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Abstract  

 

During endochondral  ossif icat ion,  the production of  hyaluronan (HA) is s t r ic t ly  and select ively  regulated by 

chondrocytes ,  with a  temporal  peak a t  the hyper t rophic s tage.           This s tudy was conducted to c lari fy  the 

effects  of  HA on expression and act ivi ty  of  runt-rela ted gene 2 (Runx2) ,  a  potent  t ranscr ipt ion factor for  

chondrocyte  di fferent ia t ion in hypertrophic chondrocytes.  Immature chondrocytes from an ATDC5 cel l  l ine were  

cultured and differentiated in DMEM/Ham’sF12 with pre-defined supplements.  Using real  t ime PCR,  the gene 

expressions of type II  col lagen,  MMP-13,  HAS2, and Runx2 in cul tured chondrocytes were analyzed from day 0 to  

18 of cel l  different ia t ion.  The act ivi ty  and expression of  Runx2 in hypert rophic  chondrocytes  were analyzed after  

the t reatment  wi th HA oligosaccharide (HAoligo)  using AML-3/Runx2 binding,  real - t ime PCR and Western blot  

analysis.  The effects of  pre-incubat ion of ant i -CD44 ant ibody on Runx2 expression were also examined.  

Expression of type X collagen and Runx2 mRNAs reached a maximum at  the terminal  di fferent iat ion of  

chondrocytes .  The act ivi ty  and expression of Runx2 was significantly  inhibi ted in  hypert rophic  chondrocytes 

t reated with HAoligo compared to  the untreated controls .  High molecular  weight-HA did not  affect  the expression 

or  act ivi ty  of  Runx2.  The expression of  Runx2 mRNA was significantly  decreased in hypert rophic chondrocytes 

t reated with anti -CD44 antibody.  These resul ts  suggest  that  HAoligo may affect  the  terminal  di fferent iat ion of  

chondrocytes  during the endochondral  ossi f icat ion by inhibi t ing the expression and act ivi ty  of  Runx2.  
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Introduction 

Vertebrate  bone is  formed through ei ther intramembranous or endochondral ossif icat ion.  The intramembranous 

bone is  di rect ly  formed by osteoblasts ,  whereas  the cart i laginous bone is  ini t ia l ly  formed by chondrocytes a t  the 

endochondral  ossi f icat ion.  The car t i lage is  then replaced with bone by a repeated remodel ing process mediated 

with osteoblasts  and osteoclasts . 1  In endochondral  ossif icat ion,  chondrocytes undergo a  process of  prol i ferat ion 

and maturat ion.  Maturat ion process of  chondrocytes  is  defined by the expression of  specif ic  extracel lular  matr ix 

genes.  Prechondrogenic  cel ls  express type I  col lagen,  and the  induct ion of  type I I  col lagen occurs  wi th the change 

of  cel lular  phenotype from prechondrogenic  cel ls  to prol i ferat ing chondrocytes.2  Hypert rophic  chondrocytes then 

express various proteins such as type X col lagen.  Matr ix metal loproteinase  (MMP)-13 contr ibutes to  the 

calcif icat ion process of  surrounding matr ix .3  

Runt-re la ted gene 2 (Runx2),  a  potent  t ranscript ion factor,  belongs to the runt  domain gene family.4 , 5  I t  has 

been shown that  endochondral  ossif icat ion is  completely  blocked when chondrocyte  maturat ion is  dis turbed in  

Runx2-deficient  mice,6 , 7  whereas  Runx2 overexpression promoted maturat ion process  of  chondrocytes  in  Cbfa1 

transgenic mice.8  Expression of  Runx2 mRNA was upregulated pr ior  to the di fferent ia t ion toward the hypert rophic  

phenotype,  which indicated that  Runx2 may be related to the maturat ion of hypert rophic chondrocytes in  ATDC5 

cel ls  in v i tro . 9  From these  f indings,  Runx2 is assumed to be  an essent ia l ly  indispensable factor  for  chondrocyte  

di fferent ia t ion or  maturation.  

