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Tight regulation of COX-2 expression is a key feature controlling eicosanoid production in atherosclerosis and
other inflammatory syndromes. Adhesive interactions between platelets and monocytes occur in these conditions and deliver specific signals that trigger inflammatory gene expression. Using a cellular model of monocyte signaling induced by activated human platelets, we identified the central posttranscriptional mechanisms
that regulate timing and magnitude of COX-2 expression. Tethering of monocytes to platelets and to purified
P-selectin, a key adhesion molecule displayed by activated platelets, induces NF-κB activation and COX-2 promoter activity. Nevertheless, COX-2 mRNA is rapidly degraded, leading to aborted protein synthesis. Timedependent signaling of monocytes induces a second phase of transcript accumulation accompanied by COX-2
enzyme synthesis and eicosanoid production. Here, generation of IL-1β, a proinflammatory cytokine, promoted stabilization of COX-2 mRNA by silencing of the AU-rich mRNA decay element (ARE) in the 3′-untranslated region (3'UTR) of the mRNA. Consistent with observed mRNA stabilization, activated platelets or IL-1β
treatment induced cytoplasmic accumulation and enhanced ARE binding of the mRNA stability factor HuR
in monocytes. These findings demonstrate that activated platelets induce COX-2 synthesis in monocytes by
combinatorial signaling to transcriptional and posttranscriptional checkpoints. These checkpoints may be
altered in disease and therefore useful as targets for antiinflammatory intervention.
Introduction
Cell-cell interactions are critical in inflammation and thrombosis and can involve paracrine, juxtacrine, and autocrine signaling, frequently in combinatorial fashion (1). Cellular interactions
between platelets and leukocytes provide an important mechanism
for intercellular communication and information transfer in host
defense and in disease (2, 3). These include adhesive interactions
of platelets with circulating monocytes and neutrophils (1–3).
Human monocytes adhere to platelets deposited at sites of vascular injury, and platelet-monocyte aggregates form in the blood
of subjects with a variety of inflammatory syndromes (2–12). Atherosclerosis and its acute complications provide prime examples.
Experimental evidence demonstrates that platelet interactions
with circulating monocytes mediate atherosclerotic progression
(13). Furthermore, clinical studies indicate that heterotypic platelet-monocyte aggregates influence the natural history of atherosclerosis and its complications and are increased in patients with
coronary artery disease (4–7, 9, 10). Formation of platelet-monoNonstandard abbreviations used: ActD, actinomycin D; ARE, AU-rich mRNA
decay element; ATF2, activating transcription factor 2; GSK3, glycogen synthase kinase 3; HuR, Hu-antigen R; IL-1 RA, IL-1β receptor antagonist; p-,
phosphorylated; PGE2, prostaglandin E2; PSGL-1, P-selectin glycoprotein ligand;
3'UTR, 3′-untranslated region.
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cyte aggregates is an established link between inflammation and
thrombosis in acute coronary syndromes and related disorders
(10). Interruption of signaling pathways that are triggered when
platelets adhere to and activate monocytes may be a new target
for molecular intervention (14, 15). Signaling in platelet-monocyte aggregates and in related platelet-monocyte interactions can
be characterized in informative in vitro model systems (5, 15–19),
which also serve as models of human gene expression (19).
Interactions of myeloid leukocytes and activated platelets involve
specific adhesion molecules and coordinate activation of surface
receptors by ligands delivered by the platelet (16–21). One key molecular event is binding of P-selectin on activated platelets to P-selectin glycoprotein ligand (PSGL-1) on the leukocytes (2, 22). In many
cases, engagement of leukocyte adhesion molecules such as PSGL-1
serves not only to tether the cell to other cells or to matrix structures
at sites of inflammation but also to transmit or integrate transmission of outside-in signals that alter gene expression pathways and
other functional responses (16, 18, 19, 23). PSGL-1 signals to both
transcriptional and posttranscriptional checkpoints in human
myeloid leukocytes (2, 16–22), providing diversity in adhesive signaling that is comparable to that of surface integrins (18, 23, 24). Signaling via PSGL-1 acts in concert with surface receptor pathways to
modulate integrated synthesis of chemokines, cytokines, and other
factors by the adherent monocytes (16–22). These molecular mechanisms operate in platelet-monocyte interactions (5, 10, 16–19, 21).
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Figure 1
Activated platelets induce COX-2 expression in monocytes. (A) Activation of platelets (plts) is required for COX-2 mRNA (left panel) and
protein (right panel) expression. Monocytes (106 cells) were incubated
with control M199 medium (co), thrombin (IIa), inactivated platelets
(108 cells), or thrombin-activated platelets. After 18 hours, COX-2
mRNA was detected by RNase protection assays. GAPDH mRNA
is shown as a control for RNA loading. COX-2 protein was detected by immunoblot of 50 μg of total cell lysate. β-actin was detected
on the same blot as a control for protein loading. Data shown represent 3 experiments. (B) Immunofluorescent detection of COX-2 and
P-selectin in thrombin-activated platelet-monocyte aggregates. Freshly
isolated platelets were incubated with monocytes for 18 hours and
examined by immunocytochemical analysis. Immunofluorescent staining for COX-2 is shown in red (top right); immunofluorescent staining
for P-selectin, a platelet marker, is shown in green (top left). Merged
immunofluorescence and phase contrast images are shown (bottom
left and right). (C) COX activity in monocytes (mono) and monocyte/
platelet suspensions (mono+plts) treated with medium (co) or thrombin
(IIa) for 18 hours. COX-2 inhibition was accomplished by pretreating
cells for 1 hour with 10 μM NS-398 (NS). PGE2 levels were measured
by ELISA in the medium containing arachidonic acid and indicate the
average of duplicate experiments.

