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Abstract
Osteoblast-derived IL-6 functions in coupled bone turnover by supporting osteoclastogenesis
favoring bone resorption instead of bone deposition. Gene regulation of IL-6 is complex occurring
both at transcription and post-transcription levels. The focus of this paper is at the level of mRNA
stability, which is important in IL-6 gene regulation. Using the MC3T3-E1 as an osteoblastic model,
IL-6 secretion was dose dependently decreased by SB203580, a p38 MAPK inhibitor. Steady state
IL-6 mRNA was decreased with SB203580 (2μM) ca. 85% when stimulated by IL-1β (1 5ng/ml).
These effects require de novo protein synthesis as they were inhibited by cycloheximide. p38 MAPK
had minor effects on proximal IL-6 promoter activity in reporter gene assays. A more significant
effect on IL-6 mRNA stability was observed in the presence of SB203580. Western blot analysis
confirmed that SB203580 inhibited p38 MAP kinase, in response to IL-1β in a dose dependent
manner in MC3T3-E1 cells. Stably transfected MC3T3-E1 reporter cell lines (MC6) containing green
fluorescent protein (GFP) with the 3′ untranslated region of IL-6 was constructed. Results indicated
that IL-1β, TNFα, LPS but not parathyroid hormone (PTH) could increase GFP expression of these
reporter cell lines. Endogenous IL-6 and reporter gene eGFP-IL-6 3′ UTR mRNA was regulated by
p38 in MC6 cells. In addition, transient transfection of IL-6 3′ UTR reporter cells with immediate
upstream MAP kinase kinase-3 and -6 increased GFP expression compared to mock transfected
controls. These results indicate that p38 MAPK regulates IL-1β-stimulated IL-6 at a post
transcriptional mechanism and one of the primary targets of IL-6 gene regulation is the 3′ UTR of
IL-6.
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INTRODUCTION
Bone is a dynamic tissue that constantly undergoes a remodeling process where bone resorption
and bone deposition are balanced. When chronic inflammation occurs in bone, and other
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mineralized tissues, this balance is disrupted, thus favoring net bone loss. Diseases involving
an intimate combination of bone loss and inflammation include periodontal disease and
rheumatoid arthritis or metabolic bone diseases such as osteoporosis, Paget’s disease, and
multiple myeloma where cytokine disregulation is observed. Current therapeutic targets aimed
at treatment and management of inflammatory bone diseases have focused on cytokines, many
of which play central and critical roles in inflammatory bone disease pathophysiology.

Interleukin-6 (IL-6) is the first identified centrally important cytokine for osteoclastogenesis
and thus bone resorption (33). IL-6 is a member of a family of structurally related cytokines
that use the gp130 signal transducer in their receptor complex. Besides IL-6, the family includes
IL-11, oncostatin M (OSM), leukemia inhibitory factor (LIF), and cardiotropin 1. Several
investigators have demonstrated that both estrogens and androgens suppress the production of
IL-6 as well as the expression of the two subunits of the IL-6 receptor, IL-6R and gp130, in
cells of the bone marrow stromal/osteoblastic lineage (1,14,34). Similar results were obtained
subsequently by others in rats as well as in humans, in the bone marrow and in the peripheral
blood (35,51). Importantly, it was shown that neutralization of IL-6 with antibodies or knockout
of the IL-6 gene in mice prevents the upregulation of granulocyte macrophage-colony
stimulating factor (GM-CSF) in the marrow, and the expected increase of osteoclast numbers
in trabecular bone sections; and also protects the loss of bone following loss of sex steroids
(1,21).

This cytokine is produced by osteoblasts and is inducible by the pro-inflammatory cytokines
IL-1, TNF, or bacterial-derived lipopolysacchride (LPS) as well as other osteotrophic
hormones including parathyroid hormone (PTH) (6,12,19,26). IL-6 as well as IL-β, TNF-α,
and macrophage-colony-stimulating factor (M-CSF) appear to be the major target genes for
osteoclastogenesis (53). More recently, it has been recognized that all of these pro-
inflammatory cytokines converge to stimulate receptor activator of NF-kß ligand (RANKL),
which in the presence of low concentrations of M-CSF is necessary and sufficient for the
complete osteoclast differentiation. In addition, most of these same cytokines decrease the
production of osteoprotegerin (OPG), a potent anti-osteoclastogenic factor. OPG acts as a
decoy, blocking the binding of RANKL to its receptor, RANK, which is expressed in
committed pre-osteoblastic cells (18). IL-6 and IL-11 may influence osteoclastogenesis by
stimulating the self-renewal and inhibiting the apoptosis of osteoclast progenitors (22).
Because of the interdependent nature of the production of IL-1, IL-6, and TNF, a significant
increase in one of them may amplify, in a cascade fashion, the effect of the others (22).

