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ABSTRACT
Celecoxib (CE) is a nonsteroidal anti-inflammatory drug (NSAID)
that is a specific inhibitor of cyclooxygenase 2 (COX2). It is
indicated for a variety of chronic inflammatory conditions, in-
cluding rheumatoid arthritis. Over the last few years, adverse
cardiovascular effects and increased risk for heart attacks have
been associated with this drug. In addition, evidence is emerg-
ing for COX2-independent molecular targets. CE has been
shown to induce apoptosis in various cancer cells lines through
a COX2-independent mechanism that seems to involve inacti-
vation of protein kinase Akt and inhibition of endoplasmic re-
ticulum (ER) Ca2� ATPase. In this study, we show that both CE
and an analog devoid of COX2 inhibitory activity [1-(4-sulfamoyl
phenyl)-3-trifluoromethyl-5-(4-trifluoromethylphenyl)pyrazole,
CEA] inhibit the secretion of the dimeric interleukin-12 (IL-12)
�� and �2 forms with identical IC50 values of 20 and 30 �M,

respectively, whereas no such effect was seen with rofecoxib.
Reverse transcription-polymerase chain reaction analysis
showed that this inhibition was not due to a blockage of tran-
scription of the �- and �-chain expression cassettes. Secretion
of the � monomer form was less strongly inhibited, suggestive
for a mechanism primarily targeting dimer assembly in the ER.
Analysis of intracellular fractions revealed that both CE and
CEA increased the association of IL-12 with calreticulin, an
endoplasmic reticulum-resident chaperone involved in the re-
tention of misfolded cargo proteins while blocking interaction
with ERp44. Our findings reveal a previously undescribed effect
of celecoxib on oligomer protein folding and assembly in the
endoplasmic reticulum and ensuing secretion and suggest that
celecoxib-driven alteration of the secretome may be involved in
some of its clinical side effects.

Interleukin-12 (IL-12) is a proinflammatory cytokine in-
volved in the initiation and control of cell-mediated immu-
nity. The cytokine displays a heterodimeric structure com-
posed of two disulfide-linked subunits [i.e., a p35 (�-chain)
and a p40 (�-chain) subunit] (Brombacher et al., 2003). p40
can also form disulfide-linked homodimers, named �2 or p80.
�2 Homodimers were originally described as antagonists of
IL-12. However, more recent studies have ascribed chemo-
tactic properties to the �2 homodimer (Ha et al., 1999). �2

Homodimers were also found to play a disease-promoting role
in airway inflammation (Walter et al., 2001).

There is ample evidence of a crucial role for IL-12 in the
pathogenesis of TH1-mediated autoimmune diseases, includ-
ing multiple sclerosis, rheumatoid arthritis, and inflamma-
tory bowel disease (Trembleau et al., 1995). Thus, pharma-
cological control of IL-12 production is a possible strategy in
the development of future treatments for such diseases (Van-
denbroeck et al., 2004).

Nonsteroidal anti-inflammatory drugs (NSAIDs) are indi-
cated for the treatment of a variety of chronic inflammatory
diseases and act by inhibiting prostaglandin H synthase (also
known as cyclooxygenase, COX). There are two forms of this
enzyme, COX1 and COX2. COX1 is expressed constitutively
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in most tissues, whereas COX2 is inducible and localized at
the site of inflammation and up-regulated in cancer (Vane et
al., 1994; Subbaramaiah et al., 1996). Inhibition of COX1 by
nonspecific NSAIDs can cause gastric injury. To avoid this
side effect, selective COX2 inhibitors have been developed
(i.e., celecoxib, rofecoxib, and valdecoxib) for the treatment of
inflammatory diseases (DeWitt, 1999). Recent studies have
demonstrated the utility of COX2 inhibitors as chemopreven-
tive anticancer agents as well (Sheng et al., 1997; Prescott
and Fitzpatrick, 2000).

Although celecoxib (CE) was originally designed as a COX2
inhibitor, there is increasing evidence that this compound
also can exert COX2-independent effects (Tegeder et al.,
2001). The anticancer activity of CE has been associated with
its ability to induce apoptosis in cancer cells. CE has been
shown to provoke a cell-cycle arrest and a decrease of cell
survival in colon cancer cell lines, whether or not they pro-
duce COX2 (Grosch et al., 2001). These authors also showed
that this effect is associated with a decrease in the production
of cyclins and an increase in the expression of the cell cycle
inhibitory proteins p21Waf1 and p27Kip1 with an EC50 value
between 50 and 100 �M.

CE was found also to inhibit the protein kinase B/Akt
pathway in prostate cancer cells (Hsu et al., 2000; Kulp et al.,
2004). Patel et al. (2005) showed that CE, but not rofecoxib,
inhibits cell growth in human prostate cell lines that do not
produce COX2. Kulp et al. (2004) used CE and a COX2
inactive analog to study their effect on prostate cancer cells.
They found that the mechanism by which these drugs exert
their anticancer effects is through the 3-phosphoinositide-
dependent protein kinase-1/Akt signaling pathway. It is
known that 3-phosphoinositide-dependent protein kinase-1/
Akt signaling plays a significant role in cancer cell growth
and survival (Vivanco and Sawyers, 2002).

CE induces an increase of intracellular calcium in prostate
cancer cells and osteoblasts that is not observed with other
NSAIDs (Johnson et al., 2002; Wang et al., 2004). This effect
is caused by the inhibition of endoplasmic reticulum (ER)
Ca2� ATPase, and is dose- and time-dependent (Johnson et
al., 2002; Wang et al., 2004). CE is also capable of inhibiting
adenyl cyclase. This inhibition is COX2-independent and
causes platelet aggregation because of a decrease of cAMP
(Saini et al., 2003). All together, these facts show the com-
plexity and diversity of COX2-independent actions of CE.