Expression of highly regulated gene products is thought to be
both transcript and cell-type dependent (25). The mechanisms
of regulation in primary human cells and critical cell-cell interactions are, however, largely uncharacterized. The inducible form of
cyclooxygenase, COX-2, is an immediate-early response gene with
complex regulation that has important roles in vascular homeostasis and inflammatory responses (26, 27). COX-2 and the constitutive isoform COX-1 govern the production of eicosanoids
under physiologic and pathologic conditions (26, 27). Substantial evidence indicates that unregulated COX-2 expression and
prostaglandin synthesis influence chronic inflammatory conditions, including atherosclerosis and its complications (26–30).
Furthermore, iatrogenic manipulation of COX-2 activity can have
both beneficial and untoward clinical effects (26, 27). Nevertheless, the mechanisms that regulate COX-2 expression by inflammatory cells remain obscure. Based on studies in other cell types,
one component may involve rapid transcriptional induction in
response to inflammatory stimuli and growth factors (31–40).
In addition, there is evidence indicating that COX-2 expression is
also regulated at posttranscriptional checkpoints, a feature that
allows for precision in the timing of synthesis and abundance of
critical proteins (41). Recently, we identified an AU-rich mRNA
decay element (ARE) in the 3′-untranslated region (3'UTR) of
COX-2 messenger RNA that confers posttranscriptional regulation by controlling both mRNA decay and translational efficiency
(42–44). This cis-acting element regulates levels of COX-2 protein
and associated prostaglandin levels in neoplastic cells and epithelial cell lines, and defects in ARE function result in COX-2 overexpression (31, 42–45). These and other findings demonstrate the
importance of posttranscriptional regulation in preventing excess
activity of COX-2 (42–45), which is aberrantly expressed and has
critical effects in atherosclerotic syndromes, other inflammatory
diseases (26–30, 46–48), and cancer (49). How these mechanisms
2728
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operate in specific inflammatory cells and the signals that regulate
them are unknown.
In this report, we demonstrate that expression of COX-2 is induced
in human monocytes in response to activated platelets, resulting in
increased eicosanoid synthesis, and define the mechanisms involved.
These findings offer what we believe are new insights into mechanisms that govern adhesion-dependent signaling and coordinate
transcriptional and posttranscriptional pathways critical for expression of COX-2 and other inflammatory genes.
Results
Activated platelets induce COX-2 and prostaglandin synthesis in monocytes.
We asked whether activated platelets promote COX-2 expression
in monocytes. As shown in Figure 1, human monocytes expressed
COX-2 mRNA and protein when incubated with platelets stimulated by thrombin (coagulation factor IIa) for 18 hours. Untreated
monocytes or those treated with thrombin did not express COX-2;
a small increase in COX-2 protein was observed in monocytes
incubated with unstimulated platelets (Figure 1A), presumably
due to spontaneous low-level platelet activation with extended
ex vivo incubation times. We did not detect COX-2 mRNA or
protein in untreated or thrombin-stimulated platelets (data
not shown), identifying monocytes as the sole source of COX-2
under the conditions of this experiment. Consistent with previous results (16), we observed that thrombin-activated platelets
adhere to monocytes and form rosette-like aggregates (Figure
1B). Blocking PSGL-1 engagement inhibits platelet adhesion to
monocytes and aggregate formation both in suspension and at
matrix surfaces (16, 17). Immunofluorescence analysis of COX-2
protein demonstrated its expression only in monocytes in plateletmonocyte aggregates, suggesting that platelet adhesion is a critical
component in signaling COX-2 gene expression (Figure 1B and
data not shown). Cyclooxygenase activity was examined in acti-
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of an immediate-early response gene, COX-2
mRNA expression was observed as early as after
0.5 hours of incubation, but rapid accumulation
of the transcript was transient. A second phase
of COX-2 mRNA accumulation was initiated at
approximately 8 hours of incubation with activated platelets and continued to 24 hours (Figure 2A and data not shown). Strikingly, COX-2
protein was detected only during the second
phase of mRNA expression during incubation
with activated platelets (Figure 2A). Monocyte-dependent PGE2 synthesis correlated with
COX-2 protein expression (data not shown). This
pattern of COX-2 expression depended on signals
delivered by adherent platelets since monocytes
stimulated with TNF-α in the absence of platelets yielded a transient pattern of COX-2 mRNA
and protein induction that peaked at 2 and 4
hours, respectively (Figure 2B).
A central mechanism that controls synthesis
of COX-2 protein involves rapid degradation
of the COX-2 transcript (42). To determine
whether prolonged adhesion of platelets to
monocytes influences rapid mRNA decay, the
t1/2 of COX-2 mRNA was assessed by Northern
blot analysis after actinomycin D (ActD) was
added to monocytes to halt transcription (42)
Figure 2
Prolonged adherence to activated platelets modulates COX-2 synthesis and mRNA stabil- at 0.5 hours and 18 hours of incubation with
ity in monocytes. (A) Time courses of COX-2 mRNA (left panel) and protein (right panel) activated platelets. The results shown in Figexpression in monocytes. Platelets (108 cells) were incubated with monocytes (106 cells) ure 2C demonstrate that rapid COX-2 mRNA
in the presence of thrombin. At the indicated times, COX-2 mRNA was detected by RNase
decay was seen after 0.5 hours of incubation
protection assay. 28S RNA is shown as a control for RNA loading. COX-2 protein was
detected by immunoblot of total cell lysates. β-actin was detected on the same blot as a con- with activated platelet yielding a t1/2 of 54 mintrol for protein loading. Data shown represent 3 experiments. (B) Time courses of COX-2 utes (Figure 2D). In contrast, COX-2 mRNA
mRNA (left panel) and protein (right panel) expression in monocytes treated with TNF-α was stabilized in monocytes during the second
(100 U/ml) were assayed as described in A, except platelets were omitted. (C) Assays of phase of expression induced by adherence to
COX-2 mRNA t1/2 were accomplished by adding 5 μg/ml ActD to platelet-monocyte sus- activated platelets such that mRNA decay was
pensions treated with thrombin for 0.5 hours (top panel) or 18 hours (bottom panel). Total not observed until after 4 hours following ActD
RNA was prepared at the indicated time points and COX-2 mRNA decay was analyzed treatment (Figure 2D). These findings demonby Northern blot probing for COX-2. 18S RNA is shown as a control for RNA loading. (D)
strate the ability of activated platelets to influSummary of COX-2 mRNA t1/2 data obtained from platelet-monocyte suspensions treated
with thrombin for 0.5 hours (filled circles) and 18 hours (open circles) showing the average ence a posttranscriptional checkpoint in COX-2
regulation that controls synthesis of COX-2
and range in duplicate experiments.
enzyme at later time points.
Adhesion to P-selectin induces rapid COX-2 tranvated platelet-monocyte suspensions by determining the profile scription in monocytes. Previously, we demonstrated that engageof prostaglandins produced. Thromboxane B2 and prostaglandin ment of PSGL-1 by P-selectin transmits outside-in signals that
E2 (PGE2) were the predominant eicosanoids generated; prosta- induce expression of proinflammatory genes by monocytes (16,
glandin F2α and prostaglandin D were also present in the medium 18–21). To determine whether this mechanism regulates COX-2,
at lower levels whereas 6-keto–prostaglandin F1α was not detected monocytes were allowed to adhere to purified immobilized P-selec(not shown). PGE2 levels were routinely measured to evaluate the tin under conditions that specifically engage PSGL-1 (19, 21), and
activity of monocyte COX-2. As shown in Figure 1C, monocytes COX-2 mRNA levels were examined over an 18-hour time course
incubated with thrombin-stimulated platelets produced over (Figure 3A). Rapid transcription of COX-2 was observed as early as
10-fold more PGE2 than control- or thrombin-treated monocytes. after 0.5 hours of incubation and was transient with no detectable
Treatment of cells with COX-2 inhibitor NS-398 reduced PGE2 COX-2 mRNA at the later incubation times (18 hours). In contrast,
levels substantially, indicating that a majority of its synthesis in COX-2 protein was not detected by immunoblot analysis at any of
these time points (data not shown). This pattern is similar to that
monocytes is via COX-2.
Prolonged adherence to platelets modulates COX-2 mRNA stability in seen at early time points when adherent platelets signal monocytes
monocytes. The kinetics of COX-2 induction in monocytes stimu- (Figure 2A). In parallel experiments, a reporter construct containlated by activated platelets was next examined. Incubation of acti- ing a 1.8-kb fragment of COX-2 promoter was introduced into
vated platelets with monocytes triggered a rapid biphasic pattern of U937 myelomonocytic cells, and its activity was examined when
COX-2 mRNA expression (Figure 2A). Consistent with the profile the leukocytes were adherent to P-selectin (Figure 3B). The magThe Journal of Clinical Investigation
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Figure 3
Adhesion of monocytes to P-selectin induces rapid COX-2 transcription. (A) Monocytes (106 cells) were incubated on plates coated with
immobilized P-selectin, and total RNA was prepared at the indicated
times (h). COX-2 mRNA was detected by RNase protection assay
using 28S RNA as a control for RNA loading. (B) Adhesion to P-selectin induces COX-2 promoter activity in U937 cells. A LUC reporter
construct containing the 1.8-kb COX-2 promoter was transfected into
U937 cells, which were subsequently kept in suspension (white bars)
or allowed to adhere to purified, immobilized P-selectin (black bars)
for 48 hours. In parallel, NF-κB promoter activity was determined
using a LUC reporter construct containing 5 consensus NF-κB–
binding elements. The pGL3 control vector containing the SV40 promoter and enhancer elements was used to evaluate specificity of
P-selectin–mediated transcriptional induction. Relative activity was
assessed as LUC activity normalized to total protein. All values shown
are normalized to expression of LUC by transfected cells in suspension and indicate the averages of 3 experiments. (C) COX-2 mRNA
t1/2 in monocytes adherent to immobilized P-selectin. ActD (5 μg/ml)
was added after monocytes had been incubated in P-selectin–coated
plates for 1 hour, and total RNA was prepared at the indicated time
points. COX-2 mRNA decay was analyzed by Northern blot probing
for COX-2. 18S RNA is shown as a control for RNA loading. The blot
shown is from 1 of 2 experiments with similar results.

nitude of COX-2 promoter induction was substantial although
not as great as that seen with a consensus NF-κB reporter construct, consistent with nuclear translocation of NF-κB triggered by
P-selectin/PSGL-1 engagement (16, 19) and consequent rapid COX-2
transcription. Control incubations using cells transfected with a
reporter construct containing the SV40 promoter and enhancer
did not show increased activity of the construct with P-selectin/
PSGL-1 engagement.
The pattern of COX-2 mRNA accumulation, coincident with
absent protein expression at early time points when monocytes
adhered to activated platelets (Figure 2) and when monocytes
and myelomonocytic cells adhered to purified P-selectin (Figure
3), indicates that P-selectin/PSGL-1 engagement alone is not
sufficient to signal mRNA stabilization. To test this, monocytes
were allowed to adhere to purified P-selectin for 1 hour, after
which ActD was added and COX-2 mRNA t1/2 was assessed. Figure 3C demonstrates that rapid decay of COX-2 mRNA (t1/2 = 23
min) occurs under these conditions, yielding a t1/2 similar to that
observed after adhesive signaling by activated platelets for 0.5
hours (Figure 2, C and D). These findings demonstrate the ability
of PSGL-1 engagement to signal rapid COX-2 transcription, but in
the absence of an additional stimulus, subsequent rapid decay of
the transcript limits COX-2 protein synthesis.
Activated platelets induce IL-1β expression by monocytes. We then
examined the nature of the second signal (23) that is required for
COX-2 protein expression at later time points. Based on the ability
of the IL-1 family of cytokines to promote synthesis of COX-2 by
activating posttranscriptional mechanisms (50–52), we explored
the role of IL-1β in COX-2 expression when monocytes interact
with platelets. IL-1β participates in juxtacrine and paracrine interactions of activated platelets with target cells (reviewed in refs.
1–3) (53) and, consistent with a previous observation based on
incubations of activated platelets with unfractionated leukocytes
(5), we found that IL-1β was present in substantial amounts in
the samples from platelet-monocyte aggregates whereas incubations of monocytes or platelets alone with thrombin yielded much
2730
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lower levels (Figure 4A). More significantly, IL-1β expression was
maximal after prolonged adherence of monocytes to activated
platelets (18–24 hours; Figure 4A) at time points at which COX-2
mRNA stabilization occurred (Figure 2, C and D). Consistent
with the time course of COX-2 induction in monocytes stimulated by activated platelets (Figure 2A), the ability of exogenous
IL-1β to induce COX-2 expression in monocytes was apparent at
prolonged incubation times of 18 to 24 hours (Figure 4B). However, IL-1β–induced COX-2 transcription was delayed compared
with rapid transcriptional induction seen with P-selectin/PSGL-1
engagement (Figure 3A). Furthermore, we observed attenuation
of COX-2 protein accumulation with the addition of IL-1β receptor antagonist (IL-1 RA) to suspensions of activated platelets and
monocytes (Figure 4C). IL-1 RA–mediated inhibition of COX-2
expression was concentration dependent with complete inhibition observed at 500 ng/ml. These results indicate that synthesis
of IL-1β and its signaling of monocytes mediates COX-2 protein
synthesis under these conditions.
P-selectin and IL-1β act in concert to promote COX-2 mRNA stabilization. Activated platelets express several cytokines, chemokines, and
growth factors that could potentially influence gene expression
in leukocytes (1–3, 16, 53). To further explore the role of IL-1β
in COX-2 expression in platelet-monocyte aggregates, monocytes
adherent to purified P-selectin were treated with unfractionated
platelet supernatant or factors known to be secreted by thrombin-stimulated platelets. As shown in Figure 5A, adhesion to
P-selectin for 0.5 hours induced rapid COX-2 mRNA expression,
but addition of supernatant collected from platelets after 1 hour
of activation did not increase accumulation of the transcript at
this time point or promote mRNA accumulation after 18 hours of
adhesion. This indicates that products rapidly released by platelet
degranulation do not provide a sufficient second signal for COX-2
expression. In agreement, treatment of adherent monocytes with
the chemokine RANTES or TGF-β, factors rapidly secreted from
activated platelets at high levels and that alter monocyte responses (16, 54), produced a similar result. In contrast, the addition
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Figure 4
IL-1β is expressed in interactions of monocytes with activated platelets
and induces COX-2 synthesis. (A) Time course of IL-1β expression in
platelet-monocyte (108 and 106 cells, respectively) incubations (filled
circles), monocytes alone (open triangles), and platelets alone (open
circles) treated with thrombin. At the indicated times, IL-1β was measured by ELISA in total cell lysates and reported as pg IL-1β present in
cell lysate. These data indicate the mean ± SEM for either duplicate or
triplicate points; the results shown are representative of 4 independent
experiments. (B) Time courses of COX-2 mRNA and protein expression in monocytes in suspension treated with IL-1β (10 ng/ml) were
assayed by RNase protection assay and immunoblot, respectively,
as described above. (C) Platelet-monocyte suspensions were treated
with thrombin in the presence of increasing amounts of IL-1 RA (0 to
500 ng/ml) for 18 hours. COX-2 protein expression was assayed by
immunoblot as described above. COX-2 protein expression in untreated monocytes in suspension for 18 hours is shown (co).