However, production and secretion of IL-6 and RANKL, e.g., are the final result of different
stimuli acting on the cell surface. These stimuli generate a message or signal, which has to be
taken to the cell nucleus where it will initiate the appropriate response. Mitogen-activated
protein kinases (MAPK) are key enzymes in the signal transduction cascade from the
extracellular environment to the nucleus of essentially every eukaryotic cell type (36). Three
groups of MAPKs have been identified in mammalian cells (3,9). These are the extracellular
signal regulated kinases (ERKs), the c-Jun N-terminal kinases (JNKs) and the p38 MAPKs.

Recent studies of both osteoblasts and chrondocytes have shown that the IL-1- or TNF-induced
IL-6 production can be blocked with p38 MAPK inhibitors (4,5,39). The functional
consequence of blocking IL-6 was demonstrated further when p38 MAPK inhibitors were
shown to prevent IL-1- or TNF-mediated bone resorption in an in vitro model (28).

The more obvious inference of such information is that p38 MAPK inhibitors prevent the signal
generated by IL-1 or TNF to reach the nucleus, thereby acting on gene transcription. However,
regulation of mRNA turnover is now recognized to be one of the centrally important
mechanisms of controlling the level of cytoplasmic mRNA, and consequently, gene expression.
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The stability of different mRNAs varies considerably and in many cases is regulated in response
to extracellular stimuli. Expression of cytokines is usually transient because their mRNAs are
inherently unstable. Rapid mRNA turnover is mediated by cis-acting elements that are
distributed throughout the mRNA molecule (49). For example, a common destabilizing
element found in the 3′ untranslated region (UTR) of short-lived mRNAs is the AU-rich
element (ARE), consisting of multiple copies of the pentanucleotide, AUUUA, and a high
content of U residues (7,52). Although an ARE or an UUAUUUAUU nonamer can direct rapid
mRNA turnover by promoting deadenylation followed by decay of the mRNA body, the
mechanism underlying this activity has not been elucidated and has been the focus of several
investigators.

Extracellular stimuli may also positively or negatively regulate ARE-directed mRNA decay
(20,55). Specific cis elements present in some cytokine mRNAs are recognized by signal
responsive trans-acting factors that modulate or determine ARE-directed decay. The signaling
pathways that regulate ARE-directed mRNA decay have not been widely explored, and the
relevant cis elements that mediate signal-induced mRNA stabilization have only started to be
examined. In addition, mRNA stabilization may require cooperation between multiple RNA
elements, suggesting that either proper mRNA folding is necessary for signal-induced
stabilization or that interactions between different transacting factors can modulate ARE-
directed mRNA decay (2). Herein, we show that p38 MAPK decreases IL-1β-induced IL-6
gene expression by influencing mRNA stability, and also that a main target of this regulation
is the 3′UTR of the IL-6 gene.

METHODS AND MATERIALS
Cell culture of MC3T3-E1 cells

MC3T3-E1 osteoblastic cells were obtained from RIKEN (Japan). Cells were cultured in
DMEM (Invitrogen Life Technologies, Grand Island, NY), supplemented with 10% fetal
bovine serum (Sigma), 100 U/ml penicillin, and 100μg/ml streptomycin, in a humidified
atmosphere of 5% CO2 in air at 37°C. Osteoblast phenotypic mRNAs, including bone
sialoprotein and osteocalcin, were routinely assayed by reverse transcription polymerase chain
reaction (RT-PCR) to verify osteoblastic phenotype expression in these cells.

Gene Expression assessed by Real Time Polymerase Chain Reaction
To assess IL-6 gene expression after stimulation with IL-1β in the presence and absence of
p38 MAPK inhibitor (SB203580), we employed real time PCR. Briefly, total RNA was isolated
using Trizol reagent (Invitrogen). Total RNA was visualized for intactness by ethidium
bromide staining following gel electrophoresis. RNA was quantitated by spectroscopy
(SmartSpec 3000, BioRad). PCR primers were commercially synthesized (Sigma-Genosys,
Woodland, TX) for IL-6 (Genbank accession # NM-031168), eGFP (Clontech), and the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Genbank #AF106860).
Primer sequences that were employed for IL-6 were 5′- GACAACTTTGGCATTGTGG -3′
for forward sequence and 5′- ATGCAGGGATGATGTTCTG -3′ for reverse sequence. The
primer sequences for eGFP were 5′-CAACTACAACAGCCACAACG-3′ for forward
sequence and 5′-GGTCACGAACTCCAGCAG -3′ for reverse sequence. The sequences for
GAPDH were 5′- CAAAGCCAGAGTCCTTCAGA-3′ for forward primer sequence and 5′-
GATGGTCTTGGTCCTTAGCC -3′ for reverse primer sequence. Products sizes for IL-6 were
160 base pairs (bp) and 132 bp for GAPDH. Real-time PCR was performed using the SYBR-
Green dye system on an iCycler thermocycler (BioRad). Total RNA is isolated using TRIZOL
(Invitrogen) from MC3T3-E1 cells following treatments. RT is performed using Superscript
II with oligo dT. Real Time PCR is performed on the RT product using Taq Polymerase
(Invitrogen) and primers specific for mouse IL-6 and GAPDH cDNAs. IL-6 is amplified for
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50 cycles and GAPDH was amplified for 50 cycles. Threshold values are assigned and used
with Amplification Efficiencies to calculate IL-6 expression levels. Q-gene (http://
www.biotechniques.com/softlib/qgene.html) quantitative software was used to analyze gene
expression based on cycle threshold values normalized to GAPDH expression. Real time PCR
products were also verified through electrophoresis on 2% agarose gel and visualized using
ethidium bromide staining to ensure that they were of the correct size.

