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2-deoxy-D-glucose(2DG)-caused endoplasmic reticulum (ER) 
stress inhibits protein phosphorylation at tyrosine residues. 
However, the accurate regulatory mechanisms, which determine 
the inflammatory response of chondrocytes to ER stress via pro-
tein tyrosine phosphorylation, have not been systematically 
evaluated. Thus, in this study, we examined whether protein 
phosphorylation at tyrosine residues can modulate the expression 
and glycosylation of COX-2, which is reduced by 2DG-induced 
ER stress. We observed that protein tyrosine phosphatase (PTP) in-
hibitors, sodium orthovanadate (SOV), and phenylarsine oxide 
(PAO) significantly decreased expression of ER stress inducible 
proteins, glucose-regulated protein 94 (GRP94), and CCAAT/ en-
hancer-binding-protein- related gene (GADD153), which was in-
duced by 2DG. In addition, we demonstrated that SOV and PAO 
noticeably restored the expression and glycosylation of COX-2 af-
ter treatment with 2DG. These results suggest that protein phos-
phorylation of tyrosine residues plays an important role in the 
regulation of expression and glycosylation during 2DG-induced 
ER stress in rabbit articular chondrocytes. [BMB reports 2012; 
45(5): 317-322]

INTRODUCTION

Cyclooxygenases (COXs) are the rate-limiting enzyme in the 
biosynthesis of PGs and have been linked to inflammatory dis-
eases, including rheumatoid arthritis (RA) and osteoarthritis 
(OA) (1). In arthritis, COX-2 is highly expressed in the chon-
drocytes and in the synovial tissue (2). The activity and ex-
pression of COX are modulated at the levels of transcription, 
post-transcription, and translation during inflammation. How-

ever, there have been few studies that examined the regulation 
of COX-2 at post-translational levels. 
　It has been previously demonstrated that protein phosphor-
ylation results in an increase in COX-2 at the transcription and 
translation levels, and these results are related to protein kin-
ase C (PKC) and protein tyrosine kinase (PTK) (3). In addition, 
COX-2 activity has been shown to be modulated at the 
post-translational level by protein tyrosine phosphorylation (4). 
The function of proteins and cellular processes are regulated 
by protein phosphorylation at tyrosine residues. The amount of 
protein phosphorylation at tyrosine residues is dependent on 
the balance between the activities of tyrosine kinase and ty-
rosine phosphatase (5). The overall levels of protein phosphor-
ylation at tyrosine residues are low in most cells. Treatment 
with a protein tyrosine phosphatase inhibitor in cells results in 
protein phosphorylation at tyrosine residues in unspecified 
proteins that are generally maintained in dephosphorylated 
forms. 
　The ER is a sub-cellular organelle that is involved in the syn-
thesis of secretary and membrane proteins and lipids respon-
sible for several specialized functions, such as protein folding 
and translocation (6). Several physiological and pathological 
conditions, such as glucose starvation, disturbance of intra-
cellular stores of Ca2+, oxidative stress, viral infection, and in-
hibition of protein glycosylation, can leads to ER stress (7). To 
effectively cope with ER stress, cells initiate two distinct re-
sponses in the ER lumen to protect against the accumulation of 
unfolded proteins. The first involves the unfolded protein re-
sponse (UPR), which increases genes coding chaperones, such 
as GRP78 and GRP94. This increases proper protein folding 
and inhibits the aggregation of unfolded proteins in the ER (8). 
The second is a profound and transient attenuation of protein 
synthesis. This response reduces the stress associated with pro-
tein folding in the ER (9). Both the unfolded protein response 
and the repression of protein synthesis may lead to cytopro-
tection or death, depending on the nature of the stress and the 
cellular environment (9). ER stress negatively or positively reg-
ulates COX-2 expression through a variety of signal pathways 
in normal or abnormal cells (10). 
　2DG is an analogue of glucose, where the 2-hydroxyl group 
is replaced with hydrogen. It is generally believed to be a cru-



Tyrosine phosphorylation affects glycosylation of COX-2
Seon-Mi Yu and Song-Ja Kim

