucin-type O-glycosylation in proteoglycans are completely unknown.
Results: Overexpression of Galnt3 (UDP-N-acetyl-a-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 3) in

Conclusion: N-acetylgalactosamine (GalNAc)-transferases increase mucin type O-glycans but reduce glycosaminoglycans
leading to the reduction of aggrecan probably through competition with xylosyltransferases.
Significance: GalNAc-transferases regulate chondrocyte proliferation and maturation by modifying the glycosylation of aggrecan.

N

Galnt3, UDP-N-acetyl-a-p-galactosamine:polypeptide N-acetyl-
galactosaminyltransferase 3, transfers N-acetyl-p-galactosa-
mine to serine and threonine residues, initiating mucin type
O-glycosylation of proteins. We searched the target genes of
Runx2, which is an essential transcription factor for chondro-
cyte maturation, in chondrocytes and found that Galnt3 expres-
sion was up-regulated by Runx2 and severely reduced in
Runx2~'~ cartilaginous skeletons. To investigate the function of
Galnt3 in chondrocytes, we generated Galnt3™'~ mice and
chondrocyte-specific Galnt3 transgenic mice under the control
of the Col2al promoter-enhancer. Galnt3~'~ mice showed a
delay in endochondral ossification and shortened limbs at
embryonic day 16.5, suggesting that Galnt3 is involved in chon-
drocyte maturation. Galnt3 transgenic mice presented dwarf-
ism, the chondrocyte maturation was retarded, the cell cycle in
chondrocytes was accelerated, premature chondrocyte apopto-
sis occurred, and the growth plates were disorganized. The bind-
ing of Vicia villosa agglutinin, which recognizes the Tn antigen
(GalNAc-O-Ser/Thr), was drastically increased in chondro-
cytes, and aggrecan (Acan) was highly enriched with Tn antigen.
However, safranin O staining, which recognizes glycosamino-
glycans (GAGs), and Acan were severely reduced. Chondroitin
sulfate was reduced in amount, but the elongation of chondroi-
tin sulfate chains had not been severely disturbed in the isolated
GAGs. These findings indicate that overexpression of Galnt3 in
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chondrocytes caused dwarfism due to the increase of mucin-
type O-glycans and the reduction of GAGs, probably through
competition with xylosyltransferases, which initiate GAG
chains by attaching O-linked xylose to serine residues, suggest-
ing a negative effect of Galnt family proteins on Acan deposition
in addition to the positive effect of Galnt3 on chondrocyte
maturation.

In the cartilage anlage, chondrocytes lay an exclusive extra-
cellular matrix and proceed to sequential phases of prolifera-
tion, prehypertrophy, and hypertrophy. Hypertrophic cells
then mineralize the extracellular matrix surrounding them and
die through apoptosis (1, 2). This differentiation process results
in the formation of a cartilaginous growth plate responsible for
elongation of the bone. Finally, blood vessels, together with
osteoblast and osteoclast progenitors, invade the anlage
through the mineralized hypertrophic region, degrade the car-
tilage, and replace it with bone.

The extracellular matrix produced by growth plate chondro-
cytes is rich in collagens and proteoglycans (3). Proteoglycans
are made of a core protein to which disaccharide chains called
sulfated glycosaminoglycans (GAGs)* composed of repeating
disaccharide units, including chondroitin sulfate, dermatan
sulfate, keratan sulfate, and heparan sulfate, are covalently
bound (4). The acidic GAGs have the capacity to hold water,
which makes the cartilage resilient (5). Moreover, proteogly-
cans in cartilage regulate the diffusion of growth factors and
bind different functional proteins like fibroblast growth factors
and hedgehog proteins, regulating cell signaling pathways

*The abbreviations used are: GAG, glycosaminoglycan; Acan, aggrecan; VVA,
V. villosa agglutinin; PAS, periodic acid-Schiff; En, embryonic day n.
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(6—8). The importance of the cartilage extracellular matrix can
be noted in the phenotypes of humans or mice carrying muta-
tions in genes encoding extracellular matrix proteins (9, 10).

Mucin-type O-glycosylation, consisting of glycans attached
via O-linked N-acetyl-D-galactosamine (GalNAc) to serine
and threonine residues, is one of the most abundant forms
of protein glycosylation in animals, and it is controlled by a
large family of up to 20 homologous Galnt genes encoding
UDP-GalNAc:polypeptide GalNAc-transferases (11). It is well
known that Galnt3 regulates phosphate homeostasis through
glycosylation of FGF23. Loss-of-function mutations in the
GALNT3 gene result in underglycosylation and consequent
protein degradation of FGF23, leading to hyperostosis-hyper-
phosphatemia syndrome or tumoral calcinosis (12-16).

We searched the target genes of Runx2, which is essential for
chondrocyte maturation (17, 18), in chondrocytes, and found
that Galnt3 expression is induced by Runx2 and is severely
reduced in the cartilaginous tissues of Runx2 '~ mice. To
investigate the function of Galnt3 in chondrocytes, we gener-
ated Galnt3~'~ mice and chondrocyte-specific Galnt3 trans-
genic mice. Although many Galnt family genes were expressed
in cartilaginous tissues during embryogenesis, the process of
endochondral ossification was retarded in Galnt3~/~ mice at
the embryonic stage. Galnt3 transgenic mice showed severely
shortened endochondral bones, and the cartilage extracellular
matrix contained very low amounts of aggrecan (Acan) pro-
teoglycan. Increase of mucin-type O-glycosylation by Galnt3
reduced GAGs and resulted in a severe reduction of Acan in the
cartilage extracellular matrix.

EXPERIMENTAL PROCEDURES

Cell Culture and Adenoviral Transfer—Primary chondro-
cytes were prepared from the skeletons of embryonic day 18.5
(E18.5) Runx2~'~ embryos as described previously (19). Pri-
mary chondrocytes were infected with either green fluorescent
protein (GFP)-expressing or Runx2- and GFP-expressing ade-
novirus as described previously (20).

