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Interleukin 1� (IL-1�) is capable of driving pro-inflammatory
gene expression through both the initiation of transcription and
by prolonging the half-life of short-lived mRNAs. Although the
signaling events linking the IL-1 receptor to the activation of
NF�B and the initiation of transcription have been well charac-
terized, less is known about the signaling events linking to
mRNA stabilization. As a model to study the control of mRNA
stability we have used the mouse chemokine KC, expression of
which requires both NF�B-driven transcription and stabiliza-
tion of the constitutively unstable mRNA. We have evaluated
the role of signaling adaptors known to play a role in IL-1�-
driven NF�B activation in the generation of mRNA stability.
Surprisingly, although TRAF6 is essential for NF�B activation,
it is not required for IL-1�-induced mRNA stabilization.
IRAK1, which is recognized to function upstream of TRAF6, is
required for both mRNA stabilization and activation of NF�B.
Consistent with the previous findings, the TRAF6 interaction
sites in IRAK1 are required for NF�B activation but do not play
a role in mRNA stabilization. These findings indicate that sig-
nals from the IL-1 receptor segregate into at least two separate
pathways at the level of IRAK1; one couples through TRAF6 to
NF�B activation while a second utilizes a TRAF6-independent
pathway that is responsible for mRNA stabilization.

Regulation of the rate of mRNA decay is now recognized as a
critical means for modulating expression of a variety of pro-
inflammatory genes, includingCXC chemokines, tumor necro-
sis factor� (TNF�),2 granulocytemacrophage colony-stimulat-
ing factor, and cyclooxygenase 2 (1–6). These mRNAs have
very short half-lives due to the presence of AU-rich sequence
elements located in their 3�-untranslated regions (7–9). In the
absence of ongoing inflammation, this instability is important
for silencing gene expression (10–12), although the short half-
life of themessage also limits expression during the initiation of
an inflammatory reaction. Mechanisms that prolong the half-

life of these mRNAs, however, are activated in response to pro-
inflammatory stimuli, particularly ligands for members of the
Toll-interleukin-1 receptor family (13–17).
The mouse chemokine CXCL1 (KC) can serve as a model to

study the regulation of mRNA stability because KC expression
requires both enhanced transcription and stabilization of con-
stitutively unstable mRNA. Multiple extracellular stimuli are
known to induce KC expression but differentially impact on
these processes. Although stimulation with either IL-1� or
lipopolysaccharide can induce both transcription and stabiliza-
tion of the mRNA (17, 18), treatment with TNF� will drive
transcription but does not prolong the half-life of the message
(17).
Although the molecular mechanisms leading to increased

transcription through the activation of NF�B have been well
defined, less is known about the mechanisms responsible for
stimulus-induced mRNA stabilization. The IL-1� signaling
cascade leading to NF�B and MAPK activation requires the
sequential involvement of the adaptorsMyD88, IRAK4, IRAK1,
and TRAF6. TRAF6 then activates the kinase TAK1, which in
turn activates distinct kinases that lead to either NF�B or MAPK
activation. IL-1�-induced stabilization of AU-rich element-con-
tainingmRNAalso requiresMyD88, suggesting the samepathway
may be operative (18), and there aremultiple reports demonstrat-
ing the participation of the p38MAPK (14, 19).
In the present study, we have demonstrated that, surpris-

ingly, TRAF6 is not required for the stabilization of mRNA in
response to IL-1�. IRAK1, the adaptor believed to function
immediately upstream of TRAF6, is required for both NF�B
activation andmRNA stabilization. Although the TRAF6 inter-
action sites in IRAK1 are essential to link to the cascade leading
to NF�B activation, they are not necessary to couple to the
pathway responsible for mRNA stabilization. These data indi-
cate that the signals leading to mRNA stabilization and NF�B
activation diverge at IRAK1 and that this adaptor generates a
distinct signal that links to a signaling pathway that is respon-
sible for IL-1�-induced mRNA stabilization.