318 BMB Reports http://bmbreports.org

Fig. 1. Protein phosphorylation at tyrosine residues recovers the re-
duction in COX-2 expression caused by 2DG treatment. (A, B) 
Chondrocytes were treated or not treated with 5 mM 2DG for 24 
h in the absence or presence of various pharmacological agents (2 
μM SOV, 0.5 μM PAO, 40 μM GN, 5 ng/ml OA, 10 μM PP2). 
Protein levels of COX-2, GADD153, GRP94, ptyrosine, pSrc and 
actin were detected by Western blot analysis. The arrow indicates 
expression of the reduced molecular mass of COX-2 (∼66 kDa) fol-
lowing 2DG treatment. (C) Transcript levels of COX-2 and GAPDH 
(Glyceraldehyde-3-phosphate dehydrogenase) were determined using 
RT-PCR. GAPDH was used as a loading control. (A-C) The data 
represent the typical results from independent experiments.

Fig. 2. Protein phosphorylation at tyrosine residues modulates 
PGE2 production and GRP94 expression and restores the reduced 
COX-2 expression caused by 2DG treatment. (A) Chondrocytes 
were treated or not treated with 5 mM 2DG for 24 h in the ab-
sence or presence of various pharmacological agents (2 μM SOV, 
0.5 μM PAO or 40 μM GN). Levels of cellular and secreted 
PGE2 were determined using a kit assay. The data represent typi-
cal results and average values with standard deviations (SD) from 
independent experiments are shown. *P ＜ 0.05 compared with 
untreated cells. (B) Primary chondrocytes were treated or not 
treated with 5 mM 2DG in the absence or presence of 2 μM 
SOV for 24 h. Distribution of COX-2, ptyrosine, and GRP94 was 
detected by immunofluorescence staining. Nuclei were stained 
with DAPI (4',6-diamidino-2-phenylindole). 

cial factor in the ER stress response by inhibiting protein glyco-
sylation (11). Our previous studies indicated that the ex-
pression and glycosylation of COX-2 were reduced by 2DG-in-
duced ER stress (12). These results indicated that glucose star-
vation-mediated ER stress appears to be a central regulator in 
the expression of COX-2. 
　Therefore, we investigated the effects of protein tyrosine 
phosphorylation on expression and glycosylation during 
2DG-induced ER stress by using inhibitors of PTPs in rabbit ar-
ticular chondrocytes.

RESULTS

COX-2 expression was detected in control cultured chon-
drocytes, but was not detected in 2DG-treated cells. However, 
doublet COX-2 (66-70-KDa; arrowheads) bands were weakly 
detected in 2DG-treated cells. Our previous study demon-
strated that doublet bands corresponded to the unglycosylated 
form of COX-2 (12). Addition of 2DG to chondrocytes strongly 
decreased protein phosphorylation at tyrosine residues (Fig. 
1A). Therefore, we sought to explore whether down-regulation 
of both COX-2 expression and glycosylation rate by 2DG-in-
duced ER stress was related to protein phosphorylation at ty-
rosine residues. To examine this relation, cells were treated 
with 2DG for 24 h in the absence or presence of SOV, PAO, 
GN, or OA (Fig. 1A). 
　We first examined the role of protein phosphorylation at ty-
rosine residues on the reduction of expression and glyco-
sylation of COX-2 by 2DG. Cells were treated with 2DG for 
24 h in the absence or presence of SOV, PAO, GN, or OA 
(Fig. 1A). Inhibition of PTPs with SOV or PAO resulted in in-
creased expression and glycosylation of COX-2, while ex-
pression of GADD153 and GRP94 were markedly decreased 
in 2DG treated cells (Fig. 1A). In our previous studies, we 