For analysis the influence of mRNA stability on IL-6 gene expression in the presence or absence
of SB203580, we used the DNA polymerase inhibitor, actinomycin D. In these experiments,
cells were pre-treated with SB2303580 (2μM) for 1h and then treated with IL-1β for 4h.
Subsequently, actinomycin D was added to prevent further transcription. Total RNA was
harvested and analyzed by real time PCR as outlined above after 0, 30, 60 minutes of treatment
with actinomycin D (2μg/ml).

To determine whether protein synthesis was required for the SB203580 mediated effects on
IL-6 mRNA levels, cells were incubated with cycloheximide (CHX; 2μg/ml) prior to treatment
with SB203580 and IL-1β. RT-PCR analysis for IL-6 and GAPDH expression was conducted
as described above.

Transient transfection and reporter gene assays
IL-6 pCAT promoter constructs were originally obtained from Dr. L. Vales (UMDNJ) (23,
45). IL-6 promoter regions were subcloned into pGL-3 Basic (Promega, Madison, WI, USA),
a reporter vector containing the firefly luciferase gene. MC3T3-E1 cells were cultured to ca.
50% confluency in 60 mm2 dishes, washed twice with Opti-MEM media (Life Technologies)
mixture according to manufacturer’s instructions. The cells were transiently transfected with
L-luciferase reporter constructs containing -225 and -138 bps of the IL-6 proximal promoter
using Lipofectamine Plus (Invitrogen). Six hours post transfection, cells were treated with
SB203580 (5μM; Calbiochem) and stimulated with IL-1β (1ng/ml) for 24 hours. Cell extracts
were normalized by total protein content as determined by Bradford method. Luminescence
was measured using a Berthold Orion Microplate luminometer using the Luminescent kit
(Promega) following manufacturers’ instructions.

Western Blot Analysis
MC3T3-E1 cells were exposed to SB203580 (1–20μM) for ~30 minutes, then stimulated with
IL-1β (1–5 ng/ml) for 20–30 minutes. Cells were rinsed with ice-cold PBS and whole cell
lysates harvested directly in SDS-PAGE buffer (BioRad). In some cases, protein concentrations
were measured by Bradford method (BioRad). Ten micrograms of each sample were
electrophoresed on 10% denatured SDS-PAGE gels and electrotransferred to nitrocellulose
membranes (BioRad). Antibodies against phosphorylated and non-phosphorylated forms of
p38 MAPK kinase (Cell Signaling Technologies) were used as primary antibodies in these
studies. Primary antibodies were detected using HRP-conjugated secondary antibodies and
LumniGlo (Cell Signaling) chemiluminescence detection and quantitated using a computerized
imaging system.

Stable Reporter System for IL-6 3′UTR
To evaluate the relative contribution of the IL-6 3′UTR on mRNA stability, we established
MC3T3-E1 cells which expressed enhanced green fluorescent protein (eGFP) as a reporter
system under the control of the IL-6 3′UTR. Briefly, a 411 bp Xho1-Mlu1fragment containing
the IL-6 3′UTR was cloned into peGFP-C1 (Clontech) vector to replace the poly-adenylation
site from the vector. Neomycin-resistant stable transfectants of MC3T3-E1 cells were obtained
by clonal selection. Clones that generated eGFP activity upon LPS or cytokine stimulation and
low background in unstimulated cultures were used in these studies. GFP expression in these
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cells was determined using flow cytometry (BD Biosciences FACSCalibur Cytometer) and
also by fluorescent microscopy (Zeiss Axiophot Fluorescence Microscopy System). In all flow
cytometry experiments, 10,000 cells were examined for eGFP expression following
stimulation with IL-1β (1ng/ml), TNFα (5ng/ml), E.coli LPS (10μg/ml), and parathyroid
hormone (PTH; 10nM). In some cases, cells with constitutively active expressing upstream
activators of the p38 MAPK, MKK-3b and -6b (obtained from Dr. Matsumo, Japan (37)) were
used in transient transfection experiments as described above. Expression of eGFP in these
cells was measured by flow cytometry as previously described.