Real-time RT-PCR Analysis—W'e prepared total RNA from
cartilaginous tissues of wild-type, Runx2~’~, and Galnt3 trans-
genic embryos and from Rumx2 '~ primary chondrocytes.
RNA samples were reverse transcribed using Moloney murine
leukemia virus reverse transcriptase (Invitrogen). The cDNA
was analyzed by real-time PCR using SYBR Green mix and the
ABI7700 cycler (Applied Biosystems). Primers used for ampli-
fication were as follows: Runx2, CCGCACGACAACCGCA-
CCAT and CGCTCCGGCCCACAAATCTC; Galnt3, ACAC-
TATTTACCCGGAAGCG and AGCTCCTTCTGGATGTT-
GTG, Ihh, TTCAAGGACGAGGAGAACACG and TTCAGA-
CGGTCCTTGCAGC; Pthlh, CAGTGGAGTGTCCTGG-
TATT and GATCTCCGCGATCAGATGGT; Pthir, CAGGC-
GCAATGTGACAAGC and TTTCCCGGTGCCTTCTCT-
TTC; Bmp2, TAGATCTGTACCGCAGGCAC and CCCA-
CTCATCTCTGGAAGTT. Primer sequences for other Galnt
family members were described previously (21). Gapdh was
used as an internal control.

Generation of Galnt3~'~ Mice and Galnt3 Transgenic
Mice—Galnt3~'~ mice were generated as described previously
(22). The background of Galnt3~'~ mice was originally a mixed
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12901a/C57BL6 background. Galnt3~/~ mice in a mixed
12901a/C57BL6 background were backcrossed to C57BL/6 at
least 14 generations prior to the analysis. To generate Galnt3
transgenic mice, a 1902-bp mouse Galnt3 cDNA fragment was
cloned into the NotI site of a pNASSP expression vector (Clon-
tech), which contained the promoter and enhancer of the
mouse Col2al gene (23-25). The construct was injected into
the pronuclei of fertilized eggs from F1 hybrid mice (C57BL/
6 X C3H). Mutant embryos were identified by genomic PCR.
Transgene expression was measured by real-time RT-PCR
using RNA purified from the vertebrae and ribs. Serum phos-
phate and calcium levels were examined using the Phopha-C-
test kit (Wako, Osaka, Japan) and Calcium-E-test kit (Wako),
respectively. Serum testosterone levels were examined by liquid
chromatography-tandem mass spectrometry (ASKA Pharma
Medical Co., Ltd). Prior to the study, all experiments were
reviewed and approved by the Animal Care and Use Committee
of the Nagasaki University Graduate School of Biomedical
Sciences.

Skeletal Examination—To evaluate the morphology of the
whole skeleton, after removal of skin and internal organs,
embryos at E16.5 and E18.5 were fixed in 99% ethanol for 4
days. Then the skeletons were stained with 0.015% Alcian blue
8GX and then with 0.002% alizarin red-S as described previ-
ously (26). Finally, they were cleared in an aqueous KOH solu-
tion and glycerol.

Histological Analyses—Samples were fixed in 4% paraformal-
dehyde, 0.1 m phosphate buffer and embedded in paraffin. Sec-
tions (7 wm thick) were stained with hematoxylin and eosin
(H&E) and the von Kossa method. For in situ hybridization,
single-stranded RNA probes were labeled with digoxigenin-11-
UTP using a DIG RNA labeling kit (Roche Applied Science)
according to the manufacturer’s instructions. Sections were
hybridized using mouse Col2al1, Acan, Coll10al, and SppI anti-
sense probes as described previously (17). To prepare Galnt3
probes, cDNA fragments were inserted in pBluescript (Strat-
agene). The 5'- and 3’-end sequences were as follows: ATGG-
CTCACCTTAAGCGACT/CAAGGGTACTACACAGCCGCG;
GAATTCAACAAGCCTTCTCC/TAAAAATTTTACCTGG-
TACC, and GGTACCTGAACACTATTTAC/TTTTTAGCC-
AAAATGAATAA. Safranin O staining was performed as fol-
lows. After deparaffinization and hydration of tissue sections,
cellular staining was achieved with Weigert’s acid iron chloride
hematoxylin (1%) and 0.02% fast green FCF in 1% acetic acid.
Finally, sulfated proteoglycans were stained with 0.1% safranin
O in distilled water for 6 min. The sections were counterstained
with methyl green. For PAS staining, tissue slices were oxidized
in 1% periodic acid for 10 min and rinsed several times in deion-
ized water. Then the slides were immersed in Schiff’s reagent
(Merck) at room temperature for 10 min and washed in tap
water for 10 min. The sections were counterstained with
hematoxylin. Acan immunohistochemistry was done using
rabbit polyclonal anti-aggrecan antibody (AB 1031, Chemi-
con, Temecula, CA) after treatment with chondroitinase
ABC (Sigma). Color visualization of the target was obtained
with diaminobenzidine tetrahydrochloride substrate. The sec-
tions were counterstained with methyl green.
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BrdU Incorporation Study and TUNEL Staining—For BrdU
incorporation experiments, 18.5-day postcoitus pregnant mice
were intraperitoneally injected with 50 ug of BrdU/g of body
weight. One hour later, embryos were obtained by cesarean
dissection. Mice at 3 weeks of age were injected intraperitone-
ally with 100 ug of BrdU/g of body weight and sacrificed 1 h
later. BrdU incorporation by proliferating cells was detected by
immunohistochemistry using monoclonal mouse anti-BrdU
antibody (Dako). Visualization was achieved by the EnVision
system (Dako) and DAB (3,3'-diaminobenzidine, tetrahydro-
chloride) substrate. Sections were counterstained with tolui-
dine blue. Apoptotic cells were identified in tibia sections by
TUNEL staining using the ApopTag peroxidase in situ apopto-
sis detection kit (Chemicon).