In  previous s tudies,  a  large amount  of  hyaluronan (HA) was detected around hypertrophic  chondrocytes.1 0 , 11  

The pericel lular  matr ix surrounding hypert rophic chondrocytes is  composed of both HA and aggrecan,  and at taches 

to the surfaces of  chondrocytes through HA binding proteins. 1 2  Due to this  s tructure ,  high molecular  weight-HA 

(HMW-HA) is  capable of  absorbing a  large amount  of  water,  and i ts  function al lows i t  to  exert  hydrosta t ic  

pressure on the surrounding t issue. 1 3  In addit ion,  HA function is  enhanced by act ivat ion of HA receptors such as 

CD44.1 4  I t  has a lso been shown that  s ignal  t ransduct ion of HMW-HA is performed through the act ivat ion of Smad 

proteins  in the BMP-7 s ignal ing pathway in chondrocytes .1 5  Conversely,  HA ol igosaccharide (HAoligo),  such as 

HA hexasaccharides (HA6) induce MMP-3 via  ret inoid and/or NF-κB signal ing pathway in chondrocytes .1 6  

Therefore,  HA may have a signal ing funct ion through chondrocyte di fferentia t ion that  i s  dependent  on i ts  

molecular  weight .  Although a crucial  role of  HA at  the hypertrophic stage has  been speculated,  the effects of  HA 

as a  s ignal ing molecule during chondrocyte di fferent iat ion remain unclear.  

The aim of  this s tudy is  to clar ify  the effects of  HMW-HA and HAoligo on the  expression and act ivi ty  of  

Runx2 at  the hypertrophic  chondrocytes  through the endochondral  ossif icat ion process.  

 

Materials and methods 

Cell  culture 

A mouse chondrogenic cel l  l ine,  ATDC5, was purchased from the RIKEN Cell  Bank (Tsukuba Science Ci ty,  

Japan).  ATDC5 cel ls  were cultured in DMEM/Ham’s F12 hybrid medium (Sigma, St .  Louis,  MO, USA) containing 

5% fetal  bovine serum (FBS) (Mitsubishi  Kagaku,  Tokyo,  Japan),  10 μg/ml  human transferr in (Sigma) and 3×10- 8  

M sodium selenite  (Sigma) at  37˚C in a  humidif ied atmosphere with 5% CO2 in a ir.  To induce chondrogenesis ,  

ATDC5 cel ls  were seeded at  a  densi ty of  6×104  ce l ls/well  onto s ix wel l  pla tes  and cul tured for  18 days in the  

above-ment ioned medium supplemented with 10 μg/ml bovine insul in (Sigma).  

 

 Quantitative real-t ime PCR analysis  

Total  RNA was extracted from cul tured ATDC5 cel ls  using a Total  RNA Extract ion KitR  (Pharmacia Biotech,  

Tokyo,  Japan) every  3 days after  the cel ls  became confluent .  The f i rst  s t rand cDNA was synthesized from 1 μg 
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total  RNA using a ReverTra Ace-α f i rs t -s t rand cDNA synthesis ki t  (Toyobo,  Osaka,  Japan).  Quanti tat ive  real - t ime 

PCR analysis  was carr ied out  using a  Light  Cycler  Quick System 350S (Roche Diagnost ics ,  Tokyo,  Japan) under 

the fol lowing condit ions:  denaturat ion at  94˚C for  15 s,  annealing at  60˚C for  30 s and primer  extension at  72˚C 

for  10 s  for  40 cycles.  Primer sequences of type I I  col lagen,  type X collagen,  Runx2,  MMP-13,  HAS2,  and 

glyceraldehyde 3-phosphate dehydrogenase  (GAPDH) are  shown in Table 1.  The gene expressions of type II  and X 

col lagens,  MMP-13,  Runx2,  and HAS2 were  analyzed during the overal l  experimental  per iod from day 0 to 18.  

   Thermal cycling and f luorescence detect ion were  performed,  and the quanti tat ive results  of  real - t ime PCR were  

assessed with a  cycle threshold (Ct)  value,  which identi f ies a  cycle when the f luorescence of  given sample 

becomes signif icant ly  di fferent  f rom the base signal .  Quant if icat ion of signals was performed by normal izing their  

s ignals re lat ive to  those of  GAPDH. Normalized Ct values were expressed re lat ive to  that  of  day 0.  