of exogenous IL-1β yielded high levels of COX-2 mRNA after 18
hours of adhesion and appeared to increase the amount of COX-2
mRNA at the earlier 0.5-hour time point (Figure 5A). Consistent
with this, COX-2 protein expression was only observed with addition of IL-1β (Figure 5B); the addition of TGF-β, RANTES, or
platelet-activating factor did not induce COX-2 protein expression
(Figure 5B and data not shown). Our results shown in Figure 4
indicate the ability of IL-1β to promote sustained COX-2 expression in monocytes. To determine whether engagement of PSGL-1
contributes to enhanced COX-2 expression, monocytes were incubated on immobilized P-selectin with medium containing IL-1β in
the presence of a P-selectin–blocking peptide (55) for 18 hours. As
shown in Figure 5C, the P-selectin antagonist caused dose-dependent inhibition of IL-1β–induced COX-2 expression. Control

incubations using monocytes in suspension stimulated with LPS
showed no significant change in COX-2 protein expression in the
presence of the P-selectin antagonist (Figure 5C). Consistent with
this, addition of a PSGL-1–blocking Ab (anti–PSGL-1 mAb PL-1;
ref. 20) to monocytes incubated on immobilized P-selectin in the
presence of IL-1β led to attenuation of COX-2 protein expression
at 18 hours (data not shown).
The ability of IL-1β to induce sustained levels of COX-2 mRNA
in monocytes after prolonged adhesion to P-selectin indicated
that this cytokine alters rapid decay of the mRNA. Therefore, the
t1/2 of COX-2 mRNA was examined after 18 hours of adhesion to
P-selectin and treatment with IL-1β. As shown in Figure 5D,
mRNA stabilization occurs under these conditions (t1/2 = 150
min). Treatment of monocytes in suspension with IL-1β yielded a
moderately increased t1/2 that was not as great as in adherent cells
(t1/2 = 80 min). Taken together, these results indicate a combinato-

Figure 5
IL-1β induces stabilization of COX-2 mRNA in monocytes. (A)
Monocytes (106 cells) were allowed to adhere to purified, immobilized
P-selectin with medium alone (co), supernatant (super.) medium from
platelets (108 cells) activated with thrombin for 1 hour, medium containing 10 ng/ml RANTES, medium containing 10 ng/ml IL-1β, or medium
containing 10 ng/ml TGF-β. After 0.5 and 18 hours of incubation, total
RNA was prepared and COX-2 mRNA was detected by RNase protection assay; 28S RNA is shown as a control for RNA loading. COX-2
expression in freshly isolated monocytes is shown (co). (B) COX-2 protein expression in monocytes incubated on immobilized P-selectin with
medium containing vehicle buffer control, 10 ng/ml TGF-β, or 10 ng/ml
IL-1β for 18 hours was assayed by immunoblot. (C) Monocytes were
incubated on immobilized P-selectin with medium containing IL-1β (10
ng/ml; left panel) or kept in suspension with medium containing LPS
(1 μg/ml; right panel) in the presence of increasing amounts of P-selectin antagonist for 18 hours. COX-2 protein expression was assayed by
immunoblot. (D) COX-2 mRNA t1/2 in monocytes in suspension (left
panel) or adherent to immobilized P-selectin (right panel) in the presence of IL-1β (10 ng/ml). After 18 hours of incubation, ActD (5 μg/ml)
was added and COX-2 mRNA decay was assayed by Northern blot.
The Journal of Clinical Investigation
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Figure 6
IL-1β is required for synthesis of COX-2 by U937 myelomonocytic cells
in interactions with activated platelets. (A) Time courses of COX-2
mRNA and protein expression in U937 cells. Platelets (108 cells) were
incubated with U937 cells (106 cells) in the presence of thrombin. At
the indicated times, COX-2 mRNA was detected by RNase protection
assay. 28S RNA is shown as a control for RNA loading. COX-2 protein
was detected by immunoblot of total cell lysates. β-actin was detected
on the same blot as a control for protein loading. (B) Time courses of
COX-2 mRNA and protein expression in U937 cells incubated with
platelets in the presence of thrombin were assayed as described above
except that exogenous IL-1β (10 ng/ml) was added to time points after
4 hours of incubation.

rial effect of P-selectin and IL-1β in promoting COX-2 expression
through mechanisms involving mRNA stabilization.
The combinatorial roles of P-selectin/PSGL-1 engagement and
IL-1β signaling in COX-2 expression were further examined using
U937 monocytic leukocytes. Incubation of activated platelets with
U937 cells triggered a rapid induction of COX-2 mRNA expression (Figure 6A). In contrast to what we observed with primary
monocytes (Figure 2A), a second phase of COX-2 mRNA accumulation was not apparent in U937 cells with extended activated
platelet incubations, and COX-2 protein expression was low to
undetectable at all time points examined (Figure 6A). This suggests that U937 cells are deficient in IL-1β synthesis in response
to activated platelets. Samples from platelet–U937 cell aggregates
were then examined for IL-1β expression. Over incubation times
shown in Figure 6A, we were unable to detect significant amounts
of IL-1β derived from U937 cells incubated with activated platelets
whereas addition of phorbol ester or LPS promoted IL-1β expression in U937 cells (data not shown). Furthermore, addition of
exogenous IL-1β to activated platelet–U937 cell incubations led to
a subsequent increase in COX-2 mRNA expression accompanied by
a concomitant increase in COX-2 protein expression that continued to 24 hours (Figure 6B). These results, along with those shown
in Figure 4, indicate that IL-1β signaling is a necessary component
for expression of COX-2 in platelet-myeloid leukocyte aggregates.
The MAPK ERK, the stress-activated protein kinase p38 MAPK,
and kinase Akt/protein kinase B (Akt/PKB) signaling pathways
are important in the posttranscriptional regulation of COX-2
expression (31). To determine whether the observed stabilization
detected in monocytes correlated with activation of these kinases,
we examined their activities in monocytes under conditions that
influence COX-2 expression. Adhesion of monocytes to P-selectin
alone did not significantly induce kinase activity (Figure 7). IL-1β
treatment of monocytes in suspension resulted in modest activation of ERK1/2 and p38 MAPK pathways whereas their activities
were further increased 2- to 3-fold when adhesion to P-selectin
and IL-1β signaling were combined (Figure 7). Low-level activation of the Akt/PKB pathway was observed in isolated monocytes
2732
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and was not changed by any of the treatments. These results are
consistent with the possibility that stabilization of COX-2 mRNA
occurs through the concerted actions of P-selectin/PSGL-1
engagement and IL-1β signaling on checkpoints involving the
ERK and p38 MAPK pathways.
Posttranscriptional regulation of COX-2 expression has been
shown to be mediated through the class II–type ARE–containing
3'UTR of COX-2 mRNA in cell lines and epithelial cells (42, 44).
To determine whether the 3'UTR of COX-2 regulates its expression in myelomonocytic cells, we transfected U937 monocytic
leukocytes with LUC/3'UTR reporter constructs containing the
full-length COX-2 3'UTR (LUC+3'UTR) or with COX-2 3'UTR
deleted (LUCΔ3'UTR), and LUC expression was measured. As in
other cell types (42, 43, 45), COX-2 3'UTR reduced LUC expression approximately 10-fold in U937 cells (Figure 8A), consistent
with rapid decay of the mRNA. We next investigated the ability of
adhesion to P-selectin and IL-1β signaling to influence posttranscriptional regulation mediated through COX-2 3'UTR (Figure
8B). U937 cells transfected with the LUC+3'UTR construct yielded
similar levels of expression when the cells were allowed to adhere
to P-selectin or were incubated in suspension, consistent with
evidence that PSGL-1 engagement alone has little effect on decay
of COX-2 mRNA in primary monocytes (Figures 2, C and D, and
Figure 3C). In contrast, addition of IL-1β to U937 cells in suspen-