Lectin Histochemistry—After blocking endogenous peroxi-
dase activity with 0.3% H,O, in methanol, sections were treated
with PBS, containing 1% bovine serum albumin and 0.05%
Tween 20 for 30 min and incubated with biotinylated Vicia
villosa agglutinin (VVA) (5 pg/ml) (Vector Laboratories Inc.,
Burlingame, CA) at room temperature for 1 h. Then they were
rinsed with PBS, incubated with horseradish peroxidase-conju-
gated streptavidin (2.5 ug/ml) (Vector Labs) at room tempera-
ture for 1 h, and visualized as a brown reaction product by
applying Histofine Simple Stain DAB solution (Nichirei). The
sections were counterstained with methyl green. The following
controls for specificity of lectin labeling were used: 1) preab-
sorption of lectins with inhibiting sugars, N-acetylgalac-
tosamine (200 mm; Vector Labs) and 2) substitution of biotiny-
lated lectins with PBS.

Western Blot Analysis—Whole-tissue lysates were prepared
from the limb skeletons at E15.5 and the epiphyses of femurs
and tibiae at postnatal day 10 in 50 mMm Tris-HCI (pH 7.4),
50 mM sodium acetate containing protease inhibitors (Roche
Applied Science). To detect VVA reactivity, lysates were
digested with 0.25 units/ml chondroitinase ABC (Sigma) at
37 °C for 2 h. Membrane blots were incubated first with bioti-
nylated VVA (0.4 ug/ml) and then with horseradish peroxi-
dase-conjugated streptavidin (0.1 ug/ml). To detect Acan pro-
tein, lysates were digested with 0.25 units/ml chondroitinase
ABC (Sigma) or with 0.25 units/ml chondroitinase ABC, 1
unit/ml neuraminidase (New England Biolabs), and 10 units/ml
O-glycosidase (New England Biolabs) at 37 °C for 2 h with
agitation (220 rpm). Sodium chloride (final concentration
150 mm) and Triton X-100 (final concentration 1%) were
added, and the lysates were agitated at 37 °C for 1 h. After cen-
trifugation, the supernatants were used for Western blot anal-
ysis. Membrane blots were incubated first with rabbit poly-
clonal antibody against Acan (Chemicon) or goat polyclonal
antibody against actin (Santa Cruz Biotechnology, Inc.) and
then with the corresponding secondary antibodies conjugated
with horseradish peroxidase.

Immunoprecipitation Assay—Whole-tissue lysates were pre-
pared from the limb skeletons at E15.5 in 50 mm Tris-HCl (pH
7.4), 50 mM sodium acetate containing protease inhibitors
(Roche Applied Science). Lysates were digested with 0.25
units/ml chondroitinase ABC at 37 °C for 2 h. After centrifuga-
tion, the supernatants were incubated with anti-Acan (1 ug)
antibody (AB 1031, Chemicon) and 50 ul of Dynabeads Protein
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G (Invitrogen) at 4 °C overnight with rotation. The beads were
washed three times in washing buffer, and immunocomplexes
were analyzed by Western blotting. Membrane blots were incu-
bated first with biotinylated VVA (0.4 ug/ml) and then with
horseradish peroxidase-conjugated streptavidin (0.1 wg/ml).

Isolation of GAGs—Cartilage samples were suspended in
water and boiled at 100 °C for 10 min. Borate-NaOH and CaCl,
were added to a final concentration of 1 M and 10 mwm, respec-
tively. Samples were sequentially digested first with Pronase
(2% (w/w) of the sample) at 60 °C for 24 h and then with actinase
(1% (w/w) of the sample), which was added twice at a 24-h
interval. After a total of 96 h of digestion, proteins were precip-
itated by adding trichloroacetic acid (TCA) at a concentration
of 5%, and the mixtures were centrifuged. The precipitates were
resuspended in 5% TCA and centrifuged again. The superna-
tants were pooled, and the excess TCA was removed by extrac-
tion with diethyl ether. GAGs were precipitated at 4 °C over-
night by adding 4 volumes of 80% ethanol containing 5%
sodium acetate. Finally, the precipitates were collected by cen-
trifugation and dried.

Disaccharide Composition Analysis—An aliquot of each GAG
preparation was digested with chondroitinase ABC, followed
by labeling with a fluorophore, 2-aminobenzamide. Excess
2-aminobenzamide was removed with chloroform. Labeled
disaccharides were diluted with 16 mm NaH,PO, to a final vol-
ume of 100 ul, and an aliquot was analyzed by anion exchange
HPLC on an amine-bound silica PA-03 column (YMC-Pack
PA, Kyoto, Japan) by fluorescent detection (excitation and
emission wavelengths at 330 and 420 nm, respectively).

Analysis of the Chain Length of Chondroitin Sulfate—The
molecular mass of the chondroitin sulfate preparations was
determined by gel filtration using a column of Superdex 200
calibrated with molecular mass markers, including dextran
preparations (average mass, 18.1, 37.5, and 65.5 kDa) and hepa-
ran sulfate from bovine intestinal mucosa (average mass, 7.5
kDa). Two micrograms of chondroitin sulfate preparations
were loaded onto the column and eluted with 0.2 M ammonium
bicarbonate at a flow rate of 0.3 ml/min, and the fractions were
collected at 3-min intervals, dried, and reconstituted in 50 ul of
water. An aliquot (20 ul) from fraction 8 to fraction 24 was
taken for chondroitin sulfate analysis using a PA-03 amine-
bound silica column after chondroitinase ABC digestion fol-
lowed by labeling with 2-aminobenzamide.

Statistical Analysis—Values are shown as mean *= S.D. Sta-
tistical analyses of two groups were performed by Student’s ¢
test, and those of three groups were performed by ANOVA and
the Tukey-Kramer post hoc test. A p value of less than 0.05 was
considered significant.