 

Alizarin red and alkaline phosphatase (ALP) staining 

To detect  calc ium accumulat ion,  ATDC5 cel ls  cul tured for 18 days were  f ixed with 2% neutra l ized 

formaldehyde solution and stained with 1% al izar in red (pH6.3) as previously  descr ibed 1 7 .  Alkal ine  phosphatase 

(ALP) sta ining was also performed for cul tured ATDC5 cel ls  on day 18 using fast  5-bromo-4-chloro-3-indolyl 

phosphate/ni t ro  blue te t razol ium tablets (Sigma).  

 

Immunostaining 

Art icular  cart i lage was removed from the TMJ of a  10-week-old rat .  After  f ixat ion in  4% paraformaldehyde,  

car t i lage t issue was embedded in paraffin and sl iced into 3 μm sect ions.  The sect ions were then incubated with a  

1:250 di lut ion of ant i -goat  Runx2 polyclonal  ant ibody (Santa  Cruz Biotechnology,  Santa  Cruz,  CA, USA) 

overnight  a t  4˚C.   Fol lowing washes in  phosphate  buffered sal ine,  the sect ions were  incubated for 2  hrs with a 

1:250 di lut ion of Donkey ant i -goat  ant ibody (Sigma).  For  s taining,  sect ions were  preincubated with peroxidase  

anti -proxidase (Chemicon internat ional ,  Cari fornia ,  USA) for  2  hrs.  The washed sl ides were then developed by the  

addi t ion of  0.02% 3,3’-diaminobenzidine (DAB) for  5 min.  

 

Preparation of  HAoligo 

HAoligo was refined according to the method established by Knudson et  al . 1 8 , 1 9    HAoligo was generated by 

the cleavage of  HA sodium sal t  from human umbil ical  cord (3.0-5.8×103  kDa;  Sigma) by bovine test icular  HAase 

( typeⅠ -S;  Sigma) at  a  ra t io  of  320 U/mg HA in 40 ml  of  0 .1M sodium acetate  buffer  with 0.15 M NaCl,  pH 5.0.  

The sample  was boiled for  15 min and precipi tated with tr ichloroacetic  acid (TCA; Katayama Chemical ,  Osaka,  

Japan).  After  centri fugation at  10,000 rpm for 15 min a t  4˚C in a microfuge,  the supernatant  was dialyzed to  

remove small  molecules.  The HAoligo was freeze-dried,  dissolved in  phosphate  buffered sal ine (PBS) and fi l t ra ted 

with 0.25μm fi l ter  (Mil l ipore,  Bedford,  MA, USA).  In this  experiment ,  we used HA hexasaccharides (HA6) ,  which 

is  the smal lest  f ragment  of  HA capable of  binding to cel l  surface receptors.2 0  HA6  was prepared by HAase 

digest ion a t  37˚C for 16 hrs.  

 

Particle-exclusion assay 

Visualizat ion of HA-rich pericel lular  matrices was done by using a  par t ic le-exclusion assay.2 1  ATDC5 cel ls  

were seeded at  a  densi ty  of  6×104 cel ls /wel l  onto six-well  plates and cul tured 2 days.  ATDC5 cells  were t reated  

with 250 μg/ml HAoligo for  1  hr  before addi t ion of 10% sheep red blood cel ls  ( Inter-cel l  technologies ,  Hopewell ,  

NJ,  USA).  
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 Treatment with HMW-HA, HAoligo  

ATDC5 cel ls  were  seeded at  a  densi ty  of  6×104  cel ls /well  in s ix-well  pla tes and cul tured for  18 days (confluent  

on day 0).  On day 18,  which corresponds to the hypertrophic  s tage,  ATDC5 cel ls  were t reated with phosphate  

buffered sa l ine  (PBS),  serving as  the  control .  These cel ls  were then treated with 250 μg/ml puri f ied HMW-HA of  

1.2×105  Da (Seikagaku Corporat ion,  Tokyo,  Japan),  250 μg/ml HAoligo for 12 hrs with or  without  preincubat ion 

of 1.0 μg/ml ant i-CD44-neutral izing ant ibody (IM7.8.1 mAb: ENDOGEN, Woburn,  MA, USA) for  1 hr.    The 

optimal  t reatment t ime of  ATDC5 cel ls  was defined by a prel iminary  experiment (data not  shown).  