RESULTS
SB203580 dose dependently inhibits IL-1β-induced IL-6 secretion in MC3T3-E1 cells

To determine the relative role of p38 MAPK on IL-6 production in MC3T3-E1 osteoblastic
cells, quantitative ELISA specific for mouse IL-6 was utilized. As shown in Figure 1, IL-1β-
induced IL-6 secretion was dose dependently inhibited by SB203580. In all experiments,
SB203580 was added to culture media ca. 30 minutes prior to stimulation with IL-1β. In other
preliminary experiments SB203580 was added at the same time as IL-1β resulting in
diminished IL-6 inhibition (data not shown). The experimentally determined IC50 for
SB203580 inhibition of IL-1β-induced IL-6 secretion was approximately ~2.5μM. In
subsequent studies we used SB203580 at a final concentration of 2μM to evaluate p38 effects
on IL-6 mRNA expression. These data are consistent with previous findings where IL-6 and
cyclooxygenase mRNAs were inhibited by SB203580 at concentrations of ~1μM, which
selectively inhibit p38 MAP kinase (39,46).

p38 is required for IL-1β-induced IL-6 mRNA Induction
IL-6 mRNA steady state gene expression was determined by real time RT-PCR. Using this
technique, we have shown that p38 is necessary for IL-1β-induced IL-6 mRNA synthesis.
When MC3T3-E1 cells were pretreated with SB203580 (2μM) and then stimulated with
IL-1β (0.5ng/ml) we observed an 8-fold reduction in IL-1β-induced IL-6 mRNA levels
compared to IL-1β treated cells only (see Figure 3A). Minimal effects were seen with
SB203580-only treated cells. Less inhibition was observed when cells were treated with
SB203580 and stimulated with IL-1β at the same time (data not shown).

De novo protein synthesis is necessary for IL-1β-induced IL-6 mRNA expression
To explore further the mechanism of p38 MAPK in IL-1β-induced IL-6 expression, we
performed experiments in the presence of the protein synthesis inhibitor cycloheximide (CHX)
using SB203580 to inhibit IL-1β-induced IL-6 mRNA synthesis. As shown in Figure 3B, CHX
blocked the ability of SB203580 to inhibit IL-1β-induced IL-6 mRNA production. In addition,
CHX was able to dramatically affect IL-6 mRNA levels in the presence or absence of IL-1β.
We have observed a similar effect in IL-6 mRNA expression in primary rat calvarial-derived
osteoblasts (25). This effect of CHX has been attributed to ‘superinduction’ phenomenon
observed with a variety of cytokine genes, including IL-6, where treatment of cells with CHX
causes the ribosomes to ‘freeze’ on the mRNA, potentially shielding it from degradation by
cytoplasmic RNases (43).

SB203580 has minimal effect of proximal IL-6 promoter activity
To determine if p38 MAPK induces IL-6 promoter activity after IL-1β stimulation, transient
transfection with mouse IL-6 promoter constructs in MC3T3-E1 cells were performed.
Following transient transfection the −225 or with the −138 bp IL-6 promoter constructs driving
the reporter L-luciferase (Luc) gene, cells were incubated in the SB203580 (5μM) in the
presence or absence of IL-1β for 24 hours and then assayed for Luc activity. Figure 4 shows
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that cells transfected with either the −225 or the −138 constructs expressed relatively low
constitutive Luc activity. Both IL-6 promoter constructs were stimulated in the presence of
IL-1β (1ng/ml) by ca. 6-fold or <2-fold, for the −225 and −138 constructs, respectively (n=2).
However, with the proximal constructs used in these studies, we observed only slight to modest
repression of IL-6 promoter activity in the presence of SB203580 (see Figure 4).

p38 is needed to mediate IL-1β-induced IL-6 mRNA stability
To determine if p38 MAPK was involved in IL-1β induced IL-6 mRNA stability, we used
actinomycin D, which blocks further transcription and allows the rates of mRNA decay to be
determined. MC3T3-E1 cells were pretreated with SB203580 (2μM) and then stimulated with
IL-1β (1.0 ng/ml). During the last period of incubation, actinomycin D (2μg/ml) was added for
0.5 and 1 hr. IL-6 mRNA levels were then analyzed by RT-PCR. The results indicate that
IL-1β increases the half-life of IL-6 (Figure 5), with calculated half-lives of >90 minutes,
consistent with previous reports where IL-1β prolonged the half-life of IL-6 mRNA (25,42).
However, in the presence of SB20380, the half-life of IL-6 was decreased to 24 minutes
following normalization to GAPDH, which has a relatively long half-life (~8 hours) (11).