EXPERIMENTAL PROCEDURES

Reagents—G418, formamide, MOPS, salmon sperm DNA,
and diethyl-pyrocarbonate were purchased from Sigma-
Aldrich. Dulbecco’s modified Eagle’s medium, Dulbecco’s
phosphate-buffered saline, penicillin, and streptomycin were
obtained from Central Cell Services of the Lerner Research
Institute (Cleveland, OH). Fetal bovine serum was purchased
from BioWhittaker (Walkersville, MA). PolyFect Transfection
Reagent was obtained from Qiagen (Valencia, CA), and Tri-
Reagent was purchased fromMolecular Research Center (Cin-
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cinnati,OH). Recombinant human andmouse IL-1� andTNF�
were purchased from R&D Systems (Minneapolis, MN). Nylon
transfer membrane was purchased from Micron Separation
(Westboro, MA). Luciferase assay buffer, dual luciferase assay
reporter system, and passive lysis buffer were obtained from
Promega (Madison, WI). PerkinElmer Life Sciences was the
source of [�-32P]dCTP and western lightning chemilumines-
cence reagent plus. Protein assay reagentswere purchased from
Bio-Rad. Anti-FLAGM2 antibody was purchased from Sigma-
Aldrich, anti-I�B� antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA), and antibody against GAPDH
was purchased from Chemicon International (Temecula, CA).
Antibodies recognizing p38 MAP kinase and phospho-p38
MAP kinase were purchased from Cell Signaling Technology
(Boston, MA). Anti-mouse and -rabbit IgG horseradish perox-
idase-linked antibody was purchased from Amersham
Biosciences.
Cell Culture—HeLa tet-off cells stably transfected with the

tet-repressor fused to the VP16 transactivation domain were
purchased fromClontech Laboratories. The cells were cultured
in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine
serum, penicillin, and streptomycin and kept under selection
with G418. Wild type and TRAF6-deficient mouse embryonic
fibroblasts (MEFs) have been previously described and were
cultured inDulbecco’smodified Eagle’smedium supplemented
with 10% fetal bovine serum, penicillin, and streptomycin (21).
Plasmids—Plasmids encoding KC, MIP-2, and GAPDH

cDNAs, 5� �B luciferase, pTRE2 KC�3, MyD88, IRAK1,

TRAF6, and dominant negative
TRAF6-(289–522) have been previ-
ously described (18, 22–25). pTK
Renilla was purchased from Pro-
mega. IRAK1-(�189–712) was gen-
erated by PCR and cloned into pBS-
CMV. A construct encoding a
version of IRAK1 incapable of inter-
acting with TRAF6 (IRAK1 E3A)
due to substitution of alanine for
glutamic acid at positions 544, 587,
and 706 (26) was generated using
theQuikChangesite-directedmuta-
genesis kit from Stratagene.
Transfection—HeLa tet-off cells

were plated and allowed to grow for
24 h to 70% confluency in 100-mm
Petri dishes. The cells were tran-
siently transfected using PolyFect
Transfection Reagent (Qiagen)
according to the manufacturer’s
protocol for HeLa cells. Cultures
were then split into smaller treat-
ment groups and incubated for 18 h
before treatment.
Western Blot, Luciferase Assay,

and Northern Blot—Western blot
analysis was performed as described
previously (18). Luciferase activity
of cell lysates was determined using

luciferase assay buffer or the dual luciferase reporter assay sys-
tem according to themanufacturer’s protocol (Promega). Total
RNAwas isolated using Tri-Reagent according to themanufac-
turer’s protocol (Molecular Research Center). mRNA levels
were determined by Northern blot hybridization as previously
described (18).