Figure 7
Combinatorial signaling by P-selectin and IL-1β selectively activates
ERK and p38 MAPK pathways in human monocytes. Monocytes (106
cells) were immediately harvested (co), allowed to adhere to immobilized P-selectin for 0.5 hours (P-selectin), kept in suspension in medium
containing 10 ng/ml IL-1β for 18 hours (IL-1β), or incubated on immobilized P-selectin in the presence of IL-1β for 18 hours (P-selectin/IL-1β).
Equal amounts of lysates (200 μg) were immunoprecipitated using
monospecific ERK1/2, p38 MAPK, or Akt p-specific Abs; the immunoprecipitate was then incubated with ELK1, ATF2, or GSK3 fusion proteins, respectively, in the presence of ATP. Kinase activity was detected
by immunoblotting, using Abs against p-ELK1, p-ATF2, or p-GSK3.
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Figure 8
IL-1β regulates COX-2 mRNA decay through the ARE-binding protein HuR. (A) LUC/3'UTR-reporter constructs containing no 3'UTR
(LUCΔ3'UTR, white bars) or COX-2 3'UTR (LUC+3'UTR, black bars)
were transfected into U937 cells. LUC activity (RLU) was normalized to total protein and is the average of 3 experiments. (B) U937
cells were transfected with LUC/3'UTR reporter constructs and kept
in suspension medium (co), incubated on immobilized P-selectin,
kept in suspension in medium containing 10 ng/ml IL-1β, or incubated on immobilized P-selectin in medium containing IL-1β. Relative LUC activity was normalized to total protein, and values shown
are based on LUC expression from control transfections. (C) U937
cells (106 cells) were left untreated (co) or incubated for 18 hours
with 10 ng/ml IL-1β. ARE-binding proteins HuR and TIA-1 were
examined in 15 μg of total cell lysates and 25 μg of cytoplasmic
lysates by immunoblot. β-actin was detected as a loading control.
(D) Cytoplasmic lysates from untreated (co) or IL-1β–treated U937
cells were incubated with 32P-labeled AREs based on COX-2 or
GM-CSF mRNA sequences. Bound proteins were cross-linked to
the ARE and immunoprecipitated, using anti-HuR Ab or control IgG.
The arrowhead indicates the major immunoprecipitated species. (E)
Platelets were incubated with monocytes for 1 hour and 18 hours
in the presence of thrombin, then examined for HuR localization
by immunocytochemical analysis. Immunofluorescence of HuR in
platelet-monocyte aggregates is shown in green; platelet and monocyte cytoskeleton are shown in red. Thick arrows indicate monocyte
nuclei; thin arrow indicates monocyte cytoplasm. Scale bar: 5 μm.

sion or adherent to P-selectin increased LUC expression 7-fold and
15-fold, respectively (Figure 8B). U937 cells transfected with the
LUCΔ3'UTR construct yielded similar levels of expression under
all conditions examined. These findings indicate that P-selectin
and IL-1β act in concert to promote COX-2 expression through
inhibition of rapid mRNA decay mediated by the cis-acting COX-2
ARE in the 3'UTR of the transcript.
COX-2 mRNA is a target of cellular RNA-binding proteins that
regulate mRNA stability and translational efficiency through their
interaction with the ARE (49). In cancer cells, we have previously
shown that altered posttranscriptional regulation of COX-2 is
mediated by increased cytoplasmic mRNA binding of the mRNA
stability factor Hu-antigen R (HuR) (45) and decreased binding
of the translational silencer TIA-1 (43). Under normal conditions, both HuR and TIA-1 are primarily localized in the nucleus.
However, in response to cellular signaling, both factors are rapidly translocated to the cytoplasm where they influence mRNA
stabilization and translational efficiency (56, 57). Based on this,
we sought to determine whether changes in cytoplasmic trafficking of these factors could account for the observed COX-2 mRNA
stabilization and protein expression promoted by IL-1β. As shown
in Figure 8C, U937 cells treated with IL-1β displayed an increase
in cytoplasmic HuR levels whereas similar low levels of cytoplasmic TIA-1 were seen in both control and IL-1β–treated cells. No
change in overall HuR or TIA-1 expression levels was observed
as a result of IL-1β treatment. To determine whether increased
ARE-binding activity of HuR occurs under these conditions,
cytoplasmic extracts from control or IL-1β–treated U937 cells
were incubated with 32P-labeled COX-2 ARE, and bound proteins
were cross-linked by UV light. The lysates were then subjected to
immunoprecipitation using Ab against HuR (Figure 8D). This
The Journal of Clinical Investigation

yielded specific immunoprecipitation of a 32P-labeled polypeptide
migrating at 36 kDa, the expected molecular weight of HuR. No
cross-linked proteins were immunoprecipitated in identical reactions when isotype-matched IgG was used. Approximately 3- to
4-fold more HuR was bound to the radiolabeled COX-2 ARE in
IL-1β–treated cells compared with control leukocytes. Similar results were obtained with immunoprecipitation using a
32P-labeled ARE derived from the transcript for GM-CSF, which is
known to interact with HuR (58).
Our observations suggest that increased HuR in the cytoplasm
promotes enhanced ARE binding and COX-2 mRNA stabilization under conditions in which signaling of myeloid leukocytes
by IL-1β occurs. To test this, primary monocytes were incubated
with thrombin-activated platelets, and localization of HuR was
examined by immunofluorescence (Figure 8E). After 1 hour of
incubation, HuR was detected in the nuclei of monocytes in platelet-monocyte aggregates. Similarly, HuR was almost exclusively
localized to the nuclei of control, untreated monocytes (data
not shown). In contrast, cytoplasmic HuR was robustly detected
by immunostaining after 18 hours of incubation with activated,
adherent platelets (Figure 8E). These results indicate that HuR is
translocated from the nucleus to the cytoplasm under conditions
in which monocytes are signaled by activated platelets and that
this contributes to COX-2 mRNA stabilization and protein synthesis (Figures 2, 4, and 5).
Discussion
The observations presented here demonstrate that activated platelet interactions with PSGL-1 on the monocytes promote COX-2
expression and increased PGE2 synthesis by monocytes via mechanisms involving cellular adhesion and induced cytokine signaling.
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Figure 9
Adhesion-dependent regulation of COX-2 expression in human monocytes by activated platelets. Cellular activation promotes rapid translocation
of P-selectin to the platelet surface. Engagement of PSGL-1 on the monocyte surface by P-selectin mediates formation of heterotypic, mixedcell aggregates and outside-in signaling that induces the transcription of COX-2. Subsequent rapid decay and translational silencing of COX-2
mRNA controls protein expression and prostaglandin synthesis. Prolonged adhesion-dependent signaling promotes the expression of IL-1β,
which modifies the influence of COX-2 ARE by promoting increased cytoplasmic levels of the mRNA stability factor HuR, resulting in increased
mRNA t1/2 and enhanced COX-2 protein synthesis. Details are discussed in the text. AAAAn, polyadenylated tail.