showed that PP2, a specific inhibitor of Src tyrosine kinase, 
could recover the decrease in COX-2 expression caused by 
2DG treatment (12). Therefore, in this study, we investigated 
the effect of GN, an inhibitor of tyrosine kinase, and PP2 on 
the 2DG-induced reduction in expression and glycosylation of 
COX-2. In these experiments, GN, an inhibitor of tyrosine kin-
ase, did not restore the 2DG-induced reduction in COX-2 ex-
pression (Fig. 1B), indicating that = PP2 and GN had different 
effects on COX-2 expression after 2DG treatment.            
　Consistent with the Western blot data, the RT-PCR results al-
so showed that inhibitors of PTPs recovered the transcription 
levels of COX-2 (Fig. 1C). To examine whether the reduced ex-
pression and glycosylation of COX-2 by 2DG were regulated 
by protein phosphorylation on serine or threonine, 2DG treat-
ed cells were incubated with GN, an inhibitor of protein ty-
rosine kinase, or OA, an inhibitor of serine/threonine phospha-
tase (Fig. 1A). OA and GN treatment did not affect GADD153 
and GRP94 expression (Fig. 1A). Thus, based on the results of 
Western blot analysis and RT-PCR (Fig. 1A and C), the reduced 
expression and glycosylation of COX-2 by 2DG were not re-
covered by GN and OA, either at the translation or tran-
scription levels. 
　The effect of protein tyrosine phosphorylation on COX-2 ac-
tivity was investigated using a PGE2 assay (Fig. 2A). 2DG in-
duced ER stress inhibited the production of PGE2 and in-
hibitors of PTPs, SOV, and PAO increased the production of 
PGE2 under these conditions (Fig. 2A). In contrast, GN did not 
have any effects on PGE2 production when compared to that 
of 2DG treated chondrocytes. These results indicate that main-
tenance of protein tyrosine phosphorylation with PTPs in-
hibitors recuperated the loss of COX-2 activity caused by 
2DG, as determined by PGE2 production (Fig. 2A). Taken to-
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Fig. 3. Protein phosphorylation at tyrosine residues recovers the re-
duced expression and glycosylation of COX-2 in a dose dependent 
manner after treatment with both SOV and PAO. (A-C) Articular 
chondrocytes were treated or not treated with 5 mM 2DG for 24 
h in the absence or presence of the indicated concentrations of 
SOV, PAO or GN. Expression of COX-2, GADD153, GRP94, ptyr-
osine, and actin was determined by Western blot analysis. Data 
are representative of three independent experiments. The arrow in-
dicates expression of the reduced molecular mass of COX-2 (∼66 
kDa) following 2DG treatment.

Fig. 4. Protein phosphorylation at tyrosine residues decreases COX-2 
expression caused by TN treatment. (A, B) Rabbit articular chon-
drocytes were treated or not treated with 1 μg/ml TN for 24 h in 
the absence or presence of different pharmacological agents (2 μM 
SOV, 0.5 μM PAO, 40 μM GN, 5 ng/ml OA). (A) Protein levels of 
COX-2, GADD153, GRP94, ptyrosine, and actin were determined 
by Western blot analysis. (B) The mRNA levels of COX-2 and 
GAPDH were detected by RT-PCR. (C, D, E) Chondrocytes were 
treated or not treated with 1 μg/ml TN for 24 h in the absence or 
presence of the indicated concentrations of SOV, PAO or GN. 
Expressions of COX-2, GADD153, GRP94, ptyrosine, and actin 
were determined by Western blot analysis. (A-E) The data represent 
typical results. The arrow indicates expression of the reduced mo-
lecular mass of COX-2 (~66 kDa) following 2DG treatment.

gether, these results indicate that protein tyrosine phosphor-
ylation not only regulates expression and glycosylation of 
COX-2 but also modulates the activity of COX-2 (Fig. 2A). 
Immunofluorescence microscopy was used to assess the ex-
pression patterns of COX-2 and GRP94 (Fig. 2B). Similar with 
the results of the Western blot analysis, double staining of 
COX-2 and GRP94 in chondrocytes treated with SOV in the 
presence or absence of 2DG, cells with reduced levels of 
GRP94 were positive for COX-2 staining, indicating that pro-
tein tyrosine phosphorylation by SOV plays a crucial role in 
the expression of COX-2 (Fig. 2B).
　In order to clearly determine the effect of protein phosphor-
ylation at tyrosine residues with respect to the decrease in 
COX-2 expression after 2DG treatment, chondrocytes were 
treated with 2DG for 24 h in the presence of different concen-
trations of SOV, PAO, or GN (Fig. 3). Western blot analysis re-
vealed that expression and glycosylation of COX-2 were sub-
stantially recovered by SOV or PAO in a dose dependent man-
ner (Fig. 3A and B). On the other hand, GN treatment did not 
alter COX-2 expression but rather affected GADD153 and 
GRP94 expression when compared with 2DG treated cells 
(Fig. 3C). 
　To further elucidate the effects of protein phosphorylation at 
tyrosine residues on the expression and glycosylation of 
COX-2 after treatment with 2DG, we assessed the effects of 
SOV and PAO on another gene that is suppressed under ER 
stress conditions (Fig. 4). Tunicamycin (TN), which inhibits the 
initial step in N-glycosylation, has been shown to increase the 
unfolded protein response and alter the protein folding ability 
of ER by several mechanisms, including transcriptional up-reg-
ulation of chaperones, such as GRP94 and GADD153 (8). 
　As was observed for 2DG treatment, TN also increased the 
expression of ER stress inducible proteins, GRP94 and 
GADD153, and reduced protein phosphorylation at tyrosine 
residues (Fig. 4). To examine the association between protein 
phosphorylation at tyrosine residues and the reduced ex-