In the present study, we characterized a novel mechanism
by which celecoxib (4-[5-(4-methylphenyl)-3-(trifluoro-
methyl)-1H-pyrazol-1-yl] benzenesulfonamide) (CE) and the
COX2-inactive analog 1-(4-sulfamoyl phenyl)-3-trifluoro-
methyl-5-(4-trifluoromethylphenyl)pyrazole (CEA) block the
secretion of the dimeric forms of interleukin-12. Our data
reveal a post-transcriptional effect on IL-12 folding in the ER
that is possibly Ca2�-dependent and involves the ER-resi-
dent chaperones calreticulin and ERp44.

Materials and Methods
Chemical Synthesis of CEA. The COX2-inactive analog CEA

was synthesized by Onyx Scientific (Sunderland, UK). The procedure
used to synthesize CEA was similar to that reported by Penning et
al. (1997).

Cell Culture Conditions and Inhibitors. 3H10-HEK EcR-293
cells (Invitrogen, Paisley, UK) were cultivated in Dulbecco’s modified

Eagle’s medium (Invitrogen) supplemented with 10% of fetal bovine
serum, 2 mM L-glutamine, 400 �g/ml zeocin, and 600 �g/ml G418.
Cells were maintained in a CO2 incubator at 37°C (5% CO2). Cells
were treated with various concentrations (see Results) of CE (Hefei
Scenery Chemicals, Anhui, China) or celecoxib analog (CEA; Arakis,
Saffron Walden, UK) 2 h before induction with ponasterone A (In-
vitrogen). Rofecoxib was obtained from Hefei Scenery Chemicals,
and the other NSAIDs were from Sigma-Aldrich (Poole, Dorset, UK).

Transient Transfection of 3H10-HEK Cells with �-Chain
Construct. Development of the �-chain-producing cell line (3H10-
HEK) has been described before (Alloza et al., 2004). This cell line
produces a mixture of both �2 homodimers and � monomers (Alloza
et al., 2004) and can be converted into a cell line producing IL-12 ��

heterodimers by transient transfection with the vector pIND(SP1)-
p35 that contains a cDNA coding for the �-chain. To this purpose,
3H10-HEK cells were plated the day before transfection at a conflu-
ence of 105 cells/well. Vector DNA (1 �g) containing the �-chain
coding sequence [pIND(SP1)-p35] was used to transform 3H10-HEK
cells using 3 �l of reagent FuGENE-6 (Roche Diagnostics, Basel,
Switzerland). Cells were allowed to recover during 24 h before in-
duction with ponasterone A. Both the �- and �-chains are produced
and secreted into culture medium as C-terminally hexahistidine-
tagged proteins that can be purified on Ni2�-nickel-nitrilo-triacetic
acid (NTA) agarose (Alloza et al., 2004).

Cytotoxicity Tests. A culture of 105 cells/well was prepared in
96-well plates the day before the experiment. Cells were treated with
a concentration series of drugs (0.01–400 �M CE or CEA; 1–100 �M
ibuprofen, indomethacin, or rofecoxib; or 1–50 �M naproxen) and
subsequently induced with ponasterone A. After 24 h of induction, 10
�g/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolim bromide
(MTT) reagent was added to the cells. After 2 h of incubation, the
formed formazan crystals were dissolved in 200 �l of dimethyl sul-
foxide. The obtained solution was measured in a spectrophotometer
at 550 nm. As a positive control, untreated cells were used.

Purification of Hexahistidine-Tagged �2 and �� Forms.
3H10-HEK cells and transfected 3H10-HEK cells were treated with
CE or CEA for 24 h. Purification of intracellular IL-12 folding com-
plexes was performed using Ni2�-NTA affinity chromatography
(QIAGEN, West Sussex, UK), as described before (Alloza et al.,
2004). Cultured medium was collected and mixed with a equal
amount of 2� binding buffer [100 mM NaH2PO4, 600 mM NaCl, 40
mM imidazole, 2% of generic protease inhibitors, 20 mM N-ethylma-
leimide (NEM), pH 8] together with 60 �l of prewashed Ni2�-NTA
agarose. NEM was added to block oxidative formation of disulfide
bonds by alkylation of free sulfhydryl groups. 3H10-HEK cells were
lysed in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM
imidazole, 0.5% Triton X-100, 1% of protease inhibitors, and 10 mM
NEM, pH 8) on ice for 30 min. After 15 min of centrifugation at
15,000 rpm, the supernatants were mixed with 10 �l of prewashed
Ni2�-NTA agarose. Both cultured medium and supernatant solu-
tions were incubated for 1 h at 4°C on a rotating wheel. Agarose
beads were washed with 1� binding buffer, pH 6.3, three times
followed by elution in 10 �l of 50 mM EDTA.

Purification of IL-12-ERp44 Folding Complexes. 3H10-HEK
cells were transfected with 1 �g of vector DNA containing the influ-
enza A hemagglutinin (HA)-tagged ERp44 wild type (wt), the HA-
tagged ERp44 C29S (mutant lacking the C29 cysteine) or the HA-
tagged ERp44 �RDEL (mutant lacking the RDEL motif) (Anelli et
al., 2002, 2003). Subsequently, cells were induced with ponasterone
A and treated with CE and CEA. After 24 h, cells were washed with
phosphate-buffered saline and lysed in lysis buffer followed by
affinity-purification of IL-12-ERp44 complexes on Ni2�-NTA aga-
rose, as described above.