IL-1β increases GFP-IL-6 3′UTR reporter activity
To understand the molecular nature of p38 signaling intermediates and how this pathway
regulates IL-6 mRNA stability, it was important to establish reporter systems in MC3T3-E1
cells which could be used as readouts to determine cis-acting elements and signaling
intermediates of the MAPK pathway which could regulate particular cis elements of the IL-6
gene. From the literature to date and our own preliminary data, the 3′UTR of the IL-6 gene is
an obvious starting point for these studies (41,60). Thus, in order to monitor p38-sensitive
turnover regulation in cells, we have generated reporter constructs in which the CMV promoter
is driving the expression of a reporter gene containing the coding sequence for the green
fluorescent protein (GFP) fused with the 3′UTR of IL-6 (Figure 6A). In brief, the 411bp Mlu1-
NotI fragment was cloned into the peGFP vector which had the SV40 polyadenylation sequence
removed by Mlu1-NotI. Using this eGFP-3′UTR IL-6 expression vector, we stably transfected
MC3T3-E1 osteoblasts and selected clones which were neomycin resistant. Several cell lines
were screened for increased GFP expression following IL-1β stimulation. One of these clones,
referred to as MC6, was used in subsequent experiments to determine if p38 MAPK affects
the IL-6 3′UTR in osteoblasts. Following treatment of the MC6 cell line with IL-1β, we
observed a marked increase in GFP expression by flow cytometry (Figure 6B). Other agents,
TNFα, E.coli LPS, but not PTH, also enhanced GFP-IL-6 3′UTR reporter expression. These
preliminary experiments provide evidence for p38 regulation of GFP expression in MC3T3-
E1 cells under control of defined IL-6 3′UTR cis elements. Importantly, we demonstrated that
IL-6 and eGFP mRNA expression were regulated in MC6 reporter cells as IL-6 was regulated
in the parent cell line MC3T3-E1 cells (see Figures 6C and 6D). In both cases, SB203580 at
either 2μM or 5 μM was able to inhibit IL-1β induced IL-6 or eGFP-IL-6 3′UTR expression.

To confirm that the p38 MAPK pathway mediates enhanced GFP-IL-6 3′ UTR activity, we
transiently transfected MC6 reporter cells with upstream p38 pathway intermediates (Figure
6E). Both constitutively active MKK-3 and-6 constructs were able to enhance GFP compared
to empty vector (mock transfected) controls. These results indicate that upstream kinases of
p38 could specifically enhance GFP-IL-6 3′ UTR reporter expression.

DISCUSSION
IL-6 regulation in bone is extremely important for tissue homeostasis. Inflammatory mediators,
including IL-1β, TNFα, and gram negative LPS promote shifts in this balance towards bone
resorption. One of the pathways for this is represented by increased expression of IL-6 in

Patil et al. Page 6

Immunol Invest. Author manuscript; available in PMC 2005 September 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



osteoblasts. Although many studies have interpreted this as a function of enhanced
transcriptional initiation and promoter function of the IL-6 gene, relatively few studies have
addressed post-transcriptional regulation of IL-6 mRNA. Rapid turnover of short-lived mRNA
such as those coding cytokines is mediated by cis-acting elements that are distributed
throughout the mRNA molecule (49). Stabilization of short-lived ARE-containing mRNAs,
such as IL-6, is part of a pathological mechanism to amplify gene expression in chronic
inflammatory conditions. Thus, the understanding of the pathogenesis of such conditions may
be greatly improved by the study of the mechanisms involved in signaling pathways utilized
to prolong mRNA stability. By using pharmacological inhibitors of p38 MAPK, we have shown
that the IL-6 mRNA half-life is prolonged through a p38-dependent mechanism. Through
reporter gene assays we showed that the 3′UTR region of IL-6 gene is, at least, one of the major
targets of the p38 pathway to increase mRNA stabilization.

Herein, we provide evidence that a specific p38 MAPK inhibitor can dose dependently inhibit
IL-1β-induced IL-6 secretion in osteoblastic cells. Similar findings have been observed with
other agonists of IL-6 in osteoblasts and other cell types (4,17,26). The calculated IC50 is
~2.5μM of SB203580. This concentration of SB203580 has been shown to be specific for p38
and not inhibit other MAP kinases such as JNK or ERK (8). SB203580 binds with high affinity
to p38 near the ATP binding site, thus rendering p38 inactive (10). In addition, additional
studies showed that inhibition of p38 by the pharmacological inhibitor SB203580 or by a
dominant-negative mutant of MAP kinase kinase-6 (MKK6), an upstream activator of the p38
pathway, interfered with NF-κB-dependent gene expression but not with its DNA-binding
activity (59).

In Figure 2, we show that SB203580 can inhibit the ability of IL-1β to induce p38
phosphorylation in our model system by western blot analysis. Note that these changes in
phosphorylated p38 were specific for phosphorylated p38 and not non-phosphorylated levels
of p38. These effects are consistent with numerous other studies. Although we do not observe
a significant decrease in phosphorylated p38 levels at 2.5μM, we do see significant amount of
IL-6 secretion suppression at that concentration. This disparity reflects to time course
difference in experiments. The IL-6 secretion inhibition occurs over 18–24 hour time frame
versus the < 1 hour for the western blot data.

We have additionally shown that inhibition of the p38 pathway has a significant effect on steady
state IL-6 mRNA levels in MC3T3-E1 cells. In Figure 3 SB203580 significantly inhibited
IL-1β-induced IL-6 mRNA synthesis by nearly 8-fold. These results were observed rather
consistently in MC3T3-E1 cells. However, we have not been able to observe the same results
in all cell types utilized in our laboratory (unpublished data). In addition, we have observed
SB203580 inhibition of IL-1β-induced IL-6 mRNA expression when both SB203580 and
IL-1β are added at the same time, but the effects of the inhibitor are greatly diminished as
opposed to what is observed by pretreatment with SB203580 (data not shown). Moreover, we
show that de novo protein synthesis is required for p38-induced IL-6 gene expression (Figure
3B) consistent with results obtained in human synoviocytes (39). SB203580 (2 μm) inhibits
approximately 50% of IL-1β-induced IL-6 expression in MC3T3-E1 osteoblastic cells, and
that this effect depends on de novo protein synthesis as these effects were inhibited with
cycloheximide (CHX). Increased IL-6 mRNA levels of IL-6 in the presence of CHX have been
attributed to CHX causing the ribosomes to shield mRNA, protecting mRNA from degradation
by cytoplasmic RNases (43).