RESULTS

Involvement of Runx2 in Galnt3 Expression and the Expres-
sion of Galnt Family Genes during Skeletal Development—We
searched Runx2 target genes by introducing Runx2 into pri-
mary Runx2 '~ chondrocytes using a microarray. Galnt3
expression was induced 5 times by the infection of adenovirus
expressing Runx2 and GFP compared with that expressing
GEFP. Real-time RT-PCR analysis confirmed the induction of
Galnt3 expression by Runx2 (Fig. 1, A and B). Galnt3 expres-
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FIGURE 1. Real-time RT-PCR analysis. A and B, induction of Galnt3 expression by Runx2. Runx2~’~ primary chondrocytes were infected with adenovirus
expressing GFP (open columns) or expressing Runx2 and GFP (closed columns), and the expressions of Runx2 (A) and Galnt3 (B) were examined at 24 and 48 h
after the infection. n = 3. Cand D, Galnt3 expression in wild-type mice at E12.5, E13.5, E16.5, and E18.5 and Runx2~’~ mice at E18.5 (C) and the expression of
Galntfamily genesin wild-type miceat E12.5,E13.5,E16.5,and E18.5 (D).n = 3- 6. Gapdh was used as an internal control, and the value of Gapdh was set as 1000

and the relative levels are shown. Error bars, S.D.

sion in skeletal tissues was examined in wild-type mice at E12.5,
E13.5,E16.5,and E18.5 and in Runx2~ '~ mice at E18.5. Galnt3
expression was highest at E13.5 in wild-type mice, and it was
severely reduced in Runx2~'~ mice at E18.5, when the skele-
tons are cartilaginous (Fig. 1C). The expression of Galnt family
genes in skeletal tissues of wild-type mice was also examined
(Fig. 1D). Many Galnt family genes, including Galntl, Galnt2,
Galnt4, Galnt5, Galnt8, Galntl0, Galntll, and Galntl4, were
also expressed at levels similar to or higher than that of Galnt3,
with the highest level at E13.5, when the skeletons are cartilag-
inous. These findings indicate that Galnt3 expression is regulated
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by Runx2 in chondrocytes, but many Galnt family genes are redun-
dantly expressed in cartilaginous tissues. To clarify the function of
Galnt3 in chondrocytes, we generated Galnt3 '~ mice and chon-
drocyte-specific Galnt3 transgenic mice.

Galnt3™’~ Mice Showed a Delay in Endochondral Ossifica-
tion at E16.5—We examined the skeletal development of
Galnt3™'~ embryos at E16.5. Galnt3™'~ mice showed mild
dwarfism, and the lengths of limb skeletons were shortened
(Fig. 2, A-K). The lengths of mineralized area in the humeri of
Galnt3~'~ embryos were significantly shorter than those of
wild-type and Galnt3™'~ embryos (Fig. 2L), indicating that the
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FIGURE 2. Phenotypes of Galnt3~/~ mice. A-L, skeletal examination at E16.5. Lateral views of whole embryos (A-C), forelimbs (D-F), and hind limbs (G-/) of
wild-type (A, D, and G), Galnt3™'~ (B, E, and H), and Galnt3~'~ (C, F, and /) embryos. The lengths of femurs (J), humeri (K), and the mineralized area of humeri (L)
in wild-type (n = 8), Galnt3*’~ (n = 11), and Galnt3~’~ (n = 6) embryos were measured. M-V, analyses of mice at 3 weeks of age. M, body weight of wild-type
(n =18),Galnt3™~ (n = 26),and Galnt3~’~ (n = 11) male mice. N, body weight of wild-type (n = 10), Galnt3™’~ (n = 24), and Galnt3~/~ (n = 9) female mice.
0 and P, serum concentration of calcium (0) and phosphate (P) in wild-type (male, n = 11; female, n = 5) and Galnt3~/~ (male, n = 3;female, n = 5) mice. Q-S,
the lengths of femurs (Q) and lengths of proliferating (R) and hypertrophic (S) layers in wild-type (n = 10) and Galnt3~’~ (n = 10) male mice. The lengths of
proliferating and hypertrophic chondrocyte layers were measured using H&E-stained sections. T-V, BrdU staining of wild-type (T) and Galnt3~/~ (U) male mice
and the frequencies of BrdU-positive cells in the growth plates of femurs in wild-type (n = 5) and Galnt3~/~ (n = 5) male mice (V). W, reactivity to VVA. Lysates,
which were prepared from the epiphyses of femurs and tibiae at postnatal day 10, were treated with chondroitinase ABC. The membrane was reacted with VVA
or exposed to anti-B-actin antibody. Similar results were obtained in four wild-type and four Galnt3~/~ mice, and representative data are shown. *, p < 0.05;
** p < 0.01; *** p < 0.001. Scale bars, 1 mm (A-/) and 100 wm (T and U). Error bars, S.D.

process of endochondral ossification is retarded. At 3 weeks of
age, the body weights of Gailnt3 ~/~ male mice but not
Galnt3~'~ female mice were significantly lower than those of
wild-type and Galnt3*'~ mice of the respective sex (Fig. 2, M
and N). There was no significant difference in serum testoster-
one levels between wild-type and Galnt3~’~ male mice (wild
type, 20.9 * 6.2 pg/ml, n = 18; Galnt3™'~,16.6 = 6.2 pg/ml,
n = 7). The serum concentrations of calcium and phosphate
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were similar between wild-type and Galnt3~’~ mice in both
sexes (Fig. 2, O and P). The lengths of femurs and the lengths of
proliferating chondrocyte layers and hypertrophic chondrocyte
layers were similar between wild-type and Galnt3~'~ male
mice (Fig. 2, Q and S). Further, there was no difference in the
frequencies of BrdU-positive cells between wild-type and
Galnt3~'~ male mice (Fig. 2, T-V). In order to examine the
presence of mucin-type O-glycans in growth plates, the reac-
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E14.5 (B) and E15.5 (C) and Galnt3 transgenic tibia at E16.5 (D). Scale bars, 100 wm.

tivity to VVA, which recognizes the Tn antigen (GalNAc-O-
Ser/Thr) generated by GalNAc-transferase (27, 28), was
examined. Lysates from wild-type and Galnt3~'~ mice
showed a similar level of VVA reactivity (Fig. 2W), probably
due to the redundant expression of Galnt family genes in
growth plates (Fig. 1D).