pression and glycosylation of COX-2 by TN, cells were treated 
with TN for 24 h in the absence or presence of SOV or PAO 
(Fig. 4). 
　Treatment with SOV or PAO in combination with TN re-
stored the expression and glycosylation of COX-2. In addition, 
SOV and PAO completely abolished TN induced expression 
levels of GRP94 and GADD153 (Fig. 4A). 
　To decipher the link between protein phosphorylation at ty-
rosine residues and ER stress-mediated regulation of COX-2, 
the effects of GN and OA on TN modulated COX-2 expression 
were examined (Fig. 4). Western blot analysis showed that GN 
and OA did not affect the reduced expression and glyco-
sylation of COX-2 by TN (Fig. 4A). RT-PCR analysis was per-
formed to investigate the effect of protein tyrosine phosphor-
ylation on the transcriptional levels of COX-2 mRNA (Fig. 4B). 
Consistent with the Western blot analysis, RT-PCR showed that 
the COX-2 transcript levels were not change by GN and OA 
treatment (Fig. 4B).
  To further verify the effect of protein tyrosine phosphor-
ylation on the reduced expression and glycosylation of COX-2 
by TN, chondrocytes were treated with various concentrations 
of SOV, PAO or GN in the presence of TN. Chondrocytes 
were incubated with SOV, PAO, or GN for 24 h, and the ex-
pression patterns of COX-2 were measured by Western blot 
analysis (Fig. 4C-E). Treatment with SOV or PAO in the pres-
ence of TN produced a concentration dependent increase in 
COX-2 expression when compared with cells treated with TN 
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(Fig. 4C and D), while GN did not have any effects on ex-
pression or glycosylation of COX-2 relative to TN treated 
chondrocytes (Fig. 4E). These results clearly show that main-
tenance of protein tyrosine phosphorylation is crucial in regu-
lating the reduced expression and glycosylation of COX-2 by 
TN (Fig. 4).
　The above results indicate that the reduced expression and 
glycosylation of COX-2 by 2DG were regulated through pro-
tein phosphorylation at tyrosine residues in rabbit articular 
chondrocytes. 

DISCUSSION

In this study, we demonstrate that protein phosphorylation at 
tyrosine residues regulates the reduced expression and glyco-
sylation of COX-2 by 2DG. We first investigated the effects of 
inhibitors of PTPs on COX-2 expression and ER stress by 2DG. 
　Glycosylation of COX-2 is required for normal physiological 
processes (13). COX-2 has four sites for glycosylation with a 
subunit molecular mass of 72 kDa (14). Inhibition of glyco-
sylation leads to a reduced molecular mass and activity of 
COX-2 (15). COX-2 contains potential glycosylation sites, 
three of which are always glycosylated and one that may or 
may not be glycosylated or not glycosylated  (16). The glyco-
sylation is able to determine the biologically role of COX (13). 
The glycosylation of COX-2 is inhibited by molecules such 
2DG and TN, which are known to induce ER stress (12) by 
preventing glycosylation and glycolysis.
　COX-2 contains four N-glycosylation sites, at Asn68, Asn104, 
Asn144, and Asn410, with consensus sequences (Asn-X-Ser/Thr) 
(17). Four mutants were constructed in ovine COX-2 by replac-
ing the Asn at each glycosylation site with a Gln. These mu-
tants were transiently transfected in COS-1 cells and the mobi-
lity of the mutant proteins were determined by Western blot 
analysis (16). Three of the mutant proteins, N68Q, N144Q, 
and N410Q, exhibited a 2 kDa decrease in the apparent sub-
unit molecular mass when compared with non-transfected 
cells. Also, glycosylation of COX-2 at Asn410 and either Asn68 
or Asn144 is necessary for COX-2 activity during its synthesis.  
　SOV and PAO are known inhibitors of tyrosine phospha-
tases, which phosphorylate tyrosine residues on proteins. 
Protein phosphorylation at tyrosine residues is believed to reg-
ulate numerous cellular responses that are associated with sig-
nal transduction in a variety of cells (18). A previous report 
showed that SOV inhibits ER stress responses, such as in-
duction of GRP78 and GADD153 (19). However, the under-
lying mechanisms have not been elucidated.
　We initially found that treatment of 2DG led to a significant 
reduction in protein bands for tyrosine phosphorylation in 
chondrocytes (Fig. 1). It is likely that 2DG regulates the activity 
of PTPs through an unknown mechanism. Also, 2DG treat-
ment induced a decrease in COX-2 expression and a reduction 
in the molecular mass of COX-2 (72-74 kDa) (Fig. 1).
　In order to confirm the role of protein tyrosine phosphor-