 

Measurement of  Runx2 activity 

Nuclear proteins were extracted from the experimental  and control  cul tures  of  ATDC5 cel ls  on day 18 using a  

Nuclear Extract ion Kit  (Sigma).  The cel ls  were col lected in ice-cold PBS in the  presence of phosphatase inhibi tors ,  

and resuspended in hypotonic buffer.    Cytoplasmic fract ions were collected by centr i fugation at  14,000 rpm for 

30 s  in  a  microfuge after  the  addit ion of detergent .  Then,  the  nuclei  were placed in a  lysis buffer  in  the  presence of 

the protease  inhibi tor  and separated from insoluble material s  by  centri fugation.   Nuclear extracts were quantified 

by  bic inchoninic acid (BCA) protein assay  and stored a t  -80 ˚C. 

The act ivi ty  of  Runx2 was measured using a  TransAM AML-3/Runx2 Kit  (Sigma) according to the 

manufacturer ' s  instruct ions.  Brief ly,  3 μg nuclear  protein samples were  incubated for  1 hr  in  a 96-well  plate coated 

with an ol igonucleotide containing a  Runx2 consensus binding s i te ,  to which act ivated Runx2 in nuclear extracts  

specif ical ly  binds.  After  washing,  Runx2 ant ibody was added to these wel ls  and incubated for 1 hr.  Fol lowing 

fur ther  incubat ion with a  secondary  HRP-conjugated antibody,  specif ic  binding was detected by color imetric 

est imat ion at  450 nm with a reference wavelength of  655 nm. 

 

Western blot  analysis 

ATDC5 cel ls  were  lysed in  50 mM Tris ,  pH 7.5,  wi th 250 mM NaCl,  0.1% Tri ton-X-100 buffer,  1mM EDTA and 

50 mM NaF with phosphatase inhibi tors.  20 μg of prote in was separated on 8.0% gel  by  SDS-polyacrylamide gel  

elect rophoresis and t ransferred to  a ni trocellulose membrane (Whatman,  Dassel ,  Germany).  After  blocking the 

membrane with 5% milk,  the membrane was incubated with Runx2 monoclonal  ant ibody (Medical  & Biological  

Laboratories,  Nagoya,  Japan,  di lut ion 1:1000) or  β-act in pept ide mAb (AC-15;  Sigma,  di lut ion 1:1000) detected 

with horse radish peroxidase  (HRP)-conjugated secondary  ant ibody (di lut ion 1:1000) and ECL reagents  (Amersham 

Pharmacia  Biotech,  Buckinghamshire,  United Kingdom).  

 

Statist ical  analysis 

All  assays were done in t r ipl icate and reported with threee different  samples.  The data were compared by one-

way analysis  of  variance (ANOVA).  

 

 

Results 

Gene expression of chodrogenic markers,  HAS2 and Runx2 in cultured ATDC5 cel ls  during the differentiation 

Gene express ion of  type II  collagen exhibited a significant  increase by  day 3 and reached a maximum on day 9,  

fol lowed by a rapid decrease to  the  control  level  (day 0)  (Fig.  1A).  Type X col lagen mRNA level  was increased 

from day 0 to days 3,  then decreased to the control  level  (Fig.  1B).   From day 15,  type X collagen mRNA 

increased again,  and reached a signif icantly  higher level  on day 18.  MMP-13 mRNA level  exhibi ted an increase  

after  day 3,  reached a peak level  on day 6,  and then decreased gradually  unt i l  day  15 (Fig.  1C).  From day 15,  the  
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MMP-13 mRNA level  increased again,  and reached a  significantly  higher level  than the  control .  These f indings  

indicated that  the hypertrophic stage of ATDC5 cells  occurred between days 15 and 18.  

The Runx2 mRNA level  increased from day 6,  reached a  maximum on day 12,  and then rapidly  decreased to  

the control  level  (Fig.  1D).  From day 15 to  day 18,  defined as the hypert rophic stage,  Runx2 mRNA increased to  a 

s ignif icant ly  higher level .  

The HAS2 mRNA level  a t  the  matrix–forming stage was relat ively  low (Fig.  1E).  From day 12,  the  HAS2 

mRNA level  increased,  and reached a  maximum on day 15,  defined as the  pre-hypert rophic stage.  

 

ALP activity  and matrix calcif icat ion in cultured ATDC5 cel ls  at  the hypertrophic stage  

We next  examined whether ATDC5 cel ls  in the hypert rophic s tage expressed the  hyper trophic  phenotype,  

character ized by ALP activi ty  and matrix calci f icat ion.  ATDC5 cel ls  on day 18 showed very  high levels of  ALP 

act ivi ty  and matrix  calci f icat ion,  while  the control  cul tures on day 0 showed very  low levels of  ALP act ivi ty  and 

no matrix calcif icat ion (Fig.  2) .  