Galnt3 Overexpression in Cartilage Resulted in Skeletal
Abnormalities—In wild-type mice, Galnt3 was expressed in
resting, proliferating, and prehypertrophic chondrocytes (Fig.
3, A-C). To examine the function of Galnt3 in chondrocytes,
we generated chondrocyte-specific Galnt3 transgenic mice
under the control of the Col2al promoter-enhancer, which
directs transgene expression to resting, proliferating, and pre-
hypertrophic chondrocytes. In Galnt3 transgenic mice, Galnt3
was strongly detected in resting, proliferating, and prehypertro-
phic chondrocytes (Fig. 3D).

Galnt3 transgenic mice survived until delivery but died
just after birth. Therefore, we analyzed F, transgenic mice at
the embryonic stage (Table 1). Macroscopically, transgenic
embryos displayed severe dwarfism, domed skulls, short limbs
and mandible, protruding tongue, and cleft palate (Table 1)
(Fig. 4, A and B). All of the Galnt3 transgenic embryos with
dwarfism expressed the transgene in cartilage, and the levels of
the transgene expression were correlated with the severity of
dwarfism. Skeletal staining of embryos at E18.5 with alizarin red
and Alcian blue revealed that Galnt3 transgenic mice had
shorter or smaller endochondral bones than wild-type siblings.
The small sternum and ribs resulted in bell-shaped thoracic
cages (Fig. 4C). As expected, bones derived from intramembra-
nous ossification were similarly mineralized in wild-type and
Galnt3 transgenic mice (Fig. 4C).
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TABLE 1
Production frequency of transgenic mice
Obtained Transgenic Transgenic mice
Age mice mice with dwarfism
E13.5 48 6 Not distinguishable
E14.5 79 8 6
E15.5 605 80 47
E16.5 183 44 24
E17.5 27 8 3
E18.5 416 83 46

Galnt3 Transgenic Mice Displayed a Disorganized Growth
Plate—Wild-type growth plates at E16.5 and E18.5 showed
chondrocytes arranged in morphologically distinguishable lay-
ers: resting, proliferating, hypertrophic, and terminal hyper-
trophic chondrocyte layers (Fig. 5, A, C, E, and G). In the resting
chondrocyte layer, chondrocytes were small, round, and uni-
formly scattered. In the proliferating chondrocyte layer, they
became flattened and arranged themselves in groups of col-
umns that were oriented parallel to the longitudinal axis of the
bone. With further differentiation, the chondrocytes gradually
increased in size and established the hypertrophic chondrocyte
layer. Terminal differentiation resulted in mineralization of the
extracellular matrix around the terminal hypertrophic chon-
drocytes (Fig. 5, A, C, E, and G).

In contrast, Galnt3 transgenic mice with high transgene
expression had disorganized growth plates. Each chondrocyte
layer except the terminal hypertrophic chondrocyte layer was
short compared with the respective layer in wild-type mice, and
the separation between layers was not clear (Fig. 5, B, D, F, and
H).In the resting chondrocyte layer, chondrocytes were present
at a high density, surrounded by scarce extracellular matrix
(Fig. 5, D and H). The proliferating chondrocyte layer contained
round chondrocytes mixed with flattened chondrocytes, and
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A wt tg

FIGURE 4. Appearance and skeletal system of Galnt3 transgenic embryos.
A, macroscopic appearance of wild-type (wt) and Galnt3 transgenic (tg)
embryos at E18.5. The abdomen in Galnt3 transgenic embryos was protruded
because of the small thoracic cage. B, macroscopic views of the palates of
wild-type (left) and Galnt3 transgenic (right) embryos at E18.5. A Galnt3 trans-
genic embryo presents cleft palate (arrow). C, skeletons of wild-type (left) and
Galnt3 transgenic (right) embryos at E18.5 stained with alizarin red and Alcian
blue. The arrows indicate the reduced Alcian blue staining and the lack of
alizarin red staining in the bones of the hand and foot. Scale bars, 1 mm.

the oriented columnar organization was disturbed (Fig. 5, D
and H). The hypertrophic chondrocyte layer was extremely
narrow (Fig. 5, B and F). The cell density was extremely high in
the zone between the tibia and femur, and the boundary
between joint connective tissue and the epiphyses was not clear
at E16.5 (Fig. 5, B and D).

Chondrocyte Hypertrophy Was Delayed in Galnt3 Transgenic
Mice—To further study the differentiation state of chondro-
cytes in Galnt3 transgenic mice, we assessed the expression of
Col2al, Acan, Coll0al, and Spp1 by in situ hybridization using
metatarsal bone slices at E18.5. Col2al and Acan, which are

26590 JOURNAL OF BIOLOGICAL CHEMISTRY

E16.5

E18.5

FIGURE 5. Histological analysis of growth plates. H&E and von Kossa stain-
ing of tibia sections at E16.5 (A-D) and E18.5 (E-H) from wild-type (A, C, E, and
G) and Galnt3 transgenic mice (B, D, F, and H). Boxed regions in A, B, E, and F are
magnified in C, D, G, and H, respectively. The layers of resting (r), proliferating
(p), hypertrophic (h), and terminal hypertrophic (t) chondrocytes are shown in
A, B, E, and F. Scale bars, 100 um.

strongly expressed in resting and proliferating chondrocytes,
were detected in the epiphysis and metaphysis; Col10a1, which
is expressed in hypertrophic chondrocytes, was detected in the
metaphysis; and Sppl, which is expressed in terminal hyper-
trophic chondrocytes, was detected in the diaphysis in wild-
type embryos (Fig. 6, A, C, E, and G). In Galnt3 transgenic mice,
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FIGURE 6. In situ hybridization and real-time RT-PCR analysis. Shown is in
situ hybridization of sections of tarsal and metatarsal bones from wild-type (4,
C, E, and G) and Galint3 transgenic (B, D, F, and H) embryos at E18.5 using
Col2a1 (A and B), Acan (C and D), Col10a1 (E and F), and Spp1 (G and H) anti-
sense probes. We detected no signal using sense probes (data not shown).
Scale bar, 100 wm. I, real-time RT-PCR analysis of Galnt3, Ihh, Pthlh, Pth1r, and
Bmp2.RNA was extracted from the cartilaginous tissues of four wild-type and
four F, Galnt3 transgenic embryos at E15.5.

however, Col2al and Acan were detected in most parts of the
metatarsal bones, and Coll0al and Sppl expression were
restricted to the center of the diaphysis, indicating that chon-
drocyte hypertrophy was delayed in Galnt3 transgenic mice
(Fig. 6, B, D, F, and H).