A model incorporating the results is shown in Figure 9. Rapid binding of P-selectin on the plasma membranes of activated platelets
to PSGL-1 on the monocytes mediates stable interaction between
the 2 cell types (16, 59) and, in addition, triggers outside-in signaling that leads to NF-κB activation and COX-2 transcription. This
molecular interaction alone, however, is not sufficient to promote
COX-2 protein expression. Due to its inherent ARE-mediated
instability, COX-2 mRNA is rapidly degraded. Monocytes adherent to purified, immobilized P-selectin alone failed to synthesize
COX-2 protein although accumulation of COX-2 transcript was
apparent, indicating that a second signal is required for expression
of the protein gene product under these conditions. A similar pattern has been reported for some transcripts in models of monocyte
gene expression induced by adhesion to matrix structures via surface integrins (23). A second signal is then provided by IL-1β synthesized in response to cellular interaction and activation. IL-1β
contributes to stabilization of COX-2 mRNA by signaling mobilization of the ARE-binding protein HuR from the nucleus to the
cytosol and promotes efficient translation and synthesis of COX-2
protein. Thus, fine control of COX-2 expression occurs at both
transcriptional and posttranscriptional checkpoints in activated
monocytes (Figure 9), consistent with roles of COX-2 enzyme as a
potent and highly regulated gene product (26, 27). This precision
of control and the requisite mechanisms presumably have evolved
for a regulated and physiologic inflammatory response. In contrast, several lines of evidence indicate that unregulated COX-2
expression can have complex and potentially deleterious effects in
inflammatory syndromes (28–30, 46–48, 60–62). In atherosclerosis, enhanced expression of COX-2 by monocytes may be a marker
of subclinical disease (48) and appears to be an important feature
of platelet-monocyte thrombi in culprit lesions of patients with
aspirin-insensitive myocardial infarction (F. Cipollone, personal
2734
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communication). These observations underscore the relevance of
the mechanism summarized in this study (Figure 9).
Our results are consistent with the notion that monocytes are
a major source of COX-2 and COX-2–dependent eicosanoids in
inflammation and thrombosis, although other cell types are also
sources (26–28, 63), and that platelet-dependent signaling is a critical mechanism of COX-2 expression. Evidence that unregulated
COX-2 expression and consequent eicosanoid production can
have deleterious effects in inflammatory syndromes (see above)
together with observations that platelet activation and plateletleukocyte aggregate formation are frequently associated with these
disorders (4–12) strongly suggests that alterations in check and
balance mechanisms that govern COX-2 synthesis may be part of
their pathogenesis (Figure 9). The posttranscriptional components
of COX-2 regulation in monocytes may be particularly important,
as suggested by emerging evidence that pathologic alteration of
posttranscriptional control is a key mechanism of inflammatory
disease (18, 25, 41). If so, posttranscriptional control points may
be targets for therapeutic intervention. Our prior observations in
an in vitro model of atherosclerotic plaque rupture indicate that
expression of inflammatory genes that are controlled by transcriptional and posttranscriptional pathways can be differentially
modulated by interruption of adhesive interactions and by pharmacologic agents (15, 17).
Integration of pathways leading to COX-2 protein synthesis in
monocytes responding to signals from adherent, activated platelets
(Figure 9) indicate precise regulation of COX-2 gene in a specialized cellular context. One pathway involves binding of P-selectin to
PSGL-1 on myeloid leukocytes and leads to differential expression
of individual inflammatory genes (16–21). Earlier observations
demonstrated that adhesion of monocytes to P-selectin induces
NF-κB translocation and activation (16, 19). We found that rapid
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induction of COX-2 transcription occurs through a similar mechanism (Figure 3), presumably via NF-κB cis-acting elements present
in COX-2 promoter (64). Although translocation of NF-κB was
previously suggested to be a sufficient stimulus for adhesion-regulated immediate-early gene expression (23), we did not observe synthesis of COX-2 protein under these conditions. A major feature
explaining this dissociation of mRNA accumulation and protein
synthesis, which is a hallmark of posttranscriptional regulation,
is rapid degradation of COX-2 transcript (Figures 2, C and D, and
Figure 3C). This pattern is similar to that in colonic epithelial cells
that have constitutional transcriptional activity of COX-2 but little or no protein expression due to highly efficient degradation of
COX-2 mRNA (45). Here we demonstrate that the ARE-containing
3'UTR of COX-2 mRNA is a potent regulator of gene expression in
myelomonocytic cells and that it provides critical sequence information that targets the transcript for rapid degradation in this
context (Figure 8A). Adhesion of monocytic cells to P-selectin did
not influence the ability of COX-2 3'UTR to suppress expression
(Figure 8B) even though engagement of PSGL-1 signals to some
posttranscriptional pathways (18, 21). This suggested that an
additional checkpoint operates on the 3'UTR to stabilize COX-2
mRNA and facilitate its translation at later time points in interactions of monocytes with activated platelets (Figures 1, 2, and 8).
The significance of the initial burst of COX-2 transcription when
monocytes adhere to activated platelets or purified P-selectin (Figures 2A and 3A) is unclear, but such a mechanism may serve to
prime the leukocytes for COX-2 protein synthesis after transient
cellular interactions, such as adhesion and transmigration across
inflamed endothelial cells or monolayers of platelets deposited at
sites of vascular injury (1). Whether triggering of COX-2 transcription similar to that induced by P-selectin presented by adherent
platelets can be induced by P-selectin on microparticles (65, 66) or
soluble P-selectin (67–71) remains to be determined.
Identification of IL-1β as a second signal that induces COX-2
protein expression at later time points further demonstrates
remarkable specialization and integration of pathways (Figure 8)
and is consistent with broad and ancient interspecies roles of the
IL-1 system in inflammation and thrombosis (3, 72). IL-1β has
previously been reported as an immediate-early gene in monocytes
that is regulated in part by adhesive interactions and platelet
P-selectin (5, 23). Its induction by platelet-monocyte aggregation
(Figure 4A) and evidence for signaling of COX-2 expression (Figure 4C) suggest intricate levels of control for this component of
the system (Figure 9). Of note, microarray analysis indicates that
both IL-1β and IL-1β receptor subtype transcripts are induced
in monocytes adherent to P-selectin (21). The platelet-signaling
factors and molecular pathways that induce IL-1β synthesis in
monocytes are not yet completely defined and may involve elements such as CD40L-CD40 ligation (10, 73, 74) in addition to
adhesion via P-selectin (5). IL-1β may also be contributed by activated platelets in platelet-monocyte aggregates, since platelets synthesize this cytokine in a time-dependent fashion (53). Blockade of
IL-1β signaling in platelet-monocyte incubations with a competitive antagonist, an approach that is used in clinical antiinflammatory strategies (72), dramatically inhibited COX-2 protein expression (Figure 4C). This demonstrates the importance of IL-1β as a
second signal in the cascade leading to synthesis of COX-2 enzyme
(Figures 5 and 8). Furthermore, blockage of PSGL-1 engagement
with a P-selectin antagonist attenuated IL-1β–mediated COX-2
expression, indicating that the 2 pathways effectively converge
The Journal of Clinical Investigation