 

Distribution of  Runx2 in temporomandibular joint  (TMJ) condyle carti lage  

Runx2 was highly  expressed in the nuclear region of chondrocytes  in  the maturat ion and hypert rophic  layers 

(Fig.  3B).  The dist r ibution of  Runx2 in di fferent ia t ing cart i lage was coincident  wi th gene expression of Runx2 in 

di fferent ia t ing ATDC5 cel ls .  

 

Effects  of  HAoligo on pericel lular matrix around ATDC5 cells   

A part icle-exclusion assay  was used to  determine i f  ATDC5 cel ls  were capable of  producing and organizing 

HA-rich pericel lular  matr ices.  In this  assay,  the presence of a  per icel lular  matrix can be visualized by the  

exclusion of  f ixed red blood cel ls  f rom a c lear,  halo-l ike area adjacent  to the cel l  (Fig.  4A).  Per icel lular  matrix  

was removed by treatment with both HAoligo (Fig.  4B).  

 

Effects  of  HMW-HA and HAoligo on Runx2  expression and activi ty  in cultured ATDC5 cel ls  at  the 

hypertrophic  stage 

Runx2 mRNA expression was s ignif icant ly  suppressed in cultured ATDC5 cel ls  a t  the  hypert rophic  stage by the  

treatment wi th HAoligo (p< 0.01) when compared to the untreated control  (Fig.  5A).  In part icular,  HAoligo 

decreased the expression of Runx2 mRNA most  signif icant ly,  to less  than half  of  the control  level .  Meanwhile,  no 

s ignif icant  effects of  HMW-HA were found on Runx2 mRNA expression (Fig.  5A).  

The expression of  Runx2 protein was evaluated using Western blot  analysis.  An immunoreact ive band of 55kDa 

was observed,  which corresponding to Runx2 (Fig.  5B).  The t reatment  of  HAoligo prominent ly  decreased Runx2 

protein expression,  while Runx2 protein exhibi ted a  tendency to decrease  by  the t reatment  with HMW-HA.  

Runx2 act ivi ty  was s ignif icant ly  decreased in cul tured ATDC5 cells  at  the  hypert rophic  stage by the treatment 

wi th HAoligo as compared to the untreated control  (p<0.05).  Meanwhile ,  Runx2 act ivi ty  exhibi ted a tendency to  

decrease,  but  not  s ignif icant ,  wi th the t reatment  of  HMW-HA (Fig.  5C).  

 

Effects  of  HMW-HA, HAoligo,  and anti -CD44 neutral izing antibody on Runx2  expression in cultured ATDC5 

cel ls  at  the hypertrophic stage 

Runx2 mRNA expression significant ly  decreased in  cul tured ATDC5 cel ls  at  the  hypert rophic s tage by the 

treatment  wi th ant i-CD44 neutral izing ant ibody alone (p<0.01) .  Furthermore,  ant i -CD44 neutral iz ing ant ibody 

treatment ,  fol lowed by addit ion of  HAoligo and HMW-HA, decreased the expression of Runx2 mRNA (Fig.  6) .  The  
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addi t ion of HMW-HA signif icant ly  restored the expression of Runx2 which decreased with the t reatment  of  anti -

CD44 neutral iz ing ant ibody (p<0.05)(Fig.  6) .  

 

Effects of  HMW-HA, HAoligo,  and anti-CD44 neutralizing antibody on chondrogenic markers gene 

expression in cultured ATDC5 cel ls  at  the hypertrophic stage 

Type II  col lagen mRNA expression was significantly  decreased by the  t reatment of  anti -CD44 neutral izing  

antibody,  whi le type II  col lagen mRNA expression exhibi ted a  tendency to  decrease,  but  not  s ignificant ly,  by  the 

treatment wi th HMW-HA (Fig.  7A).  Furthermore,  type II  col lagen mRNA expression was unchanged by the 

treatment with HAoligo.  

Type X col lagen mRNA expression was significantly  decreased by treatment  with  HAoligo and anti -CD44 

neutra l iz ing antibody treatment  (Fig.  7B).   