Cross-Linking and Purification of IL-12-Calreticulin Fold-
ing Complexes. 3H10-HEK cells were treated with CEA followed by
induction with ponasterone A. After 16 h, cells were washed five
times with phosphate-buffered saline. Cells were cross-linked with
10 �g/ml dithiobis(succinimidylpropionate) (DSP) (Pierce, Cheshire,
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UK) or were left un-cross-linked during 30 min at room temperature.
DSP was added to stabilize any noncovalent interactions between
IL-12 and calreticulin (CRT) against solubilization by detergents
used for cell lysis. Reactions were quenched by adding 100 mM
Tris-HCl, pH 8.0, and incubated for 15 min at room temperature.
Then cells were lysed for 30 min on ice using lysis buffer followed by
centrifugation for 15 min at 14,000 rpm. Prewashed Ni2�-NTA aga-
rose (20 �l) was added to cell lysates and incubated at 4°C for 1 h.
Agarose beads were washed six times with 1� binding buffer, pH 6.3.
Proteins were eluted in 50 mM EDTA in 1� binding buffer, pH 8.0.
Eluates were subjected to 4 to 20% reducing SDS-PAGE.

Western Blot and Immunodetection. Cultured medium, cell
lysates, and affinity-purified eluted fractions were separated on re-
ducing or nonreducing 4 to 20% Tris-glycine gels using the Novex
System (Novex, Nuernberg, Germany). To ensure equal loading,
protein concentrations were determined by the bicinchoninic acid
(Pierce, Rockford, IL) assay before SDS-PAGE, and equal amounts
were loaded. After electroblot, membranes were probed with primary
antibodies (mouse �-p35 antibody, G161-566 and mouse �-p40 anti-
body, C8.6) obtained both from BD Biosciences (Erembodegem-Aalst,
Belgium). For detection of ERp44 wild type and mutants, we used
the mouse monoclonal HA-antibody (12CA5) from Roche (East Sus-
sex, UK). CRT was detected with the rabbit polyclonal antibody
SPA-600 (Stressgen, Victoria, BC, Canada). For detection of albumin
secreted from HepG2 cells (cultured in minimal essential medium),
the antibody ab19183 was used. Cells were washed four times and
grown in fetal bovine serum-free medium for the last 6 h of the 24-h
treatment period. The secondary antibodies used were goat anti-
mouse or anti-rabbit horseradish peroxidase conjugate antibody ob-
tained from Jackson ImmunoResearch Laboratories (West Grove,
PA). Protein bands were detected using the ECL or ECL Plus chemi-
luminescence detection reagent (Amersham Biosciences, Bucks,
UK), and the blots were exposed with an autoradiography film
(Kodak, Herts, UK).

Primers and Probes. Real-time quantitative polymerase chain
reaction (QuantiProbes) primers and probes for IL-12 �-chain and
�-chain were purchased from QIAGEN (West Sussex, UK) as func-
tionally validated gene expression assays. A FAM-labeled �-chain
probe (241047) and a FAM-labeled �-chain probe (241049) were
used. GADPH primers and probe were obtained as predeveloped
TaqMan assay reagents from Applied Biosystems (4333764) (War-
rington, UK) and were also FAM-labeled.

Quantification of �-Chain and �-Chain mRNAs by Real-
Time RT-PCR. Cultures of 106 3H10-HEK cells were grown in the
presence of increasing concentrations of CE or CEA. Two hours later,
cells were induced with ponasterone A and incubated for a further
22 h. Total RNA was extracted using the Absolutely RNA RT-PCR
Miniprep kit (Stratagene, CA). mRNA levels of �- and �-chain were
quantified using the RT-PCR Quantitect Gene Expression Assay kit
(QIAGEN) on a DNA Engine Opticon 2 (MJ Research, South San
Francisco, CA). Real-time RT-PCR was performed by following the
supplier’s protocol (QIAGEN): 30 min at 50°C, 15 min at 95°C, 45
cycles of 15 s at 94°C, 30 s at 56°C, and 30 s at 76°C. Assay conditions
were as follows: 12.5 �l of 2� QuantiTect Probe RT-PCR Master Mix,
2.5 �l of 10� Quantiprobe and primer Mix Solution, 0.25 �l of
QuantiTect RT Mix, and 10 to 200 ng of RNA. All of the reactions
were replicated in separate tubes for detection of �-chain, �-chain,
and GADPH, and the mean values of expression were calculated as
below. Control reactions without template were performed to detect
nonspecific amplification due to contamination.

Coloading Cells with Ca2� Indicators (Fluo-3 AM and Fura-
Red AM). 3H10-HEK cells (10 � 106 cells) were treated with 50 �M
CE, CEA, or rofecoxib, as indicated above, washed twice with 1�
Hanks’ balanced salt solution (HBSS) and resuspended in 1 ml of
HBSS. Fluo-3 AM (5 �l/ml) and 10 �l/ml Fura-Red AM (both from
Invitrogen) were added. Cells were then incubated for 30 min at
37°C. During incubation, the cells were shaken a couple of times. To
allow complete de-esterification of intracellular AM esters, cells were

diluted 1:5 by adding 4 ml of HBSS plus 1% fetal calf serum and
incubated for a further 30 min at room temperature. 3H10-HEK cells
were then washed three times with HBSS plus 1% fetal calf serum
and resuspended in 7 ml of HEPES-buffered saline (137 mM NaCl, 5
mM KCl, 1 mM Na2HPO4, 5 mM glucose, 1 mM CaCl2, 0.5 mM
MgCl2, 1g/l bovine serum albumin, and 10 mM HEPES, pH 7.4).
Cells were maintained in darkness until acquisition.