We examined the expression of Galnt3, Ihh, Pthlh, Pthlr,
and Bmp2 by real-time RT-PCR using the RNA from cartilagi-
nous tissues of four wild-type and four F, Galnt3 transgenic
embryos at E15.5 (Fig. 61). Ihh expression was up-regulated in
Galnt3 transgenic embryos with medial transgene expression
but down-regulated in Galnt3 transgenic embryo with high
transgene expression. Pthlh expression was down-regulated in
Galnt3 transgenic embryo with high transgene expression. The
levels of Bmp2 expression were inversely correlated with those
of transgene expression.
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FIGURE 7. BrdU labeling and TUNEL staining. A and B, immunolocalization
of incorporated BrdU on tibia slices from wild-type (A) and Galnt3 transgenic
(B) embryos at E18.5. Scale bar, 100 um. C, the percentage of BrdU-positive
cells in wild-type (wt) and Galnt3 transgenic (tg) mice. The percentage was
analyzed in the resting and proliferating layers. The cells in a minimum of
three sections per embryo were counted, and three wild-type and three
Galnt3 transgenic embryos were examined. ¥, p < 0.05; **, p < 0.001. Dand E,
TUNEL staining of resting chondrocyte layers from wild-type (D) and Galnt3
transgenic (E) embryos at E18.5. Scale bar, 50 wm. Error bars, S.D.

Increased Proliferation and Apoptosis in Chondrocytes of
Galnt3 Transgenic Mice—To understand whether abnormal
cell proliferation and/or apoptosis contributed to the dwarfism
in Galnt3 transgenic mice, we performed BrdU incorporation
experiments and TUNEL staining using sections of tibias at E18.5.
The growth plates in Galnt3 transgenic mice showed increased
percentages of cells incorporating BrdU compared with wild-type
mice (Fig. 7, A—C). On TUNEL staining, the growth plates in both
wild-type and Galnt3 transgenic mice showed several apoptotic
cells in the terminal hypertrophic chondrocyte layers (data not
shown). However, the growth plates in Galnt3 transgenic mice
also displayed abnormal apoptotic cells in the resting and prolifer-
ating layers (Fig. 7, D and E).

Increase in Tn Antigen and Enhanced PAS Staining but
Decrease in GAGs in the Growth Plates of Galnt3 Transgenic
Mice—VVA binding was detected in resting, proliferating, and
prehypertrophic chondrocytes with strongest intensity in the
proliferating chondrocytes in metatarsal bones of wild-type
mice at E18.5, whereas it was more strongly detected in many of
the chondrocytes in Galnt3 transgenic mice (Fig. 8, A and B).
To evaluate the cartilage extracellular matrix, the serial sections
were stained with safranin O, which detects sulfated GAGs. It
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safranin O

PAS

FIGURE 8. Lectin histochemistry and safranin O and PAS staining. Aand B,
VVA histochemistry. VVA-binding was examined using sections of metatarsal
bones from wild-type (A) and Galnt3 transgenic (B) embryos at E18.5. Cand D,
the serial sections of A and B were stained with safranin O. E-/, safranin O
staining of sections of tibiae from wild-type (E, G, and H) and Galnt3 trans-
genic (Fand /) embryos at E18.5. The two boxed regions in E are magnified in G
and H, and the boxed region in F is magnified in I. The arrow in | indicates a
group of chondrocytes disposed in a round-shaped cluster instead of a
columnar form.J-M, PAS staining of sections of calcanei from wild-type (Jand
L) and Galnt3 transgenic (K and M) embryos at E18.5. The boxed regions in J
and K are magnified in L and M, respectively. Scale bars, 50 um (A-D, L, and M)
and 100 wm (E-K).

stained cartilage extracellular matrix strongly and uniformly in
the wild-type section, whereas it seemed to stain the extracel-
lular matrix in a reciprocal manner with VVA in the Galnt3
transgenic section (Fig. 8, C and D). In the sections from tibiae
of Galnt3 transgenic mice, safranin O failed to stain the periar-
ticular region, and the staining was uneven and much weaker
than in wild-type mice in the rest of the growth plates (Fig. 8,
E-I). We observed the reduction in safranin O staining as early
as E14.0 (data not shown).
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Oligosaccharides and molecules with carbohydrate glycol
groups with neutral electrostatic charge, such as glycoproteins
and glycolipids, but not acidic GAGs, which contain negatively
charged disaccharides, are stained with standard periodic acid-
Schiff (PAS) (29). Using the classic short time oxidation reac-
tion, sections of calcanei at E18.5 were stained with PAS. The
staining was detected in resting, proliferating, and hypertrophic
chondrocytes with the strongest intensity in the hypertrophic
chondrocytes, but the staining in the extracellular matrix was
weak in wild-type mice. In Galnt3 transgenic mice, it was
strongly detected in most of the chondrocytes and in the extra-
cellular matrix (Fig. 8, J-M).