Importantly, p38 MAP kinase appears to mediate its effects on enhancing IL-6 gene expression
mainly through the stabilization IL-6 mRNA. As shown in Figure 4, SB203580 reduces the
half-life of the IL-6 message from >120 minutes to less that 25 minutes in IL-1-β-stimulated
cells in the presence of actinomycin D, an inhibitor of DNA-primed RNA polymerase, to arrest
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transcription. Thus, these data strongly implicate the p38 MAP kinase pathway as a central
signaling pathway which controls IL-6 mRNA stability. Other investigators have also shown
that p38 or the immediate downstream kinase MAPKAPK2 (MK2) plays a role in IL-6 mRNA
stability (39,56,60). In addition, these data are consistent with other findings where defects of
IL-6 mRNA stability were observed in animals lacking the immediate downstream substrate
of MK2 (41). In these MK2−/− animals, absence of MK2 leads to a 10-fold increased
degradation rate of IL-6 mRNA in LPS-stimulated macrophages. Furthermore, MK2 can
stabilize an mRNA reporter construct carrying the IL-6 3′-UTR, which contains ARE-like
motifs (41). However, it is also possible that at least part of the increase in IL-6 mRNA steady
state expression results from enhanced IL-6 promoter activity and concomitant transcription
initiation.

To help determine the relative contribution of p38 on IL-6 gene expression, we performed IL-6
gene promoter assays with the proximal IL-6 promoter region. We investigated the level at
which p38 MAPK regulates expression of IL-6 in osteoblastic cells by transiently transfecting
MC3T3-E1 cells with two different (−225/+11 and a −138/+11) IL-6 promoter constructs
coupled to a Luciferase reporter vector. The -225 construct contains the NFκB site and a pivotal
C/EBP site necessary for robust IL-6 transcription (38). Using these constructs, we have found
that p38 had relatively minimal effects on IL-6 proximal promoter activity. These results
contrast with those reported with TNF-induced human IL-6 promoter function in a human
osteoblastic cell model (58). These studies showed strong inhibition of TNF-induced IL-6
secretion in the presence of SB203580, but only ca. 50% inhibition of IL-6 promoter activity.
Moreover, the authors did not address IL-6 mRNA levels or mRNA stability in these studies.
In our studies, we have observed strong inhibition of IL-1β-induced IL-6 mRNA levels and
marked decrease in IL-6 mRNA stability in the presence of p38 inhibitors without significant
inhibition of IL-6 promoter activity. These data argue that p38 regulation of IL-1β-induced
IL-6 occurs more at the post-transcriptional rather than transcriptional level.

We have started to extend our studies on p38 regulation of IL-6 mRNA stability through the
use of reporter gene systems. One of the reporter cell lines selected, MC6, which we report
here has utilized the GFP reporter gene fused to the 3′UTR of IL-6 shown schematically in
Figure 6A. The 3′UTR of IL-6 has several AU-rich elements in the 3′UTR common to many
inflammatory genes and early immediate genes, which are critical for post-transcriptional
regulation (16). These sequences are formed by the presence of one or more copies of the
pentamer AUUUA and bind to proteins involved in stabilizing or destabilizing these mRNAs.
In the case of IL-6, these elements are necessary for mRNA stability (47, 60), but the 3′UTR
for TNFα mediates translational efficiency (27). In the present study, GFP-IL-6 3′UTR stable
MC3T3-E1 osteoblastic cells (MC6) were generated to gain experimental insight of p38 effects
on the 3′UTR of IL-6. Using these reporter cells, we have shown that IL-1β and to a lesser
extent LPS and TNFα can increase GFP reporter expression through flow cytometry analysis
(see Figure 6B). Interestingly, PTH did not increase GFP-IL-6 3′UTR reporter expression.
Previous studies have shown that PTH stimulates IL-6 production in osteoblasts through
signaling intermediates including protein kinase (PK) A and PKC (24, 50), but not p38 MAPK.
IL-1β, TNFα, and LPS all have been shown to increase p38 signaling in response to stimulation
in osteoblasts (4, 25, 26, 28). Addition data shows that IL-6 and eGFP mRNA expression are
regulated in MC6 cells through p38 (Figure 6C and 6D). We believe that eGFP regulation
through p38 pathway in MC6 cells reflects regulation of the IL-6 3′UTR in mRNA stability
which will increase translational efficiency. However, we cannot rule out p38 effects on the
AP-1 sites within the CMV promoter will drives eGFP expression in this construct. These data
provide supportive data for the IL-6 3′UTR as being one of the main targets of the p38 signaling
pathway
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We have further expanded on the relevant role of the p38 pathway in IL-6 mRNA stability by
transfecting upstream signaling intermediates of p38 in MC6 cells (Figure 6C). The activities
of p38 kinases are controlled by upstream kinases, namely MKK-3, -4, and -6. Among these,
MKK-3 and -6 are specific for p38 whereas MKK-4 also activates cJun-N-terminal kinases
(JNKs) (54). As shown here both constitutively active forms of MKK-3 and MKK-6 can
increase GFP expression in MC6 cells whereas the empty vector mock control had no effect
on GFP expression. These data provide additional evidence that the p38 MAPK pathway
impacts on IL-6 regulation, at least in part, through the 3′UTR of IL-6. However, the exact
mechanism of this regulation remains to be elucidated.