Flow Cytometry. Analyses were performed at room temperature
on a Cyan flow cytometer (DakoCytomation, Carpinteria, CA). Cells
were assayed at rates of 800 cells/s. Summit version 3.3 software was
used to collect and plot data. Gating was performed using character-
istic forward versus orthogonal light scatter (FSC versus SSC). The
fluorescein isothiocyanate filter set was used to detect Fluo-3 signals
and the PE-Cy5 filter set was used to detect Fura-Red signals. Both
indicators were excited at 488 nm with Fluo-3 emission detected at
515 to 535 nm and Fura-Red emission detected at 665 to 685 nm.
Results in the figures were shown as histograms of the fluorescence
ratio (Fluo-3/Fura-Red) versus time. The complete run was divided
into 450 s. Standard controls included stimulation with the Ca2�

ionophore ionomycin (1 �g/ml).
Statistical Analysis. Statistical tests were performed using the

statistical R package (http://www.r-project.org/). Test for significant
differences between groups was done using analysis of variance and
the nonparametric Kruskal-Wallis test. The results from the
Kruskal-Wallis test are presented throughout the manuscript be-
cause of the relatively few data points (Zar, 1999). Use of analysis of
variance tests gave similar results. Multiple comparison tests were
performed in the cases in which the Kruskal-Wallis test gave signif-
icant differences between groups. The Bonferroni correction was
used to adjust for multiple testing. P � 0.05 denoted significance in
all cases.

Results
CE and CEA Block Secretion of �� and �2 Forms of

IL-12. We investigated the effect of both CE and an analog
devoid of COX2 inhibitory activity (CEA) (Penning et al.,
1997) on the production of IL-12 (Fig. 1). 3H10-HEK recom-
binant cells (Alloza et al., 2004) were grown and induced for
24 h with ponasterone A to produce � monomers and �2

dimers or, alternatively, were first transiently transfected
with an �-chain expression vector followed by induction to
produce IL-12 �� heterodimers. Cells were exposed for 24 h
to an increasing concentration series of CE or CEA (0–100
�M). Figure 2, A and B, shows that CE blocks the secretion of

Fig. 1. Chemical structures of CE (4-[5-(4-methylphenyl)-3-(trifluoro-
methyl)-1H-pyrazol-1-yl] benzenesulfonamide) and CEA [1-(4-sulfamoyl-
phenyl)-3-trifluoromethyl-5-(4-trifluoromethylphenyl)pyrazole]. The IC50
data for inhibition of COX1 and -2 are from Penning et al. (1997). The
IC50 values for the IL-12 �� and �2 forms were determined in this study
by measuring the effect of CE and CEA on secretion of these cytokines.
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�2 and �� forms, with IC50 values of approximately 30 and 20
�M, respectively. Virtually identical inhibitory curves were
seen with CEA (shown for �2 in Fig. 2, C and E). CEA did not
inhibit secretion of the housekeeping protein albumin (Fig.
2D), and neither did CE (data not shown). Further confirma-
tion that these effects were not due to COX2 inhibition came
from an analysis of additional NSAIDs. Rofecoxib is a stron-
ger COX2 inhibitor than CE with an IC50 value of 0.018
versus 0.04 �M (Waskewich et al., 2002), but when tested
over a concentration range of 0 to 100 �M did not show any
effect on IL-12 secretion (shown for �2 in Figs. 2E and 3).
Statistical analysis by means of the Kruskal-Wallis test con-
firmed the absence of a dose-response effect for rofecoxib on
�2 secretion, whereas significant dose-response effects were
seen for the effects of CE and CEA on secretion of � and �2

(P � 0.0064 for all cases). The pairwise t test on the CEA-�
data adjusted by Bonferroni correction showed that the dif-
ference between the control and CEA was statistically signif-
icant when CEA was used at a concentration of 100 �M. The
critical minimal concentrations at which significant differ-
ences were appearing for the data for CE-�, CE-�2, and
CEA-�2 were �90, 30, and 30 �M, respectively.

Of the other NSAIDs we tested, neither ibuprofen nor
indomethacin seemed to inhibit IL-12 secretion (Fig. 3). In-
hibition of IL-12 secretion was observed for naproxen. How-
ever, because naproxen seemed to be pronouncedly cytotoxic
when applied at concentrations �5 �M tested (Fig. 3), the
decreased secretion of IL-12 is probably due to cell death and
not to specific interference with the cellular IL-12 production
pathway.

Finally, to ensure that the CE-/CEA-induced inhibition
was not due to cytotoxic effects coinciding with decreased cell
viability and ensuing hampered IL-12 secretion, we per-
formed MTT tests on 3H10-HEK cells (Fig. 4). The EC50

cytotoxicity values of CE and CEA were found to amount to
180 and 220 �M, respectively, thus ruling out generic cyto-
toxicity as a mechanistic cause for decreased IL-12 secretion.

Effect of CE and CEA on Transcription of the �- and
�-Chains. We used quantitative real-time RT-PCR to deter-
mine the effect of CE and CEA on transcription of �- and
�-chain genes. 3H10-HEK cells were cultured in the presence
of increasing concentrations of CE or CEA for 2 h, followed by
induction with ponasterone A. Twenty-two hours later, cells
were collected, and total RNA was extracted and quantified.
Subsequently, real-time RT-PCR was performed, and mRNA
levels of the �-chain, �-chain, and housekeeping gene
(GADPH) were analyzed. Figure 5 shows that transcription
of the �-chain was decreased with �20% when cells were
treated with 50 �M CE or CEA and that of the �-chain with
25 to 40% at an identical concentration of CE or CEA, result-
ing in IC50 values of �50 �M. The Kruskal-Wallis test was
used to test for significant dose-response effects in the RT-
PCR experiments (Fig. 5). The calculated P values for the
�-chain were 0.35 (CE) and 0.12 (CEA), and those for the
�-chain were 0.06 (CE) and 0.16 (CEA). Thus, the virtually
complete inhibition of secretion into the culture medium of
�� and �2 at 50 �M CE or CEA (Fig. 2) cannot be explained
by the assumption of a causative effect operating at the level
of transcription.