to induce COX-2 protein synthesis (Figure 5C). Stabilization of
COX-2 mRNA induced by IL-1β in monocytes adherent to P-selectin identified a key mechanism for transcript accumulation and
its translation (Figure 5, B and D). These findings are consistent
with previous reports of posttranscriptional regulation of COX-2
by this cytokine (50–52), which can act in series with transcriptional regulation (32–40), depending on the cellular context. In
monocytes adherent to P-selectin, IL-1β signaling promoted activation of the ERK1/2 and p38 MAPK pathways (Figure 7), consistent with observations that activation of these kinases is a feature
that contributes to enhanced COX-2 expression in several cell
types (75–79). The extent of mRNA stabilization under these in
vitro conditions was, however, less than that observed with activated platelets (Figure 2C), suggesting that additional signals provided by adhesion of activated platelets may also be contributing
to posttranscriptional regulation of COX-2.
AREs mediate tight control of synthesis of proteins critical for
cell growth and inflammation by targeting their mRNAs for rapid
decay and, in some cases, influencing their translational efficiency (41, 49). In specific cells, normal growth is associated with
rapid decay of COX-2 mRNA, illustrating the importance of this
mechanism (42, 44). The results presented here demonstrate that
COX-2 ARE function is modulated by adhesion-dependent signaling at prolonged time points in platelet-monocyte interactions
(Figures 5, 8, and 9). This culminates in expression of the enzyme
and synthesis of COX-2–dependent eicosanoids (Figure 1) that
can then modify the inflammatory milieu. Similar posttranscriptional regulation may also have an impact on other proinflammatory proteins encoded by transcripts that contain class II AREs
(80) and that are produced in platelet-monocyte aggregates. We
have observed expression patterns similar to that of COX-2 for
GM-CSF and TNF-α in monocytes adherent to activated platelets
(data not shown).
A key mechanism by which ARE function is controlled is through
interaction with RNA-binding proteins (81–84). In other cell types,
we have identified HuR and TIA-1 as RNA-binding proteins that
recognize COX-2 ARE and exert effects on COX-2 expression by
controlling rapid mRNA decay and translational efficiency (43,
45). Our findings here strongly argue for a role of HuR in IL-1β–
mediated stabilization of COX-2 mRNA in primary monocytes
and myelomonocytic cells. HuR is a nuclear-cytoplasmic shuttling
protein (85), and it is generally believed that the ability of HuR to
promote mRNA stabilization requires its translocation to the cytoplasm (86, 87). This is supported by observations that IL-1β treatment of myelomonocytic cells mobilizes HuR from the nucleus to
the cytoplasm. Furthermore, thrombin-activated platelets induce
cytoplasmic trafficking of HuR in primary monocytes at times
when there is elevated IL-1β expression and COX-2 mRNA stabilization and protein expression (Figures 1, 4, 5, and 8). Although
the specific contributions of individual RNA-binding proteins
to COX-2 regulation in adherent monocytes and the influence
of platelet signals on these trans-acting factors are not yet fully
characterized, the findings are consistent with the possibility that
HuR acts as an mRNA stabilizing factor by competing or interfering with other ARE-binding proteins that promote mRNA decay
similarly to what is seen in other cell types (56, 81). How these
mechanisms and others that influence 3'UTR-mediated posttranscriptional control in monocytes and macrophages are altered
in atherosclerosis and other inflammatory diseases (18, 25, 41,
88–90) also remains to be defined.
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Methods
Cell isolation and platelet-monocyte incubations. Human monocytes were
purified to greater than 90% by countercurrent elutriation to avoid
activation events triggered by adhesion to plastic or other substrates
as described (16). Washed platelets were isolated from acid-citrate-dextrose-anticoagulated human blood as described (16). Blood samples for
monocytes and platelets were collected from normal volunteers after
informed consent. These procedures were approved by the University of
Utah Institutional Review Board.
Purified platelets were resuspended in serum-free M199 medium (Cambrex) containing 10 μg/ml polymyxin B sulfate (Sigma-Aldrich), and elutriated monocytes were resuspended in the same medium. Each time point
typically contained 106 monocytes and 108 platelets in a volume of 1.5 ml
unless designated otherwise. Experiments were initiated with the addition
of 0.1 U/ml of thrombin (Sigma-Aldrich), and cells were collected by centrifugation (14,000 g, 5 min) at the indicated times. Experiments examining LPS (Sigma-Aldrich), TNF-α, and IL-1β (R&D Systems) stimulation of
monocytes were performed similarly, except platelets and thrombin were
omitted and monocytes were kept in suspension as indicated.
Adhesion of monocytes to immobilized P-selectin was accomplished as
described (16). P-selectin (0.5 μg/ml; R&D Systems) in HBSS was added
to 35 × 10 mm plates and incubated overnight at 4°C. The plates were
blocked for 4 hours at 25°C with HBSS containing 2% human serum albumin (Baxter) and then washed 3 times with HBSS. Monocytes (106 cells),
resuspended in serum-free M199 medium, were added to P-selectin–coated
plates and maintained at 37°C for the indicated times. Where indicated,
P-selectin antagonist (Galloyl-N-gaba-WVDV-OH; EMD Biosciences) was
added to incubations. After incubation, cells were scraped from plates on
ice and centrifuged at 14,000 g for 5 minutes at 4°C.
Cell culture and DNA transfections. U937 cells were purchased from ATCC
and maintained in RPMI 1640 medium supplemented with 10% heatinactivated FBS (HyClone). Transient transfections of U937 cells with
LUC+COX-2 3'UTR reporter cDNA constructs (42) or a 1.8-kb human
COX-2 promoter/LUC reporter construct (43) were accomplished using
SuperFect (Qiagen) or Fugene 6 (Roche Diagnostics) according to
the vendor’s protocol for suspension cells. The plasmids pNF-κB/LUC
and pGL3-control LUC reporter plasmids were obtained from Stratagene
and Promega, respectively. U937 cells (1 × 106) were transfected in RPMI
medium containing 0.5% FBS for 18 hours, after which cells were kept in
suspension or added to P-selectin–coated plates for 48 hours; IL-1β (10
ng/ml) was added to specific incubations as indicated in the text. Cells
were collected by centrifugation, lysed in reporter lysis buffer (Promega),
and assayed for LUC activity using the Luciferase Assay System (Promega).
Reporter gene activities were normalized to total protein, and all results
represent the average of triplicate experiments.
Immunoblot, ELISA, and prostaglandin analysis. Cell pellets were lysed in
RIPA buffer (1 × PBS, 1% Nonidet P40, 0.5% sodium deoxycholate, and
0.1% SDS) containing protease inhibitors (Sigma-Aldrich). U937 cell
cytoplasmic lysates were obtained by resuspending cell pellets in ice-cold
hypotonic lysis buffer (10 mM HEPES pH 7.5, 1.5 mM MgCl2, and 10 mM
KCl) containing protease inhibitors and incubating on ice for 10 minutes.
Cells were lysed by 10 passages through a 27-gauge needle, and cytoplasmic
extracts were separated from nuclei by centrifugation at 3,300 g for 10 minutes. Protein content was determined using a BCA protein assay with BSA
as standard (Pierce Biotechnology). Lysates were denatured and separated
by 10% SDS-PAGE. Following electrophoresis, proteins were transferred to
PVDF membranes and probed with Abs against COX-2 (C-20), HuR (3A2),
and TIA-1 (C-20) (Santa Cruz Biotechnology Inc.). Blots were stripped and
then probed with anti–human β-actin Ab (MP Biomedicals Inc.). Detection
and quantitation of blots were performed as described (42).
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The expression of IL-1β was assayed in total cell lysates extracted in RIPA
buffer. The concentration of IL-1β (pg/ml) was measured using an anti–
human IL-1β Ab by ELISA according to vendor’s protocol (R&D Systems)
and normalized to 106 monocytes, 108 platelets, or both.
Eicosanoid production was determined in serum-free medium from
incubations of monocytes and platelets (106 and 108 cells, respectively)
stimulated with thrombin for 18 hours. Stable isotope dilution techniques
employing gas chromatography negative ion chemical ionization mass spectrometry (91) were used to identify eicosanoids using Primary Eicosanoid
HPLC Mixture (Cayman Chemical) as standards. PGE2 synthesis in thrombin-stimulated monocyte-platelet cocultures was examined by ELISA (Cayman Chemical). After 18 hours, cells were pelleted by centrifugation, and
the medium was removed. Cells were resuspended in serum-free medium
containing 0.1% albumin and 20 μM arachidonic acid (Cayman Chemical)
and incubated for 20 minutes at 37°C. COX-2 inhibition was accomplished
by pretreating cultures with 10 μM NS-398 (Cayman Chemical) for 1 hour
prior to addition of arachidonic acid–containing medium.
mRNA analysis. RNase protection assays were used to detect COX-2,
GAPDH, and 28S RNAs in 10 μg of total RNA as previously described (42).
COX-2 mRNA decay experiments were initiated by adding ActD (5 μg/ml)
to the growth medium and assessed by Northern blot analysis using 10 μg
of total RNA. Samples were separated on formaldehyde-agarose gels and
blotted onto nylon membranes that were probed with antisense riboprobes
for COX-2 mRNA. 18S RNA signals were used as controls to determine
RNA integrity and equality of loading in each lane.
Protein kinase assay. Determination of p44/42 (ERK1/2) MAPK, p38
MAPK, and Akt kinase activities was accomplished using respective nonradioactive kits produced by Cell Signaling Technology. Freshly isolated
monocytes were treated as indicated and lysed, and equal amounts of
lysate were immunoprecipitated using monoclonal phosphorylated-specific (p-specific) ERK1/2, p38 MAPK, or Akt Abs; the immunoprecipitate
was then incubated with ELK1, activating transcription factor 2 (ATF2),
or glycogen synthase kinase 3 (GSK3) fusion proteins, respectively, in
the presence of ATP. Phosphorylation of fusion proteins was detected by
immunoblotting using Abs against p-ELK1 (Ser383), p-ATF2 (Thr71), or
p-GSK3α/β (Ser21/9).
Analysis of protein-RNA interactions. UV light cross-linking/label transfer
experiments were conducted as described (45) to examine HuR protein
binding to in vitro–transcribed, 32P-labeled COX-2 or GM-CSF ARE RNAs.
Immunoprecipitation of cross-linked HuR was accomplished as follows.
After UV cross-linking and RNase digestion, 800 μl of IP buffer (50 mM
HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1% NP-40, 1 mM DTT, and
10% glycerol) was added, and reactions were incubated with equal amounts
(1 μg) of HuR mAb (3A2) or mouse IgG for overnight at 4°C. Protein AG+
agarose (Santa Cruz Biotechnology Inc.) was added and incubated for 1
hour at room temperature. Immunoprecipitates were collected by brief
centrifugation, washed 4 times with PBS containing 0.1% NP-40, and electrophoresed in 10% SDS-PAGE. The 32P-labeled immunoprecipitated proteins were visualized by autoradiography.
Immunofluorescence. Platelets (108 cells) and monocytes (106 cells) were
incubated in suspension in the presence of 0.1 U/ml of thrombin for the
designated times. The cells were fixed in 2% paraformaldehyde for 20 minutes at room temperature and centrifuged onto Vectabond-coated coverglass using a Shandon Cytospin apparatus (Thermo Electron Corp.). Fixed
cells were permeabilized with 0.05% Triton X-100 in PBS for 5 minutes
at room temperature. For studies involving COX-2, the cells were blocked
with 10% filtered horse serum diluted in HBSS for 1 hour at room temperature. Endogenous COX-2 was detected with an anti–COX-2 polyclonal
Ab (C-20; 2 μg/ml) diluted in the blocking serum, and goat IgG was used
in parallel as a control for nonspecific staining. The cells were incubated
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with the anti–COX-2 Ab or goat IgG overnight at 4°C, washed, and then
incubated with Alexa Fluor 568 conjugated to anti-goat IgG (2 μg/ml;
Invitrogen) for 1 hour at room temperature. P-selectin was detected using
a mAb against P-selectin (mAb S12; 1 μg/ml) that was directly conjugated
to Alexa Fluor 488 (Invitrogen). Ab S12 was kindly provided by R. McEver
(University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA). For studies involving HuR, the cells were blocked with 10%
filtered goat serum diluted in HBSS for 1 hour. Cells were incubated overnight at 4°C with an anti-HuR mAb (3A2, 0.8 μg/ml) or mouse IgG that
was diluted in the blocking serum. The cells were washed and incubated
with an anti-mouse secondary Ab conjugated to Alexa Fluor 546 (2 μg/ml;
Invitrogen) for 1 hour at room temperature. The cells were counterstained
with Alexa Fluor 488–labeled phalloidin. Confocal images were obtained
using an Olympus confocal microscope.
Statistics. The data are expressed as the mean ± SD. P values less than 0.05
were considered significant.

Acknowledgments
We thank members of our laboratory group for cell isolation,
Diana Lim for contributions to the figures, and Adrienne Triplett
1. McIntyre, T.M., Prescott, S.M., Weyrich, A.S., and
Zimmerman, G.A. 2003. Cell-cell interactions: leukocyte-endothelial interactions. Curr. Opin. Hematol. 10:150–158.
2. Weyrich, A.S., Lindemann, S., and Zimmerman,
G.A. 2003. The evolving role of platelets in inflammation. J. Thromb. Haemost. 1:1897–1905.
3. Weyrich, A.S., and Zimmerman, G.A. 2004. Platelets: signaling cells in the immune continuum.
Trends Immunol. 25:489–495.
4. Mickelson, J.K., Lakkis, N.M., Villarreal-Levy, G.,
Hughes, B.J., and Smith, C.W. 1996. Leukocyte
activation with platelet adhesion after coronary
angioplasty: a mechanism for recurrent disease?
J. Am. Coll. Cardiol. 28:345–353.
5. Neumann, F.J., et al. 1997. Induction of cytokine
expression in leukocytes by binding of thrombinstimulated platelets. Circulation. 95:2387–2394.
6. Furman, M.I., et al. 1998. Increased platelet reactivity and circulating monocyte-platelet aggregates in
patients with stable coronary artery disease. J. Am.
Coll. Cardiol. 31:352–358.
7. Furman, M.I., et al. 2001. Circulating monocyteplatelet aggregates are an early marker of acute myocardial infarction. J. Am. Coll. Cardiol. 38:1002–1006.
8. Joseph, J.E., Harrison, P., Mackie, I.J., Isenberg,
D.A., and Machin, S.J. 2001. Increased circulating
platelet-leucocyte complexes and platelet activation in patients with antiphospholipid syndrome,
systemic lupus erythematosus and rheumatoid
arthritis. Br. J. Haematol. 115:451–459.
9. Sarma, J., et al. 2002. Increased platelet binding
to circulating monocytes in acute coronary syndromes. Circulation. 105:2166–2171.
10. Freedman, J.E., and Loscalzo, J. 2002. Plateletmonocyte aggregates: bridging thrombosis and
inflammation. Circulation. 105:2130–2132.
11. Danese, S., et al. 2003. Activated platelets are the
source of elevated levels of soluble CD40 ligand
in the circulation of inflammatory bowel disease
patients. Gut. 52:1435–1441.
12. Irving, P.M., Macey, M.G., Shah, U., Webb, L., Langmead, L., and Rampton, D.S. 2004. Formation of
platelet-leukocyte aggregates in inflammatory
bowel disease. Inflamm. Bowel Dis. 10:361–372.
13. Huo, Y., et al. 2003. Circulating activated platelets exacerbate atherosclerosis in mice deficient in
apolipoprotein E. Nat. Med. 9:61–67.
14. Steiner, S., et al. 2003. Effect of glycoprotein IIb/
IIIa antagonist abciximab on monocyte-platelet
aggregates and tissue factor expression. Arterioscler.