Aggrecan Protein but Not mRNA Was Severely Reduced in the
Growth Plates of Galnt3 Transgenic Mice—Because GAGs
were reduced in the growth plates of Galnt3 transgenic mice,
we examined the mRNA and protein distribution of Acan,
the most abundant proteoglycan, by in situ hybridization
and immunohistochemistry, respectively. Acan mRNA was
strongly expressed in the resting, proliferating, and prehyper-
trophic chondrocyte layers in the growth plates of wild-type
and Galnt3 transgenic mice (Fig. 9, A and B). Acan protein was
strongly detected in the resting, proliferating, prehypertrophic,
and hypertrophic chondrocyte layers of wild-type mice,
whereas it was only detected in a striped pattern and was virtu-
ally depleted in many areas in Galnt3 transgenic mice (Fig. 9,
C-@G). The degree of the reduction in Acan protein was depen-
dent on the transgene expression level. In Galnt3 transgenic
mice with high transgene expression, the reduction in Acan
protein was extended to all chondrocyte layers (Fig. 9, C-G),
whereas it was restricted to the resting chondrocyte layer in
Galnt3 transgenic mice with low transgene expression (Fig. 9,
H-J). The reverse relation of the levels of Acan protein and
the transgene expression was also observed in the other five
F, transgenic mice, which were examined by immunohisto-
chemistry (data not shown). To compare the amount of Acan
protein, lysates were digested with chondroitinase ABC or
with chondroitinase ABC, neuraminidase, and O-glycosi-
dase and examined by Western blotting. In both methods,
Acan protein was reduced in Galnt3 transgenic mice com-
pared with wild-type mice in a manner dependent on the
levels of transgene expression (Fig. 9, K and L). To examine
the VVA reactivity in Acan protein, lysates treated with
chondroitinase ABC were immunoprecipitated with Acan
antibody, and the immunoprecipitated protein was reacted
with VVA (Fig. 9M). VVA reactivity in Acan protein was
greatly enhanced in Galnt3 transgenic mice compared with
wild-type mice.

Chondroitin Sulfate Was Reduced but the Elongation of
Chondproitin Sulfate Repeats Was Not Severely Disturbed in the
Cartilage of Galnt3 Transgenic Mice—Chondroitin sulfate is
the predominant GAG attached to Acan. There are several
types of chondroitin sulfate with sulfation at different posi-
tions. We quantified total chondroitin sulfate disaccharides,
non-sulfated chondroitin disaccharides, chondroitin 4-sul-
fate disaccharides, and chondroitin 6-sulfate disaccharides
in cartilage samples at E15.5. The levels of all of them were
reduced in Galnt3 transgenic mice compared with wild-type
mice (Fig. 10, A-D). Chondroitin sulfate disaccharides with
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FIGURE 9. In situ hybridization, immunohistochemistry, Western blot,
and immunoprecipitation. A and B, in situ hybridization of Acan mRNA in
tibiae from wild-type (A) and Galnt3 transgenic (B) embryos at E18.5. C-/, Acan
core protein immunostaining on tibia sections from wild-type (C, E, F, and H)
and Galnt3 transgenic (D, G, and /) embryos at E18.5. The two boxed regions in
C are magnified in E and F, and the boxed region in D is magnified in G. Scale
bars, 100 um. J, real-time RT-PCR analysis. Galnt3 expression in a wild-type
mouse at E18.5, a Galnt3 transgenic mouse with low transgene expression
shown in/(tg L), and a Galnt3 transgenic mouse with high transgene expres-
sionshownin B, D,and G (tg H) is shown. The value in the wild-type mouse was
set as 1, and relative levels are shown. K and L, Western blots of proteins
extracted from the cartilaginous skeletons of wild-type, Galnt3 transgenic
embryo with medial transgene expression (tg M) and Galnt3 transgenic
embryo with high transgene expression (tg H) at E15.5. Lysates were digested
with chondroitinase ABC (K) or with chondroitinase ABC, neuraminidase, and
O-glycosidase (L). Membranes were exposed to anti-Acan (top) and anti-actin
(bottom) antibodies. M, VVA reactivity of Acan. Lysate treated with chondroiti-
nase ABC was immunoprecipitated by anti-Acan antibody. The membrane
was reacted with VVA or exposed to anti-Acan antibody.

sulfation at two positions were present at very low levels
in both wild-type and Galnt3 transgenic mice (data not
shown).
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FIGURE 10. Quantification of chondroitin sulfate disaccharides inisolated
GAGs from cartilaginous skeletons. A-D, chondroitin sulfate disaccharide
content in isolated GAGs from cartilaginous skeletons of wild-type (wt7 and
wt2) and Galnt3 transgenic (tg1 and tg2) embryos at E15.5. CS, chondroitin
sulfate; ADi-0S, non-sulfated chondroitin; ADi-4S, chondroitin 4-sulfate; ADi-
6S, chondroitin 6-sulfate. £, chondroitin sulfate chain length analysis. Chon-
droitin sulfate disaccharide content in the fractionated GAGs isolated from
cartilaginous skeletons of wild-type (wt) and Galnt3 transgenic (tg) embryos
at E15.5 was quantitated.

We quantitated chondroitin sulfate disaccharides after frac-
tionation of GAGs, which had been isolated from cartilaginous
skeletons at E15.5. The fractionated GAGs with higher molec-
ular weight (fractions 10-12) contained lower amounts of
chondroitin sulfate disaccharides, and the fractionated GAGs
with lower molecular weight (fractions 15-19) contained
higher amounts of chondroitin sulfate disaccharides in Galnt3
transgenic mice compared with the respective sample in wild-
type mice. However, both samples from wild-type and Galnt3
transgenic mice showed the largest peak in the same fraction
(fraction 13), which contained GAGs with a molecular mass of
47 kDa, and contained a similar amount of chondroitin sulfate
disaccharides (Fig. 10E). These findings indicate that the elon-
gation of chondroitin sulfate repeats was not severely disturbed
in Galnt3 transgenic mice.