CE and CEA Modulate Ca2� Homeostasis in 3H10-
HEK Cells. The IL-12 IC50 value of CE observed in this
study coincides roughly with that of the COX2-independent
effect of CE on the ER Ca2� ATPase (35 �M) reported by

Fig. 2. Effect of CE and CEA on the secretion of the IL-12 forms from
3H10-HEK cells. A, 3H10-HEK cells were treated with CE for 24 h.
Hexa-histidine-tagged �-chains were purified from the culture medium
and subjected to a nonreducing 4 to 20% SDS-PAGE followed by immu-
nodetection. B, immunodetection of the �� form in the growth medium of
3H10-HEK cells transfected with the �-chain and treated with CE. C,
3H10-HEK cells were treated with CEA, and the �-chain was immuno-
detected as described in A. D, effect of CEA on the secretion of the
housekeeping protein albumin after treatment of cells for 24 h and
immunoblot. E, diagram plotting the levels of �, �2 secretion after 24 h
treatment with CE, CEA, or rofecoxib. Intensities of � and �2 from
immunoblots were quantified by densitometric scanning. Values are ex-
pressed as means � S.D. for five experiments. �, P � 0.05 for comparison
with induced, nontreated control (pairwise t test adjusted with Bonfer-
roni correction).

Fig. 3. Effect of NSAIDs on cell viability (top diagram) and �2 homodimer
secretion (bottom diagram). 3H10 cells were treated for 24 h with CE,
rofecoxib (ROF), ibuprofen (IBU), indomethacin (IND), or naproxen
(NAP). Nontreated induced cells were used as positive control (I) and
CE-treated cells as negative control for �2 secretion. Hexa-histidine-
tagged �-chains were purified from the medium on Ni2�-NTA agarose
and eluates were submitted to nonreducing 4 to 20% SDS-PAGE and
detected by immunoblot using the anti-�-chain antibody C8.6. Cytotox-
icity of NSAIDs was measured after 24 h of treatment by means of the
MTT assay. All bars represent the mean values over five experiments �
S.D.
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Johnson et al. (2002). We verified whether CE and CEA
affected the intracellular Ca2� levels in the cell line used in
our experiments (i.e., 3H10-HEK cells). An increase of
[Ca2�]i was found to occur in cells treated with 50 �M CE or
CEA, which was probably due to the depletion of intracellu-
lar calcium stores (Fig. 6A; Johnson et al., 2002). Rofecoxib
used at a concentration of 50 �M did not exert any effect on
calcium influx (Fig. 6A). Thus, hypothesizing that inhibition
of IL-12 secretion by CE or CEA is related to the perturbation
of Ca2� in the ER, we treated the 3H10-HEK cells with the
known ER Ca2� ATPase inhibitor thapsigargin (TG) for 24 h.
Indeed, thapsigargin completely blocked �2 (Fig. 6B) and ��
(data not shown) secretion at any of the concentrations
tested, whereas similar to CE and CEA, it was less effective
at inhibiting � monomer secretion. Likewise, thapsigargin
did not inhibit transcription of the �- and �-chains at con-
centrations of 100 nM (data not shown).

CEA Provokes Intracellular Retention and In-
creases Interaction of the �2 Form of IL-12 with Calre-
ticulin. The results presented above suggest a possible re-
lationship between CE-/CEA-mediated Ca2� perturbation

and inhibition of IL-12 secretion. Secretory proteins normally
have to be correctly folded in the ER before being authorized
to exit the ER. The effect of Ca2� on ER protein folding is well
documented (Corbett and Michalak, 2000). In further exper-
iments, we focused on the effect of CE and CEA on the IL-12
folding pathway. We have identified previously glucose reg-
ulated protein-94, CRT, and protein disulfide isomerase as
chaperones associating with the �-chain of IL-12 during tran-
sit in the ER (Alloza et al., 2004; Alloza and Vandenbroeck,
2005).

3H10-HEK cells were treated with CEA and were induced
to produce IL-12 � and �2 with ponasterone A (Fig. 7A). After
16 h, cell media were collected, and cell lysates were pre-
pared after cross-linking (or not) with DSP. IL-12 folding
complexes were purified on an Ni2�-NTA affinity chromatog-

Fig. 4. Cytotoxicity of CE and CEA in 3H10-HEK cells. 3H10-HEK cells
were seeded in 96-well plates and were treated with the concentrations of
CE and CEA indicated during 24 h. After 2 h of incubation with MTT
reagent, cells were dissolved in dimethyl sulfoxide. Optical density was
measured in a spectrophotometer at 550 nm. The data represented are
mean values � S.D. from three experiments.

Fig. 5. Relative quantification of �- (A) and �-chain (B) mRNA expression
by real-time RT-PCR from 3H10-HEK cells treated with CE or CEA.
After induction with ponasterone A, total RNA was extracted, and real-
time RT-PCR was performed using the RT-PCR Quantitect Gene Expres-
sion Assay kit as explained under Materials and Methods. The mRNA
levels of each gene were determined relative to GADPH housekeeper gene
transcription. Values represent the percentages of picograms p35 or p40
per microgram of total RNA relative to induced, nontreated cells. The
data represent the means � S.D. from four experiments.