MMP-13 mRNA expression was significant ly  decreased by the treatment  wi th HAoligo,  whi le  no significant  

effects of  HMW-HA and ant i -CD44 neutra l iz ing ant ibody were found on Runx2 mRNA expression (Fig.  7C).  

   

Discussion 

Cultures  of  ATDC5 cel ls  have been shown to be a  useful  in  v i tro  model  for  examining the  differentiat ion of  

chondrocytes .  Cul tured in the  presence of insulin,  ATDC5 cel ls  form many spots of  cart i lage-l ike cel lular  

condensat ion,  and they are  able  to  different ia te  to hypert rophic  chondrocytes.2 2 , 2 3  During ATDC5 cel l  

di fferent ia t ion,  type I I  col lagen mRNA markedly  increased f rom day 9 to  15.  I t  has al ready been demonstrated that  

type II  col lagen is  synthesized by prol i ferat ing chondrocytes  after  the different ia t ion from prechondrogenic  

cel ls . 2 , 9 , 2 4 , 2 5  Therefore,  cel ls  prol i ferat ing f rom day 9 to 15 in ATDC5 cultures are most  l ikely  chondrocytes.  

Meanwhile ,  we have showed that  type X collagen mRNA markedly  increased f rom day 15 to  18.  Because type X 

collagen is  synthesized specif ical ly  by  hypertrophic chondrocytes ,  induction of  type X collagen mRNA is  regarded 

as  a  s ignal  of  the di fferent iat ion from proli ferat ing to hypertrophic  ones.9 , 2 2  

    I t  was a lso c lari f ied that  both MMP-13 and Runx2 increased during this per iod.  Runx2 is  wel l  known to  

upregulate  the expression of  the gene promoters  re lated to  MMP-13 and bone matrix proteins including osteopont in  

(OPN) and bone s ialoprotein (BSP).1 , 2 6  These  resul ts  indicated that  the  expression of  both Runx2 and MMP-13 

mRNAs in ATDC5 cel ls  markedly  increased from day 15,  suggest ing an ini t iat ion of  the  hypertrophic  stage.  In  the  

hypertrophic  stage,  ATDC5 cel ls  showed very  high levels of  ALP act ivi ty  and matr ix calc if icat ion.  

We also invest igated the distr ibution of  Runx2 in mandibular  condylar  cart i lage,  and found that  Runx2 was 

dis tr ibuted widely  in the maturat ion and hypert rophic layer coincident ,  with gene expression of Runx2 in cul tured 

ATDC5 cel ls .  

With respect  to the effect  of  HA on Runx2 act ivi ty,  we have shown that  HMW-HA had no significant  effects  on 

gene expression and act ivi ty  of  Runx2.  In process of  chondrocyte  different ia t ion,  the gene expression and 

synthesis of  HA are  increased at  the  hypert rophic s tage in  cul tured chondrocytes.1 0  Magee et  al . 2 7  reported that  HA 

synthesis was elevated in  the hypert rophic  zone,  a long with the up-regulat ion of  HAS2 mRNA and the act ivat ion of 

UDP-glucose pyrophosphorylase (UDPG-PPase) in the developing growth plate  chondrocytes.  The present  study  

showed that  the gene expression of  HAS2,  which is  wel l  known to lead to HMW-HA synthesis,  was up-regulated 

after  the  matr ix-forming stage and at  the pre-hypertrophic s tage in cultured ATDC5 cel ls .  The up-regulat ion of  the  

HAS2 gene generated a considerable increase in HMW-HA synthesis in  hypert rophic chondrocytes .1 0  From these  

f indings,  i t  would be  reasonably  assumed that  HAS2 and HMW-HA exert  anabol ic  funct ions for  chondrocytes and 

the pericel lular  matr ices,  leading to no suppression of gene expression and act ivi ty  of  Runx2.  