It is assumed that regulation of mRNA stability is mediated through trans-acting RNA-binding
factors, which interact with cis-elements, including AREs. A number of proteins that
selectively bind AREs have been identified and characterized. ARE-binding regulators of
mRNA stability include: AUF1 (heterogeneous nuclear ribonucleoprotein (hnRNP-D), four
members of the ELAV family [HuR (human)/HuA (murine), HuB/Hel-N1, HuC, HUD],
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), hnRNPA1, hnRNPC, and
tristeraprolin (TTP) (15,16). We have shown that of those RNA binding proteins, AUF1, HuR
(HuA-like), and TTP are expressed in MC3T3-E1 cells (unpublished data). At present, we do
not know the target of p38 regulation of IL-6 mRNA stability in osteoblasts. Recently, affinity
‘pull-down’ experiments using the TNFα ARE has identified ca. twenty different proteins
which selectively bind to TNFα ARE mRNA in LPS-stimulated macrophages (48). Many of
the proteins identified contain RNA recognition motifs (RRMs) and some of these were from
the hnRNP A/B family which possess arginine/glycine rich domains known to be involved in
protein-protein interactions as well as nuclear-cytoplasmic shuttling and RNA processing (2).
One of the identified proteins, hnRNP A0 was identified as a downstream substrate of
MAPKAPK2. In vitro kinase assays indicated that hnRNP A0 was phosphorylated by
MAPKAPK2 and sensitive to SB203580. Most notably, other mRNAs, including COX-2 and
macrophage inflammatory protein (MIP)-2, but not IL-6 were bound to immunoprecipitated
hnRNP A0. Another recent paper has shown that poly(A)-binding protein (PABP)-1 was the
downstream substrate of MAPKAPK2 which could bind to the GM-CSF ARE. The IL-6 ARE
has been shown to bind to HuR in glioma tissues (40), however, HuR is does not appear to be
target of p38 signaling (57).