Fig. 6. A, Fluo-3/Fura-Red fluorescence ratio analysis of the effect of 50
�M CE, 50 �M CEA, and 50 �M ROF on Ca2� influx in 3H10-HEK cells.
The fluorescence ratio versus time was analyzed by flow cytometry. B,
3H10-HEK cells were treated with increasing concentrations of TG fol-
lowed by induction with ponasterone A during 24 h. The � and �2 forms
were purified from the culture medium by means of Ni2�-NTA chroma-
tography, subjected to nonreducing 4 to 15% SDS-PAGE, and blotted.
Detection was performed with the anti-�-chain antibody C8.6.
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raphy, and eluates were submitted to SDS-PAGE. Figure 7A
shows that, as expected, 50 �M CEA completely represses
secretion of �2. Analysis of intracellular fractions in Fig. 7B
shows that in the presence of 50 �M CEA, both the � and the
�2 forms are present intracellularly. Thus, the lack of secre-
tion of �2 at this concentration of CEA does not seem to result
from an impediment in the �-chain dimerization reaction but
rather from intracellular retention of the dimer form. In the
presence of CEA, the �-chain of IL-12 showed a strongly
increased interaction with the Ca2�-dependent chaperone
CRT (Fig. 7, C and D), and under these conditions, approxi-

mately five times more calreticulin was coimmunoprecipi-
tated with the His-tagged �-chain than in induced, untreated
cells. The Kruskal-Wallis test was used to test for significant
differences in relative amounts of cocaptured CRT with
�-chain compared with control (Fig. 7). This revealed a sig-
nificant difference between the treatment groups and was
therefore followed by pairwise t tests adjusted by the Bonfer-
roni correction. The result showed no significant difference
for all pairwise comparisons between 25 �M CEA (�DSP), 50
�M CEA (�DSP), and 50 �M CEA (�DSP) (P � 0.35). Pair-
wise comparison between uninduced and induced control
cells was also not significant (P 	 0.93). However, all pair-
wise comparisons between any of 25 �M CEA (�DSP), 50 �M
CEA (�DSP), or 50 �M (�DSP) on the one hand and induced
or uninduced controls on the other hand showed significant
differences (P � 0.03). The interaction between CRT and
IL-12 was seen both in the presence or absence of the homo-
bifunctional cross-linker DSP (Fig. 7C, compare lanes 6
and 8).

CEA Inhibits Interaction Between IL-12 and ERp44.
ERp44 is a recently identified chaperone that is crucial in
thiol-mediated retention of oxidative folding and assembly
intermediates of oligomeric proteins (Anelli et al., 2003). To
investigate a putative role of this chaperone in inhibition of
IL-12 secretion by CEA, 3H10-HEK cells were transfected
with HA-ERp44 wt, HA-ERp44 C29S, or HA-ERp44 �RDEL
(Anelli et al., 2002). HA-ERp44 copurified with IL-12 on an
Ni2�-NTA affinity chromatography was detected in immuno-
blot with anti-HA monoclonal antibody. In untreated cells,
IL-12 interacted with wild-type ERp44 (Fig. 8A). This inter-
action was decreased in cells transfected with the ERp44
C29S and �RDEL mutants. This is in accordance with the
notion of cysteine 29 of ERp44 being involved in complex
formation with IL-12, as shown previously for other cargo
proteins (Anelli et al., 2003). ERp44 lacking the ER retention
motif RDEL is secreted and was therefore, as expected, less

Fig. 7. A, CEA inhibits secretion of the �2 homodimer. 3H10-HEK cells
were induced with ponasterone A (lanes 1 and 3–5) or not (lane 2) and
treated with the concentrations of CEA indicated. Culture medium was
collected after 16 h of induction and submitted to nonreducing 4 to 20%
SDS-PAGE and anti-�-chain C8.6 immunoblot. B, CEA does not inhibit
intracellular formation of the IL-12 �2 form. Intracellular �-chain was
purified from these cells by means of Ni2�-NTA agarose in the presence
of NEM to alkylate free sulfhydryl groups. Before cell lysis, cells were
incubated with the cross-linker DSP or not (as indicated). Flow-through
(lanes 1, 3, 5, 7, and 9) and eluted (lanes 2, 4, 6, 8, and 10) fractions were
mixed with equal volumes of 2� nonreducing loading solution and sub-
mitted to 10% nonreducing SDS-PAGE. Western blot detection was car-
ried out using anti-�-chain antibody C8.6. C, CEA increases the interac-
tion between CRT and the �-chain. Fractions of the cell lysates before
purification (lanes 1, 3, 5, 7, and 9) and of the Ni2�-NTA-eluted fractions
(lanes 2, 4, 6, 8, and 10) were mixed with 2� reducing SDS-PAGE loading
solution, boiled at 95°C for 5 min, and submitted to 10% reducing SDS-
PAGE. Western blot detection was carried out using anticalreticulin
antibody (SPA-600). D, intensities of CRT bands were quantified by
densitometric scanning from the immunoblots. U, uninduced control
cells; I, induced nontreated control cells; ASU, arbitrary scanning units.
�, P � 0.03 for comparison with I or U (pairwise t test adjusted with
Bonferroni correction).