On the other hand,  the  t reatment with HAoligo suppressed both gene expression and activi ty  of Runx2.    This 
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resul t  supports a  hypothesis that  HAoligo is  an act ive mediator  for  the response of chondrocyte  by  ei ther 

t ransmit t ing a s ignal  di rect ly  through CD44 or disrupt ing HA-CD44 interact ions.  Knudson et  al . 1 8 , 2 8  revealed that  

the cel l–matr ix interact ions in chondrocytes were inhibi ted by  the treatment wi th excessive smal l  HAoligo,  such as 

HA6.  I t  i s  also shown that  HAoligo induces MMP-3 via  the ret inoid and/or  NF-κB signaling pathway in  

chondrocytes .1 6  Furthermore,  HAoligo induced the act ivat ion of NF-κB, (MAP)-kinases,  protein kinase C (PKC),  

G-protein,  and PI3 kinase in other cel ls . 2 9 - 3 3  From these resul ts ,  i t  i s  suggested that  HAoligo might  have a  

s ignal ing funct ion through chondrocyte  di fferent ia t ion.  

These resul ts  indicate  have shown that  Runx2 gene expression was s ignif icant ly  decreased in cul tured ATDC5 

cel ls  a t  the hypertrophic s tage t reated with ant i -CD44 neutral iz ing ant ibody alone.  However,  HAoligo had no 

synergist ic  effect  of  ant i -CD44 neutra l iz ing antibody on  the down-regulat ion of  Runx2 mRNA, comparing to ant i -

CD44 neutral izing antibody alone.  Taking i t  into considerat ion that  HAoligo down-regulates  the  expression and 

act ivi ty  of  Runx2,  i t  i s  probable  that  HAoligo t ransduces some signals  through CD44.   

I t  has been previously  shown that  HA6 was effect ive a t  prevent ing formation of HA-dependent  pericel lula r  

matrices in other cel ls . 2 1  In this study we have shown that  HAoligo decreased HA-dependent  pericel lular  matr ices  

in ATDC5 cells .  Furthermore,  ant i -CD44 neutral izing antibody treatment fol lowed by addi t ion of HAoligo and 

HMW-HA decreased the expression of Runx2 mRNA. The addi t ion of HMW-HA signif icant ly  restored the 

expression of  Runx2,  which decreased with the t reatment  of  ant i -CD44 neutra l iz ing ant ibody.  In  addit ion,  i t  has  

been reported that  HAoligo competes for  binding of  HMW-HA to the cel l  surface.3 4 , 3 5  Given that  HMW-HA is  

bound to CD44 in this s tudy,  HMW-HA l ikely  prevents the novel  binding of  low molecular  weight-HA to CD44,  

and maintains chondrocyte  different ia t ion of hypert rophic stage.  

In  this  study,  the expression of Type X col lagen and MMP-13 mRNA in cul tured ATDC5 cel ls  a t  the 

hypertrophic stage significantly  decreased with the t reatment of  HAoligo,  whi le  type II  col lagen mRNA expression 

was unchanged with the t reatment of  HAoligo.  Previous studies  have suggested that  chondrocytes  promote type X 

col lagen mRNA expression and concomitant ly  decrease  expression of  type II  col lagen mRNA in the  cel l  

hypertrophy.3 6  In addi t ion,  MMP-13 is  associated with both chondrocyte hypert rophy and with matr ix vesic les  

implicated in  cart i lage matr ix mineral izat ion.3 7 , 3 8  I t  has  a lso been reported that  Runx2 is  able to induce the 

expression of  MMP-13.3 6  Therefore,  the decrease of  Runx2 expression by HAoligo t reatment  might  downregulate  

chondrocyte di fferent ia t ion a t  the  hypert rophic s tage.  

    In conclusion,  a  new f inding in  this  study was that  HAoligo suppressed the  gene expression and act ivi ty  of  

Runx2 through CD44 in hypertrophic  chondrocytes.  In addi t ion,  HAoligo may contr ibute  to the inhibi t ion of  

endochondral  ossif icat ion by blocking the hypert rophy of chondrocytes.  
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Figure Legends 

 

Fig.1.  Changes in the gene expression of  type II  and X collagen,  MMP-13,  Runx2 and HAS2 during different ia t ion 

in cultured ATDC5 cel ls .  Total  RNA was extracted f rom ATDC5 cel ls  on 0-18 days af ter  the  confluence.  The mRNA 

expression levels  of  type II  and (A) type X col lagen (B),  MMP-13 (C),  Runx2 (D),  and HAS2 (E)  were  determined 

by means of  a  real - t ime PCR analysis,  normal ized relat ive to the  expression of GAPDH and depicted as  the rate  of  

change in gene expression.  Error bars indicate a  s tandard deviat ion.  