for assistance with preparation of the manuscript. We are grateful to Tom McIntyre and other members of our group for helpful
discussions and to Francesco Cipollone for allowing us to mention
unpublished observations. This work was supported by grants
from the American Heart Association (9930102N to D.A. Dixon)
and the Center for Colon Cancer Research (P20RR17698 to D.A.
Dixon), an Established Investigator Award from the American
Heart Association (to A.S. Weyrich), a Flight Attendant Medical
Research Institute Young Clinical Scientist Award (to M.L. Martinez), and grants from the NIH (HL-66277 to A.S. Weyrich; DK48831, CA-77839, and GM-15431 to J.D. Morrow; P01-CA73992
to S.M. Prescott; and HL-44525 to G.A. Zimmerman).
Received for publication October 24, 2005, and accepted in revised
form August 1, 2006.
Address correspondence to: Dan A. Dixon, South Carolina Cancer
Center, University of South Carolina, 14 Richland Medical Park,
Suite 500, Columbia, South Carolina 29203, USA. Phone: (803)
434-3713; Fax: (803) 434-3795; E-mail: ddixon@biol.sc.edu.

Thromb. Vasc. Biol. 23:1697–1702.
15. Weyrich, A.S., et al. 2005. Dipyridamole selectively
inhibits inflammatory gene expression in plateletmonocyte aggregates. Circulation. 111:633–642.
16. Weyrich, A.S., et al. 1996. Activated platelets signal
chemokine synthesis by human monocytes. J. Clin.
Invest. 97:1525–1534.
17. Galt, S.W., et al. 2001. Differential regulation of
matrix metalloproteinase-9 by monocytes adherent to collagen and platelets. Circ. Res. 89:509–516.
18. Lindemann, S.W., Weyrich, A.S., and Zimmerman,
G.A. 2005. Signaling to translational control pathways: diversity in gene regulation in inflammatory
and vascular cells. Trends Cardiovasc. Med. 15:9–17.
19. Weyrich, A.S., McIntyre, T.M., McEver, R.P.,
Prescott, S.M., and Zimmerman, G.A. 1995. Monocyte tethering by P-selectin regulates monocyte
chemotactic protein-1 and tumor necrosis factor-α
secretion. Signal integration and NF-κ B translocation. J. Clin. Invest. 95:2297–2303.
20. Hidari, K.I., Weyrich, A.S., Zimmerman, G.A.,
and McEver, R.P. 1997. Engagement of P-selectin
glycoprotein ligand-1 enhances tyrosine phosphorylation and activates mitogen-activated protein kinases in human neutrophils. J. Biol. Chem.
272:28750–28756.
21. Mahoney, T.S., et al. 2001. Cell adhesion regulates
gene expression at translational checkpoints in
human myeloid leukocytes. Proc. Natl. Acad. Sci.
U. S. A. 98:10284–10289.
22. McEver, R.P., and Cummings, R.D. 1997. Role of
PSGL-1 binding to selectins in leukocyte recruitment. J. Clin. Invest. 100:485–491.
23. Juliano, R.L., and Haskill, S. 1993. Signal
transduction from the extracellular matrix. J. Cell
Biol. 120:577–585.
24. Pabla, R., et al. 1999. Integrin-dependent control of
translation: engagement of integrin alphaIIbbeta3
regulates synthesis of proteins in activated human
platelets. J. Cell Biol. 144:175–184.
25. Conne, B., Stutz, A., and Vassalli, J.D. 2000. The 3′
untranslated region of messenger RNA: a molecular ‘hotspot’ for pathology? Nat. Med. 6:637–641.
26. FitzGerald, G.A. 2003. COX-2 and beyond:
approaches to prostaglandin inhibition in human
disease. Nat. Rev. Drug Discov. 2:879–890.
27. Smith, W.L., and Langenbach, R. 2001. Why there
are two cyclooxygenase isozymes. J. Clin. Invest.
107:1491–1495.
28. Cipollone, F., Rocca, B., and Patrono, C. 2004.
Cyclooxygenase-2 expression and inhibition in

The Journal of Clinical Investigation

http://www.jci.org

Volume 116

atherothrombosis. Arterioscler. Thromb. Vasc. Biol.
24:246–255.
29. Koki, A., et al. 2002. Cyclooxygenase-2 in human pathological disease. Adv. Exp. Med. Biol. 507:177–184.
30. Singer, I.I., et al. 1998. Cyclooxygenase 2 is induced
in colonic epithelial cells in inflammatory bowel
disease. Gastroenterology 115:297–306.
31. Dixon, D.A. 2003. Regulation of COX-2 expression
in human cancer. Prog. Exp. Tumor Res. 37:52–71.
32. Jones, D.J., Carlton, D.P., McIntyre, T.M., Zimmerman, G.A., and Prescott, S.M. 1993. Molecular cloning of human prostaglandin endoperoxide synthase
type II and demonstration of expression in response
to cytokines. J. Biol. Chem. 268:9049–9054.
33. Inoue, H., Yokoyama, C., Hara, S., Tone, Y., and
Tanabe, T. 1995. Transcriptional regulation of
human prostaglandin-endoperoxide synthase-2 gene
by lipopolysaccharide and phorbol ester in vascular
endothelial cells. J. Biol. Chem. 270:24965–24971.
34. Herschman, H.R. 1994. Regulation of prostaglandin synthase-1 and prostaglandin synthase-2. Cancer Metastasis Rev. 13:241–256.
35. Xie, W., and Herschman, H.R. 1996. Transcriptional regulation of prostaglandin synthase 2 gene
expression by platelet-derived growth factor and
serum. J. Biol. Chem. 271:31742–31748.
36. Inoue, H., and Tanabe, T. 1998. Transcriptional
role of the nuclear factor kappa B site in the induction by lipopolysaccharide and suppression by
dexamethasone of cyclooxygenase-2 in U937 cells.
Biochem. Biophys. Res. Commun. 244:143–148.
37. Reddy, S.T., Wadleigh, D.J., and Herschman,
H.R. 2000. Transcriptional regulation of the
cyclooxygenase-2 gene in activated mast cells. J. Biol.
Chem. 275:3107–3113.
38. Wadleigh, D.J., Reddy, S.T., Kopp, E., Ghosh, S., and
Herschman, H.R. 2000. Transcriptional activation of
the cyclooxygenase-2 gene in endotoxin-treated RAW
264.7 macrophages. J. Biol. Chem. 275:6259–6266.
39. Fujita, J., Mestre, J.R., Zeldis, J.B., Subbaramaiah,
K., and Dannenberg, A.J. 2001. Thalidomide and
its analogues inhibit lipopolysaccharide-mediated
linduction of cyclooxygenase-2. Clin. Cancer Res.
7:3349–3355.
40. Tanabe, T., and Tohnai, N. 2002. Cyclooxygenase
isozymes and their gene structures and expression.
Prostaglandins Other Lipid Mediat. 68–69:95–114.
41. Brewer, G. 2001. Misregulated posttranscriptional
checkpoints: inflammation and tumorigenesis.
J. Exp. Med. 193:F1–F4.
42. Dixon, D.A., Kaplan, C.D., McIntyre, T.M., Zimmer-