In summary, we have demonstrated that p38 MAPK is a critical signaling intermediate in IL-6
mRNA synthesis in osteoblasts. A major point of p38-dependent IL-6 regulation occurs at the
level of mRNA stability. One of the main targets of IL-1β-induced IL-6 mRNA stability
regulation is the IL-6 ARE. The immediate downstream substrate in the p38MAPK/ARE axis
of regulation of IL-6 mRNA stability is MAPKAPK2 (41). However, the downstream
substrates including RNA binding proteins which regulate IL-6 mRNA stability in a p38-
dependent manner remain to be elucidated. Ongoing studies are currently addressing these vital
issues of IL-6 post-transcriptional gene regulation. Once identified, these trans-acting factors
of IL-6 mRNA stability regulation may provide novel therapeutic targets in the management
of inflammatory bone diseases such as rheumatoid arthritis and periodontitis which are
mediated, in part, through sustained IL-6 production.
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Figure 1. IL-6 secretion is dose dependently inhibited by SB203580 in MC3T3-E1 cells.
MC3T3-E1 cells were treated with SB203580 at indicated concentrations for 30 minutes and
then stimulated with IL-1β for 24 hours. Cell cultured supernatants were harvested and
analyzed for IL-6 by ELISA. Data are presented as means of duplicate experiments measured
in triplicate.
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Figure 2. p38 MAPK phosphorylation is dose-dependently inhibited by SB203580
MC3T3-E1 cells were serum starved, then treated with SB203580 at indicated concentrations
for 30 minutes, and then stimulated for 20 minutes with IL-1β (1ng/ml). Whole cell extracts
were analyzed by Western blot with antibodies against phosphorylated and non-
phosphorylated p38 MAPK. Data is representative experiment preformed independently three
times with similar results.
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Figure 3A. p38 MAP kinase is required for IL-1β-induced IL-6 gene expression.
MC3T3-E1 cells were treated with SB203580 (2μM), then stimulated with IL-1βfor 18 hours.
Total RNA was isolated and real time RT-PCR performed for IL-6 and GAPDH using
SybrGreen dye (ABI) on an iCycler PCR machine (BioRad). Threshold cycle values were used
to quantitate normalized expression through QGene Software and expressed as ratio of target
gene to reference gene (IL-6: GAPDH). Mean normalized expression ratios from 4 indepednent
experiments are presented.
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Figure 3B. De novo protein synthesis is required for p38 MAPK-mediated IL-6 mRNA synthesis
in MC3T3-E1 Cells.
MC3T3-E1 cells with treated with IL-1 (1.0ng/ml) and SB203580 (2μM) and in the presence
or absence of cycloheximide (CHX; 2μg/ml). Semi-quantitative RT-PCR was performed to
evaluate IL-6 mRNA expression. See text for details on CHX effects. Means from two
indepednent experiments are presented.
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Figure 4. p38 MAP kinase inhibition has minimal effect on proximal IL-6 promoter function.
MC3T3-E1 cells were transiently transfected with L-luciferase reporter constructs containing
-225 and -138 bps of the IL-6 proximal promoter using Lipofectamide Plus (Invitrogen). Six
hrs following transfection, cells were treated with SB203580 (5μM; Calbiochem) and
stimulated with IL-1β (1ng/ml) for 24 hours. Cell extracts were normalized by cotransfection
with an R-luciferase vector. Luminesence was measured using a Berthold Orion luminometer
using the Dual luminescent kit (Promega) following manufacturers’ instructions.
Representative data is presented. These experiments were performed twice independently with
similar results.
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Figure 5. p38 MAP kinase mediates IL-1β-induced IL-6 mRNA stability.
MC3T3-E1 cells were treated as in Figure 4, and then actinomycin D (2μg/ml) was added for
30 and 60 minutes. Total RNA was harvested and analyzed by real time RT-PCR as above.
Results are expressed as percentage of IL-6 mRNA remaining after normalized to GAPDH.
IL-6 mRNA t½ was calculated to be >120 minutes with IL-1β treatment and reduced to ~24min
with SB203580 (2μM). Means from two indepedent experiments are presnented.
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Figure 6A. Diagram of the IL-6 gene structure and GFP-IL-6 3′UTR Reporter Construction.
Relevant cis elements (5′UTR, coding region and 3′UTR) discussed in proposal are indicated.
As part of the preliminary data presented in this section, the murine IL-6 3′UTR (~390 bps)
has been cloned into pEGFP-C1 vector where the SV40 poly adenylation site has been removed
permitting expression of the EGFP gene under control of the CMV promoter. Stable clones of
expressing this construct have been obtained in MC3T3-E1, NIH 3T3, and MC3T3-E1cells
immortalized with SV40 large T antigen (designated MCT).
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Figure 6B. Various cytokines increase GFP expression of CMV-eGFP-IL-6 3′UTR construct in
MC3T3-E1 cells.
MC3T3-E1CMV-eGFP-IL-63′UTR cells were treated with DMSO (control), PTH (10 nM),
TNF-α (5ng/ml), E.Coli LPS (10μg/ml), or IL-1β (1 ng/ml) for 48 hours. Cells were harvested
and visualized by flow cytometry on a FACScan. Histogram plots showing the entire GFP-
expressing population are overlapped to indicate an increase in the GFP expressing cells when
cells are stimulated with IL-1β or LPS. Lesser changes were observed with PTH or TNFα in
this experiment. 10,000 cells were gated in this experiment for each treatment group.
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Figure 6C. p38 MAP kinase is required for IL-1β-induced IL-6 gene expression in MC6 cells.
MC6 cells were treated with SB203580 (2 or 5μM), then stimulated with IL-1β (1ng/ml) for
18 hours. Total RNA was isolated and real time RT-PCR performed for IL-6 and GAPDH
using SybrGreen dye (ABI) on an iCycler PCR machine (BioRad). Threshold cycle values
were used to quantitate normalized expression through QGene Software and expressed as ratio
of target gene to reference gene (IL-6: GAPDH) compared to control untreated cells.
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Figure 6d. p38 MAP kinase is required for IL-1β-induced eGFP gene expression in MC6 cells.
MC6 cells were treated with SB203580 (2 or 5μM), then stimulated with IL-1β (1ng/ml) for
18 hours. Total RNA was isolated and real time RT-PCR performed for eGFP and GAPDH
using SybrGreen dye (ABI) on an iCycler PCR machine (BioRad). Threshold cycle values
were used to quantitate normalized expression through Q-Gene Software and expressed as ratio
of target gene to reference gene (eGFP: GAPDH) compared to control untreated cells.
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Figure 6E. Upstream signaling intermediates of p38 MAPK increase GFP expression in MCT-GFP-
IL-6 3′UTR cells.
Cells were transduced with viral particles containing constitutively active MKK-6, MKK-3,
or empty vector viral particles in the presence of polybream for 48 hours. GFP expression was
measured by FACscan (10,000 cells were sorted in each group). Data indicates that both
MKK-6 and MKK-3 can increase GFP expression in MCT-GFP-IL-6 3′UTR cells. These data
suggest that both immediate upstream signaling intermediates of p38 MAPK are able to
increase IL-6 mRNA reporter activity.
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