 

Fig.2.  Al izarin red and alkal ine phosphatase (ALP) sta ining.  To detect  calcium accumulat ion,  cul tured ATDC5 cells  

for  18 days were f ixed with 2% neutral ized formaldehyde solut ion and stained with 1% Alizar in red (pH6.3).  

Alkal ine  phosphatase (ALP) s taining was also performed for cul tured ATDC5 cel ls  on day 18 using fast  5-bromo-4-

chloro-3-indolyl  phosphate/ni t ro blue te trazol ium tablets.  

 

Fig.3.  Dist r ibut ion of Runx2 in mandibular  condylar  car t i lage.  Paraffin sect ions of ar t icular  car t i lage f rom rat  TMJ 

were  incubated with control  IgG (A) or  Runx2 ant ibody (B).  Runx2 dist r ibution was visual ized by 0.02% 3,3’-

diaminobenzidine (DAB).  Runx2 was highly  expressed in  the nuclear  region of chondrocytes  in the maturat ion and 

hypertrophic  layer.  Bar = 6μm. 

 

Fig.4.Effects  of  HAoligo on pericel lular  matrix around ATDC5 cel ls .  ATDC5 cel ls  were incubated for  60 minutes  

in the absence (A) or presence of 250 μg/ml of  HAoligo (B) and then examined with the part ic le-exclusion assay.  

The par t ic le-exclusion assay was used to demonstra te  the presence of the HA-dependent  pericel lular  matrix,  which 

was apparent  as  a  c lear  zone around ATDC5 cel ls .  Bar = 50 μm. 

 

Fig.5.  Effects  of  HMW-HA and HAoligo on Runx2 mRNA expression in cultured ATDC5 cells .  On day 18,  ATDC5 

cel ls  were treated with PBS (control) ,  250 μg/ml  purif ied HMW-HA of 1.2×105  Da and 250 μg/ml of  HAoligo.  The 

expression levels  of  Runx2 mRNA was determined by means of a  real- t ime PCR analysis,  normal ized relat ive to  

the  expression of  GAPDH and depicted as the  rate  of  change in gene expression (A).  Protein was prepared from 

each cul ture  by  using Tri ton X-100 buffer,   and 20 μg of  protein was separeted on 8.0% gel  by  SDS-

polyacrylamide gel  e lectrophoresis  and t ransferred to a  ni t rocel lulose  membrane.  The membrane was incubated 

with Runx2 monoclonal  ant ibody and detected with  HRP-conjugated secondary antibody and ECL reagents  (B).  

After  incubat ion for 12 hrs,  proteins were extracted from the control  and experimental  cultures of  ATDC5 cells  for  

a  TransAM analysis (C).  Error bars indicate  a  s tandard deviat ion.  

 

Fig.6.  Effects  of  HMW-HA, HAoligo and ant i-CD44 neutra l iz ing ant ibody on Runx2 mRNA expression in cul tured 

ATDC5 cel ls .  On day 18,  ATDC5 cel ls  were  t reated with IgG (control) ,  250 μg/ml purif ied HMW-HA of 1.2×105  Da 

and 250 μg/ml of  HAoligo for 12 hrs with or without  preincubat ion of  1 .0 μg/ml ant i -CD44-neutral iz ing ant ibody 

for 1 hr.  The expression levels  of  Runx2 mRNA was determined by means of a  real- t ime PCR analysis,  normalized 

relat ive to the expression of  GAPDH and depicted as the rate  of  change in  gene expression.  Error bars indicate  a  

s tandard deviat ion.  

 

Fig.7.  Effects  of  HMW-HA, HAoligo and ant i -CD44 neutra l izing ant ibody on Type II  col lagen,  Type X collagen 

and MMP-13 mRNA expression in cultured ATDC5 cells .  On day 18,  ATDC5 cel ls  were  t reated with PBS (control ) ,  

250 μg/ml puri f ied HMW-HA of 1.2×105  Da,  250 μg/ml of HAoligo and 1.0 μg/ml ant i -CD44-neutral iz ing antibody 
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for 12 hrs.  The expression levels of  Type II  col lagen (A),  Type X col lagen (B) and MMP-13 (C) mRNA were 

determined by means of a  real - t ime PCR analysis,  normalized relat ive to the  expression of  GAPDH, and depicted 

as  the ra te  of  change in gene expression.  Error bars indicate  a  s tandard deviat ion.  
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