ylation in the expression of COX-2, cells were treated with a 
variety of compounds (2 μM SOV, 0.5 μM PAO, 40 μM GN, 5 
ng/ml OA) that inhibit PTK, protein tyrosine phosphatase 
(PTP), and protein serine/threonine phosphatase (PPs) by differ-
ent mechanisms, and the expression patterns of ER stress-re-
lated proteins, GRP94 and GADD153, and COX-2, were de-
termined via Western blot analysis. The data from this analysis 
showed that inhibitors of PTPs, SOV, and PAO recovered ex-
pression and glycosylation of COX-2 in chondrocytes treated 
with 2DG (Fig. 1 and 3). On the other hand, ER stress in-
ducible proteins, GRP94 and GADD153, which were induced 
by 2DG treatment, were markedly inhibited by inhibitors of 
PTPs (Fig. 1 and 3). OA did not show any effects on the ex-
pression or glycosylation of COX-2 in 2DG-treated cells (Fig. 
1). These results indicated that the reduced expression and gly-
cosylation of COX-2 by 2DG were modulated through protein 
tyrosine phosphorylation rather than protein phosphorylation 
at serine or threonine residues. Consistent with the expression 
and glycosylation of COX-2, the activity of COX-2 in articular 
chondrocytes was recovered by inhibitors, PTPs, SOV, and 
PAO (Fig. 2A).  
　Although some studies have indicated that the effect of SOV 
independently increases the activity of COX-2 through protein 
phosphorylation by rapidly stimulating prostanoid production 
from arachidonic acid (AA) (6), we did not detect significant 
changes of COX-2 expression in SOV treated cells (data not 
shown). To investigate whether COX-2 itself is a substrate for 
protein tyrosine phosphorylation, immunoprecipitation using 
phosphotyrosine antibodies was performed. We did not find a 
COX-2 immunoreactive protein among the anti-phosphotyr-
osine-precipitated chondrocytes proteins (data not shown). 
Our data showed that PTP inhibitors recovered the decrease in 
COX-2 caused by 2DG treatment, while GN had no effect on 
the 2DG-induced reduction in COX-2 expression. However, 
PP2 treatment recovered the expression and glycosylation of 
COX-2. We investigated the effects of PP2 and GN on the lev-
els of phosphotyrosine protein and COX-2. PP2 and GN 
showed different effects on the levels of phosphotyrosine pro-
tein and COX-2.  
　These results suggested that Src specific inhibitor PP2 might 
restore COX-2 expression via inactivation of Src kinase, which 
also inhibits protein tyrosine phosphatase 1B, a major tyrosine 
phosphatase (20). 
　Taken together, these data indicate that protein tyrosine 
phosphorylation acts as an important regulator for restoration 
of COX-2. However, the precise underlying mechanism of the 
effect of GN on COX-2 expression is not well understood, and 
future studies are needed.