Fig. 8. A, association of ERp44 with IL-12. 3H10-HEK cells were trans-
fected with HA-tagged ERp44 (wt, C29S, or �RDEL). After 24 h, cells
were induced with ponasterone A and incubated for a further 24 h. Cells
were washed and lysed followed by immunoprecipitation on a Ni2�-NTA
affinity chromatography columns as indicated under Materials and Meth-
ods. Copurified HA-tagged ERp44 was detected using the mouse mono-
clonal HA-antibody (12CA5). Lane 1, untransfected 3H10-HEK cells; lane
2, 3H10-HEK cells transfected with HA-tagged ERp44 wt; lane 3, 3H10-
HEK cells transfected with HA-tagged ERp44 C29S; and lane 4, 3H10-
HEK cells transfected with HA-tagged ERp44 �RDEL. B, CE and CEA
decrease the interaction between IL-12 and ERp44. 3H10-HEK cells were
transfected or not with HA-tagged ERp44 wt. 3H10-HEK cells were
induced for 24 h with ponasterone A, treated (lanes 2, 3, 5, and 6) or not
(lanes 1 and 4) with CE or CEA, followed by immunoprecipitation and
detection as described in A.
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efficiently recruited to the IL-12 folding complex. When cells
were treated with 50 �M CE or CEA, the wild-type ERp44
was found not to interact with IL-12 (Fig. 8B). Thus, both the
increased interaction of IL-12 with the “quality control” chap-
erone CRT and the decreased interaction with Erp44 indicate
that altered chaperone usage and folding of IL-12 in the ER
may constitute a plausible mechanism underlying the inhib-
itory effects of CE or CEA on IL-12 secretion.

Kinetics of �, �, ��, and �2 Secretion. In the 3H10
HEK cells used in this study the �- and �-chains are tran-
scribed from identical ponasterone A-inducible promoters
[pIND(SP1)]. Furthermore, we designed the expression cas-
settes to ensure that 1) translation of both chains is initiated
from identical Kozak sequences (Alloza et al., 2004) and 2)
the authentic 3
-untranslated regions and polyadenylation
sites of the �- and �-chains were replaced with those of
bovine growth hormone. This guaranteed that kinetics of
transcription and translation would be similar for both the �-
and �-chains. Any differences in the time it takes for mono-
meric and dimeric IL-12 chains to appear in the medium
after induction should therefore be correlated to the time
needed to complete intracellular transit and, hence, to differ-
ences in post-translational stages of protein processing, chap-
erone interaction, and folding. Figure 9 shows that immuno-
detectable �-monomer appeared in the medium with a t1/2 of
�2 h, whereas �2 was secreted with a t1/2 of �7 h. The
relative kinetics for secretion were � �� �� � �2. The much
slower kinetics of �2 compared with � secretion invokes com-
plex reactions involving � homodimer assembly and, taken
together with the above data on chaperone usage, suggests
that the � monomer is less sensitive to the inhibitory effect of
CE/CEA on secretion as a result of its folding occurring
(largely) spontaneously (i.e., probably independent from the
action of Ca2�-dependent chaperones and accessory factors).

Discussion
In this study, we have shown that both celecoxib and an

analog devoid of COX2-inhibitory activity potently block the
secretion of the �� and �2 dimeric forms of IL-12 and, when
applied at higher concentration, that of the � monomer (Fig.
2, A and B). Further experiments showed that that these
effects were not due to the inhibition of transcription of the �-
or �-chain (Fig. 5). Evidence that the mechanism used by CE
to interfere with folding and secretion of IL-12 is independent

from COX2 inhibition arises from the following facts. First,
other NSAIDs, including ibuprofen, indomethacin, and the
selective COX2 inhibitor rofecoxib, were found not to have
any effect on secretion of IL-12 (Fig. 3; naproxen seemed to be
cytotoxic in our assay). Indeed, it has been described previ-
ously that celecoxib can display COX2-independent modes of
action that are not seen with other COX2 inhibitors (i.e.,
rofecoxib) (Fig. 10). Patel et al. (2005), for instance, have
shown that whereas CE provokes inhibition of cell growth in
prostate cancer, rofecoxib has no such effect. Second, CEA, an
analog of CE lacking the COX2 inhibition, shows effects
identical with those of CE on folding/secretion of IL-12. Oth-
ers have also used inactive COX2 derivatives of CE to prove
a COX2-independent mechanism of CE (Kulp et al., 2004).
Third, the IC50 value at which we observe inhibition of IL-12
coincides roughly with the IC50 values reported in the liter-
ature for most COX2-independent mechanisms of CE (Fig.
10; Tegeder et al., 2001).

Previous studies have reported that at low concentrations,
CE increases IL-12 transcription in a COX2-dependent man-
ner (Stolina et al., 2000; Vandenbroeck et al., 2004). This is
not in discrepancy with our findings in view of the fact that
the concentrations used by Stolina et al. (2000) did not reach
the IC50 values reported for any of the COX2-independent

Fig. 9. Kinetics of secretion of �, ��, and �2 forms of IL-12 from 3H10-
HEK cells (� and �2) and 3H10-HEK cells transiently transfected with
pIND(SP1)-p35 (��). Secreted IL-12 forms were quantified by densito-
metric scanning from immunoblots. The data represent the means � S.D.
from three experiments. ASU, arbitrary scanning units.

Fig. 10. Important celecoxib effects. ❶, the components represented are
involved in cell survival signaling pathways, and they also inhibit
caspase-9-induced apoptosis (see broken lines). Celecoxib has been shown
to cause apoptosis by negatively regulating protein kinase B Akt/extra-
cellular signal-regulated kinase-2/mitogen activated protein kinase path-
ways (PKB Akt/ERK2/MAP). ❷, the cytochrome c released from the
mitochondria activates caspase 9, which in turn induces apoptosis. Cele-
coxib is known to induce this activation. ❸, sarco(endo)plasmic reticulum
Ca2� ATPase (SERCA) or ER-Ca2� ATPase are involved in the uptake of
calcium into the ER. It has been demonstrated that celecoxib inhibits this
uptake. ❹, COX2 is involved in the conversion of arachidonic acid into
prostaglandins. Celecoxib was originally described as a COX2 inhibitor.
❺, nuclear factor �� (NF-��) plays a role in Fas-mediated apoptosis.
Celecoxib is known to positively regulate this pathway.
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mechanisms, including the effect on folding/secretion of IL-12
reported in this article. Thus, at a micromolar concentration
range, CE is likely to “over-ride” its transcription-dependent
stimulatory effect on IL-12 production by blocking COX2-
independent transit of the protein in the ER.