DISCUSSION

Runx2 is an essential transcription factor for chondrocyte
maturation (17, 18). We found that Galnt3 is one of the down-
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stream genes of Runx2 in chondrocytes. Although many Galnt
family genes were expressed in cartilaginous tissues, Galnt3 ™'~
mice showed dwarfism and had shortened limbs at E16.5. How-
ever, Galnt3~'~ mice at 3 weeks of age had no apparent phe-
notypes in the growth plates, probably due to the rescue by the
factors from bone marrow cells after invasion of blood vessels
into the cartilage. Because the reduction in the length of min-
eralized area of the humeri at E16.5 indicates the retarded
chondrocyte maturation, the delay in chondrocyte maturation
is likely to be the reason for the shortened limbs at E16.5.
Therefore, it is suggested that Galnt3 has a non-redundant
function in chondrocyte maturation.

In Galnt3 transgenic mice, endochondral bones were short-
ened due to the deceleration of chondrocyte hypertrophy and
reduced extracellular matrix, and the growth plates were disor-
ganized. The cell cycle was accelerated, as shown by the
increased BrdU uptake, but apoptosis was also increased. The
level of Tn antigen was increased, and PAS staining of extracel-
lular matrix was enhanced, but the amount of GAGs was
reduced. Further, Tn antigen was increased, but GAGs were
reduced in a major proteoglycan, Acan. The protein level of
Acan was reduced, depending on the level of transgene expres-
sion, although Acan mRNA expression was not inhibited.
These findings indicate that the phenotypes described above
were caused, at least in part, by the increase of mucin-type
O-glycans and the reduction of GAGs in Acan and also indi-
cate that the enhanced mucin-type O-glycosylation reduced the
amount of GAGs in Acan, leading to the reduction of Acan in
the extracellular matrix.

Chondroitin sulfate chains are composed of sulfated disac-
charide repeats of GalNAc and p-glucuronic acid (GIcUA).
Chondroitin sulfate chains are attached to core proteins like
Acan, through a tetrasaccharide linker. First, xylose is O-linked
to a serine residue by a xylosyltransferase. Then two galactose
residues and a glucuronic acid residue are added by the corre-
sponding transferases to complete the linker. Synthesis of
chondroitin sulfate starts with the transfer of a GalNAc residue
to the tetrasaccharide linker. Chain elongation proceeds with
the alternate addition of GlcUA and GalNAc residues in coor-
dination with sulfation (4, 8). One possible mechanism behind
the reduction of GAGs in Acan is that in the Golgi apparatus,
where glycosylation by xylosyltransferases and Galnt3 occurs,
Galnt3 competes with xylosyltransferases for serine residues on
the core protein. As suggested by Gerlitz ez al. (30), the addition
of GalNAc to serine residues could prevent assemblage of the
tetrasaccharide (GlcUAb1-3Galbl1-3Galb1-4Xyl) linker and
consequently the synthesis of chondroitin sulfate. This idea is
also compatible with the finding that the level of chondroitin
sulfate was reduced but the elongation of chondroitin sulfate
chain was not severely impaired in Galn3 transgenic mice,
because if the first step by xylosyltransferase is completed, the
synthesis of chondroitin sulfate will proceed normally.

The secretion of Acan in Galnt3 transgenic mice could be
compromised by the defective glycosylation, because the lack of
chondroitin sulfate chain attachment to the core protein inhib-
its Acan secretion to the extracellular matrix (31, 32), and Acan
core proteins that are insufficiently glycosylated may have
accumulated in the smooth endoplasmic reticulum subcom-
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partment, where they would undergo further degradation (33).
Increased extracellular breakdown could also be the reason for
the reduced amounts of Acan proteoglycan in the extracellular
matrix. Indeed, mice deficient in CSGalNAcT1, an enzyme that
participates in chondroitin sulfate synthesis, have reduced
amounts of chondroitin sulfate and also reduced amounts of
Acan core protein due to augmented degradation (34).

Galnt3 yields mucin-type O-glycosylated proteins, which are
known to play important roles in cell adhesion (35), signal
transduction (36, 37), protein trafficking (38, 39), and cell pro-
liferation, apoptosis, and cancer (40—-42). They also protect
proteins from protease degradation (43—45). Therefore, the
phenotype of Galnt3 transgenic mice should have been caused
not only by the reduced amount of GAGs but also by the
increased amount of mucin-type O-glycans. The expression of
Ihh was increased in Galnt3 transgenic mice with medial trans-
gene expression. It may have contributed to the increase of
BrdU labeling in Galnt3 transgenic mice, because Ihh enhances
chondrocyte proliferation (46). The decrease of I expression
in Galnt3 transgenic mouse with high transgene expression
may be due to the severe inhibition of chondrocyte maturation,
because Ihih is expressed in prehypertrophic chondrocytes. The
reduction of Ihh expression may have reduced Pthih expres-
sion, because Ihh regulates Prilh expression (47). The levels of
Bmp?2 expression were inversely correlated with those of trans-
gene expression. Therefore, the reduction of Bmp2 expression
may have contributed to the delay in chondrocyte maturation
in Galnt3 transgenic mice because Bmp2 plays a crucial role in
chondrocyte maturation (48).

Overexpression of Galnt3 increased mucin-type O-glycosyl-
ation but reduced GAGs, probably due to competition with
xylosyltransferases. Because many Galnt family proteins are
expressed in chondrocytes, modification of protein glycosyla-
tion by competition of Galnt family proteins with xylosyltrans-
ferases may play an important role in the physiological func-
tions of chondrocytes. Because keratan sulfate chains are added
to mucin-type O-sugar chains (49), the mucin-type O-glycosyl-
ation will also increase keratan sulfate chains in Acan. Because
many Galnt family genes showed a similar expression pattern
with Galnt3 in cartilaginous tissues with the highest expression
at E13.5, Galnt family proteins may modify Acan glycosylation
during chondrocyte maturation. Galnt3 is also likely to regulate
chondrocyte maturation, probably by specifically modifying
the glycosylation of unknown proteins. Although the physio-
logical meaning of mucin-type O-glycosylation of Acan has not
been examined, our findings suggest that Galnt family proteins
regulate chondrocyte proliferation and maturation by modify-
ing the glycosylation of Acan.
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