MATERIALS AND METHODS

Reagents 
Reagents were purchased from Sigma (St. Louis, MO, USA), 
Calbiochem (La. Jolla, CA, USA) and Biomol (Plymouth 



Tyrosine phosphorylation affects glycosylation of COX-2
Seon-Mi Yu and Song-Ja Kim

321http://bmbreports.org BMB Reports

Meeting, PA, USA). 2DG, SOV, and tunicamycin (TN) were 
obtained from Sigma. OA and PAO were from Calbiochem. 
Genistein (GN) was purchased from Biomol. 

Culture of primary chondrocytes and experimental conditions
Joint cartilage of 2-week-old New Zealand White rabbits were 
dissociated for 6 h in 0.2% collagenase type II (381 units/ml of 
solid, Sigma) in Dulbecco’s modified Eagle’s medium (DMEM; 
Invitrogen, CA, USA). After collecting individual cells by brief 
centrifugation at 230 × g for 10 min and 20oC, the cells were 
suspended in DMEM supplemented with 10% (v/v) bovine calf 
serum (Invitrogen), 50 μg/ml streptomycin (Sigma), and 50 
units/ml penicillin (Sigma). The cells were then plated on cul-
ture dishes at a density of 5 × 104 cells/cm2. After 3 days in 
culture, the medium was replaced with a glucose-free medium 
and cells were treated with the indicated pharmacological 
reagents. 

Western blot analysis
Whole cell lysates were prepared by extracting proteins using 
a buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 
1% Nonidet P-40, and 0.1% SDS supplemented with protease 
inhibitors and phosphatase inhibitors. Proteins were size-frac-
tionated by SDS-PAGE and transferred to a nitrocellulose 
membrane. The nitrocellulose sheet was blocked with 5% 
non-fat dry milk in Tris-buffered saline. The following anti-
bodies were used: anti-COX-2 (Cayman Chemical, Ann Arbor, 
MI, USA), anti-GRP94 (Santa Cruz), anti-GADD153 (Santa 
Cruz), anti-actin (Santa Cruz), anti-phospho-tyrosine (Cell 
Signaling, MA, USA) and anti-pSrc (Cell Signaling). Blots were 
developed using a peroxidase-conjugated secondary antibody 
and a mageQuant LAS 4000 (Amersham Biosciences Corp, 
USA). 

RT-PCR
Total RNA was isolated using TRIZOL (Life Technology Inc, 
Gaithersburg, MD) according to the manufacturer's protocol. 
The following primers and conditions were used for PCR: for 
COX-2 (298-bp product), 5'-TCA GCC ACG CAG CAA ATC 
CT-3' (sense) and 5'-GTG ATC TGG ATG TCACG-3' (antisense) 
with an annealing temperature of 52oC; for GAPDH (299-bp 
product), 5'-TCA CCA TCT TCC AGG AGC GA-3' (sense) and 
5'-CAC AAT GCC GAA GTG GTC GT-3' (antisense) with an an-
nealing temperature of 56◦C. The amplified products were ana-
lyzed on a 1.2% agarose gel and visualized by ethidium bro-
mide staining. 

PGE2 assay
PGE2 production was determined by measuring the levels of 
cellular and secreted PGE2 using a PGE2 linked im-
munosorbent assay kit (Assay Designs, Ann Arbor, MI). 
Chondrocytes were seeded in standard 96-well microtiter 
plates at 1 × 104 cells/well. After treatment with reagents, total 
cell lysates were used to quantify the amount of PGE2 accord-

ing to the manufacturer's protocol. PGE2 levels were calcu-
lated against a standard curve of PGE2.

Immunofluorescence staining 
Cells were fixed in PBS containing 3.5% paraformaldehyde for 
15 min at room temperature and permeabilized with 0.1% 
Triton X-100. The fixed cells were washed three times with 
PBS and incubated for 2 h with antibodies against anti-COX-2 
(Cayman), anti-phospho-tyrosine (Cell Signaling) or an-
ti-GRP94 (Santa Cruz). The cells were washed and incubated 
with secondary antibodies for 1 h and washed with PBS. DAPI 
was added to stain the nuclei, and the cells were observed un-
der a fluorescence microscope.

Data analysis and statistics 
The results are expressed as mean values with standard 
deviation. Values were calculated from a specified number of 
determinations. A one way-ANOVA test was used to compare 
individual treatments with their respective control values. 
Significance was defined at the P ＜ 0.05 level. 
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