We undertook to determine by which mechanism(s) cele-
coxib inhibits the production of �� and �2 forms of IL-12.
Given the lack of effect of CE and CEA on transcription, the
absence of secretion of the �2 and �� forms could theoreti-
cally be due either to an impediment in the assembly of the
dimer forms or to selective intracellular retention of the
dimer, but not monomer, forms. However, whichever mech-
anism applies, it is likely to take place in the secretory
pathways of the ER and/or Golgi apparatus, in which folding
and maturation of secretory proteins occur (Ellgaard et al.,
1999). Of all studies published on non-COX2-related effects
of CE, the article by Johnson et al. (2002) may be of partic-
ular relevance because it provides evidence for a Ca2� per-
turbance in the ER, with an EC50 value similar to that
observed for inhibition of IL-12 in this study (i.e., 50 �M). CE
and CEA were found to modulate intracellular Ca2� levels in
3H10-HEK cells in this study (Fig. 6). The role of Ca2� in
protein folding and chaperone usage in the ER is well docu-
mented (Corbett and Michalak, 2000). Further indications
for a role of Ca2� in IL-12 folding come from the use of TG, a
known ER-Ca2� ATPase inhibitor, which we found to po-
tently block the secretion of dimeric forms of IL-12 and, to a
lesser extent, that of the � monomer (Fig. 6). TG has been
shown as well to inhibit the secretion of other multisubunit
proteins including thyroglobulin (TH). TH is a homodimer
that follows a complex folding procedure (Di Jeso et al.,
2003); depletion of calcium in the endoplasmic reticulum
causes stabilization of interaction of chaperones with TH.
Retention of incompletely or incorrectly folded secretory pro-
teins normally occurs at the level of ER. Such proteins cannot
bypass the ER “quality control” system and are retained in
the ER and/or degraded (Kopito, 1997). In the presence of CE,
calreticulin, a known folding quality control factor in the ER,
is strongly associated with IL-12. In normal conditions, CRT
assists the folding of IL-12 (Alloza et al., 2004). ER Ca2�

depletion may inhibit the release of CRT from IL-12. On the
other hand, IL-12 may fail to dimerize properly because of
the lower activity of some chaperones caused by the depletion
of Ca2� in the ER (Corbett and Michalak, 2000) and is there-
fore intercepted by CRT.

Further evidence for a pronounced effect of CE on IL-12
folding followed from ERp44 cotransfection experiments. The
novel chaperone ERp44 is involved in the oxidative folding
pathway of many oligomeric proteins and operates through
thiol-mediated retention of oxidative folding and assembly
intermediates (Anelli et al., 2002). The cysteine residue at
position 29 in ERp44 is used to form covalent disulfide bonds
with cargo proteins such as Ero1� and immunoglobulins
(Anelli et al., 2003). Given the dependence of correct IL-12
dimerization on establishment of suitable disulfide bonds, it
is reasonable to consider this cytokine as a client protein of
ERp44. ERp44 was found to interact with IL-12 in untreated
cells but was not able to associate with IL-12 when cells had
been treated with CE or CEA, an effect probably related to
IL-12 misfolding induced by CE/CEA (Fig. 9).

The in vitro effects we have reported occur at concentra-
tions well above those needed to inhibit COX2. It will there-

fore be important to address the potential pharmacological
significance in vivo. Davies et al. (2000) have reported a peak
human plasma concentration of celecoxib after oral adminis-
tration of up to 8 �M, whereas others have reported celecoxib
serum concentrations from 20 to 100 �M (Basu et al., 2005).
No literature data are available on tissue or cell concentra-
tions of celecoxib in vivo, making it difficult to correlate in
vitro effects with potential pharmacological effects in vivo.
The in vitro effects on IL-12 folding and secretion reported
here take place at a concentration of celecoxib (IC50 of 20–30
�M) that seems to be achievable in human plasma upon oral
administration and that therefore may directly affect the
mobile plasma cells (i.e., macrophages and dendritic cells),
which constitute the natural producer cell source of IL-12
(Brombacher et al., 2003). These effects might be more pro-
nounced in individuals with reduced clearance or metaboliza-
tion of celecoxib (i.e., individuals with reduced hepatic func-
tion or specific genetic constitution). Indeed, the steady-state
area under the plasma concentration-time curve of celecoxib
is increased up to 180% in patients with moderate hepatic
impairment (Davies et al., 2000). Celecoxib is metabolized
principally by the cytochrome P450 2C9 isoenzyme. Tang et
al. (2001) reported that based on a simulation of in vitro data,
CYP2C9 genotype may increase the celecoxib plasma area
under the plasma concentration-time curve by up to 500%
(Tang et al., 2001).

In summary, we have demonstrated that CE and CEA
block the production of IL-12 by a mechanism that is inde-
pendent of COX2 inhibition. We have demonstrated that
ERp44 and CRT are ER factors that may be involved in the
blockage of IL-12 production when cells are treated with CE
and CEA. Our data indicate that targeting the ER to impede
the production of IL-12 may be considered as a novel ap-
proach to block cytokine production. CE-mediated alterations
in the secretome should be investigated as a contributing
factor to some of the adverse effects of this drug.
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