Number 10

October 2006

2737

research article
man, G.A., and Prescott, S.M. 2000. Post-transcriptional control of cyclooxygenase-2 gene expression.
The role of the 3′-untranslated region. J. Biol. Chem.
275:11750–11757.
43. Dixon, D.A., et al. 2003. Regulation of cyclo
oxygenase-2 expression by the translational silencer
TIA-1. J. Exp. Med. 198:475–481.
44. Sheng, H., et al. 2000. Transforming growth factor-beta1 enhances Ha-ras-induced expression of
cyclooxygenase-2 in intestinal epithelial cells via stabilization of mRNA. J. Biol. Chem. 275:6628–6635.
45. Dixon, D.A., et al. 2001. Altered expression of the
mRNA stability factor HuR promotes cyclooxygenase2 expression in colon cancer cells. J. Clin. Invest.
108:1657–1665. doi:10.1172/JCI200112973.
46. Baker, C.S., et al. 1999. Cyclooxygenase-2 is widely
expressed in atherosclerotic lesions affecting native
and transplanted human coronary arteries and
colocalizes with inducible nitric oxide synthase and
nitrotyrosine particularly in macrophages. Arterioscler. Thromb. Vasc. Biol. 19:646–655.
47. Schonbeck, U., Sukhova, G.K., Graber, P., Coulter,
S., and Libby, P. 1999. Augmented expression of
cyclooxygenase-2 in human atherosclerotic lesions.
Am. J. Pathol. 155:1281–1291.
48. Beloqui, O., et al. 2005. Monocyte cyclooxygenase-2
overactivity: a new marker of subclinical atherosclerosis in asymptomatic subjects with cardiovascular
risk factors? Eur. Heart J. 26:153–158.
49. Dixon, D.A. 2004. Dysregulated post-transcriptional control of COX-2 gene expression in cancer.
Curr. Pharm. Des. 10:635–646.
50. Huang, Z.F., Massey, J.B., and Via, D.P. 2000. Differential regulation of cyclooxygenase-2 (COX-2)
mRNA stability by interleukin-1 beta (IL-1 beta)
and tumor necrosis factor-alpha (TNF-alpha) in
human in vitro differentiated macrophages. Biochem. Pharmacol. 59:187–194.
51. Ridley, S.H., et al. 1998. A p38 MAP kinase inhibitor regulates stability of interleukin-1-induced
cyclooxygenase-2 mRNA. FEBS Lett. 439:75–80.
52. Ristimaki, A., Garfinkel, S., Wessendorf, J., Maciag, T.,
and Hla, T. 1994. Induction of cyclooxygenase-2 by
interleukin-1alpha. J. Biol. Chem. 269:11769–11775.
53. Lindemann, S., et al. 2001. Activated platelets mediate inflammatory signaling by regulated interleukin 1beta synthesis. J. Cell Biol. 154:485–490.
54. Assoian, R.K., and Sporn, M.B. 1986. Type beta
transforming growth factor in human platelets:
release during platelet degranulation and action
on vascular smooth muscle cells. J. Cell Biol.
102:1217–1223.
55. Appeldoorn, C.C., et al. 2003. Rational optimization of a short human P-selectin-binding peptide
leads to nanomolar affinity antagonists. J. Biol.
Chem. 278:10201–10207.
56. Brennan, C.M., and Steitz, J.A. 2001. HuR and
mRNA stability. Cell. Mol. Life Sci. 58:266–277.
57. Kedersha, N., et al. 2000. Dynamic shuttling of TIA-1
accompanies the recruitment of mRNA to mammalian stress granules. J. Cell Biol. 151:1257–1268.
58. Winzen, R., et al. 2004. Distinct domains of AUrich elements exert different functions in mRNA

2738

destabilization and stabilization by p38 mitogenactivated protein kinase or HuR. Mol. Cell. Biol.
24:4835–4847.
59. Mehta, P., Cummings, R.D., and McEver, R.P. 1998.
Affinity and kinetic analysis of P-selectin binding
to P-selectin glycoprotein ligand-1. J. Biol. Chem.
273:32506–32513.
60. Cipollone, F., et al. 2001. Overexpression of functionally coupled cyclooxygenase-2 and prostaglandin E synthase in symptomatic atherosclerotic
plaques as a basis of prostaglandin E(2)-dependent
plaque instability. Circulation. 104:921–927.
61. Crofford, L.J. 1997. COX-1 and COX-2 tissue
expression: implications and predictions. J. Rheumatol. 49:15–19.
62. Wiercinska-Drapalo, A., Flisiak, R., and Prokopowicz, D. 1999. Effects of ulcerative colitis activity on
plasma and mucosal prostaglandin E2 concentration. Prostaglandins Other Lipid Mediat. 58:159–165.
63. Rocca, B., et al. 2002. Cyclooxygenase-2 expression
is induced during human megakaryopoiesis and
characterizes newly formed platelets. Proc. Natl.
Acad. Sci. U. S. A. 99:7634–7639.
64. Appleby, S.B., Ristimaki, A., Neilson, K., Narko, K.,
and Hla, T. 1994. Structure of the human cyclooxygenase-2 gene. Biochem. J. 302:723–727.
65. Barry, O.P., Kazanietz, M.G., Pratico, D., and
FitzGerald, G.A. 1999. Arachidonic acid in platelet microparticles up-regulates cyclooxygenase-2dependent prostaglandin formation via a protein
kinase C/mitogen-activated protein kinase-dependent pathway. J. Biol. Chem. 274:7545–7556.
66. Forlow, S.B., McEver, R.P., and Nollert, M.U. 2000.
Leukocyte-leukocyte interactions mediated by platelet microparticles under flow. Blood. 95:1317–1323.
67. Chong, B.H., et al. 1994. Plasma P-selectin is
increased in thrombotic consumptive platelet disorders. Blood. 83:1535–1541.
68. Andre, P., Hartwell, D., Hrachovinova, I., Saffaripour, S., and Wagner, D.D. 2000. Pro-coagulant state
resulting from high levels of soluble P-selectin in
blood. Proc. Natl. Acad. Sci. U. S. A. 97:13835–13840.
69. Blann, A.D., Nadar, S.K., and Lip, G.Y. 2003. The
adhesion molecule P-selectin and cardiovascular
disease. Eur. Heart J. 24:2166–2179.
70. Ridker, P.M., Buring, J.E., and Rifai, N. 2001. Soluble P-selectin and the risk of future cardiovascular
events. Circulation. 103:491–495.
71. Hillis, G.S., et al. 2002. Elevated soluble P-selectin
levels are associated with an increased risk of early
adverse events in patients with presumed myocardial ischemia. Am. Heart J. 143:235–241.
72. Braddock, M., and Quinn, A. 2004. Targeting
IL-1 in inflammatory disease: new opportunities
for therapeutic intervention. Nat. Rev. Drug Discov.
3:330–339.
73. Henn, V., et al. 1998. CD40 ligand on activated
platelets triggers an inflammatory reaction of
endothelial cells. Nature. 391:591–594.
74. Van Kooten, C., and Banchereau, J. 2000. CD40CD40 ligand. J. Leukoc. Biol. 67:2–17.
75. Ridley, S.H., et al. 1997. Actions of IL-1 are selectively controlled by p38 mitogen-activated protein

The Journal of Clinical Investigation

http://www.jci.org

Volume 116

kinase: regulation of prostaglandin H synthase-2,
metalloproteinases, and IL-6 at different levels.
J. Immunol. 158:3165–3173.
76. Mifflin, R.C., et al. 2002. Regulation of COX-2
expression in human intestinal myofibroblasts:
mechanisms of IL-1-mediated induction. Am. J.
Physiol. Cell Physiol. 282:C824–C834.
77. Moolwaney, A.S., and Igwe, O.J. 2005. Regulation
of the cyclooxygenase-2 system by interleukin1beta through mitogen-activated protein kinase
signaling pathways: a comparative study of human
neuroglioma and neuroblastoma cells. Brain Res.
Mol. Brain Res. 137:202–212.
78. Wu, M.H., et al. 2005. Distinct regulation of
cyclooxygenase-2 by interleukin-1beta in normal
and endometriotic stromal cells. J. Clin. Endocrinol.
Metab. 90:286–295.
79. Lin, C.C., et al. 2004. Induction of cyclooxygenase-2
expression in human tracheal smooth muscle cells
by interleukin-1beta: involvement of p42/p44 and
p38 mitogen-activated protein kinases and nuclear
factor-kappa B. J. Biomed. Sci. 11:377–390.
80. Bakheet, T., Williams, B.R., and Khabar, K.S. 2003.
ARED 2.0: an update of AU-rich element mRNA
database. Nucleic Acids Res. 31:421–423.
81. Chen, C.Y., et al. 2001. AU binding proteins recruit
the exosome to degrade ARE-containing mRNAs.
Cell. 107:451–464.
82. Wilusz, C.J., Wormington, M., and Peltz, S.W. 2001.
The cap-to-tail guide to mRNA turnover. Nat. Rev.
Mol. Cell Biol. 2:237–246.
83. Mukherjee, D., et al. 2002. The mammalian exosome
mediates the efficient degradation of mRNAs that
contain AU-rich elements. EMBO J. 21:165–174.
84. Blackshear, P.J. 2002. Tristetraprolin and other
CCCH tandem zinc-finger proteins in the regulation
of mRNA turnover. Biochem. Soc. Trans. 30:945–952.
85. Fan, X.C., and Steitz, J.A. 1998. HNS, a nuclearcytoplasmic shuttling sequence in HuR. Proc. Natl.
Acad. Sci. U. S. A. 95:15293–15298.
86. Fan, X.C., and Steitz, J.A. 1998. Overexpression
of HuR, a nuclear-cytoplasmic shuttling protein,
increases the in vivo stability of ARE-containing
mRNAs. EMBO J. 17:3448–3460.
87. Peng, S.S.-Y.,  Chen, C.-Y.A.,  Xu, N., and  Shyu, A.-B.
1998. RNA stabilization by the AU-rich element
binding protein, HuR, an ELAV protein. EMBO J.
17:3461–3470.
88. Mazumder, B., et al. 2003. Regulated release of
L13a from the 60S ribosomal subunit as a mechanism of transcript-specific translational control.
Cell. 115:187–198.
89. Mazumder, B., Seshadri, V., and Fox, P.L. 2003.
Translational control by the 3′-UTR: the ends
specify the means. Trends Biochem. Sci. 28:91–98.
90. Cipollone, F., Fazia, M., and Mezzetti, A. 2005.
Novel determinants of plaque instability. J. Thromb.
Haemost. 3:1962–1975.
91. DuBois, R.N., Awad, J., Morrow, J., Roberts, L.J.,
2nd, and Bishop, P.R. 1994. Regulation of eicosanoid production and mitogenesis in rat intestinal epithelial cells by transforming growth factor-α
and phorbol ester. J. Clin. Invest. 93:493–498.

Number 10

October 2006