RESULTS

TRAF6 Overexpression Does Not Activate Stabilization of KC
mRNA—KC mRNA stability was studied in a HeLa cell line
stably expressing the tet-repressor-VP-16 fusion protein (HeLa
tet-off).When these cells are transiently transfectedwith a plas-
mid encoding the KC 5�-untranslated region, coding region,
and a fragment of the 3�-untranslated region (pTRE2 KC�3)
the mRNA is transcribed at a high rate. Following the addition
of doxycycline (dox), transcription of the plasmid is blocked
and the decay of the mRNA can be assessed without use of the
transcription inhibitor actinomycin D. In the absence of cyto-
kine stimulation, KC mRNA is rapidly degraded, reflecting the
constitutive instability of the message. However, addition of
IL-1� along with dox is able to prolong the half-life of the mes-
sage (Fig. 1A).
We have shown previously that overexpression of the adap-

tor protein MyD88 is sufficient to drive stabilization of KC
mRNA transcribed from co-transfected pTRE2 KC�3 (18, 27).
To assess the contribution of downstream signaling compo-
nents in the pathway(s) leading to stabilization of KC mRNA,
HeLa tet-off cells were co-transfected with pTRE2 KC�3, an

FIGURE 1. Overexpression of TRAF6 cannot stimulate KC mRNA stabilization. A, HeLa tet-off cells were
transfected with 2 �g of pTRE2 KC�3 and 4 �g of empty vector (pcDNA3) and divided into different treatment
groups. Cells were treated with either dox (1 �g/ml) alone (NT) or with IL-1� (10 ng/ml). RNA was isolated at the
indicated times following treatment, and KC and GAPDH mRNA levels were determined. The autoradiographs
were quantified using the NIH Image software, and these values were used to calculate the mRNA half-lives.
B–D, HeLa tet-off cells were transfected with 1 �g of pTRE2 KC�3, 1 �g of 5� �B luciferase reporter, 0.25 �g of
pTK Renilla, and 4 �g of either empty vector or the indicated FLAG-tagged adaptor. B, luciferase activity was
determined as described under “Experimental Procedures.” Values for firefly luciferase represent the means of
duplicate samples and have been normalized to Renilla luciferase levels to control for transfection efficiency.
C, cultures were treated with dox for the indicated times prior to determination of KC and GAPDH mRNA levels.
D, FLAG and GAPDH expression levels were determined by Western blot analysis. All data are representative of
at least three independent experiments.
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NF�B-driven luciferase reporter (5� �B luc), and either empty
vector (pcDNA3) or expression plasmids encoding FLAG-
tagged MyD88, IRAK1, or TRAF6. Consistent with the pub-
lished literature, overexpression of any of the adaptor mole-
cules was sufficient to drive activation of NF�B (Fig. 1B).When
the half-life of KC mRNA was assessed in the same cell popu-
lations, MyD88 and IRAK1 were capable of markedly enhanc-
ing the stability and hence abundance of KC mRNA (Fig. 1C).
Overexpression of TRAF6, however, had no effect on the half-

life of the mRNA. Expression levels for each adaptor were
determined by Western blot (Fig. 1D). This finding indicates
that overexpression of TRAF6 activates signals that are ade-
quate for NF�B activation but are not sufficient to promote
mRNA stabilization.
TRAF6 Is Not Required for IL-1�-induced mRNA

Stabilization—To determine whether TRAF6 is required for
IL-1� to induce KCmRNA stabilization, we evaluated the abil-
ity of a dominant negative version of TRAF6 (amino acids 289–
522) to block the response inHeLa tet-off cells. Consistent with
prior work, the dominant negative TRAF6 fully prevented the
ability of IL-1� to activate NF�B (Fig. 2A) (22). In contrast to
the dramatic inhibition of NF�B activation, the dominant neg-
ative TRAF6 protein did not affect the induction of mRNA
stability in response to IL-1� (Fig. 2B).
As a second strategy, we tested the effect of IL-1� treatment

in TRAF6-deficient MEFs. The ability of IL-1� to activate
NF�B, MAP kinases, and gene expression has been reported to
be compromised in these cells (21). Consistent with these
reports, IL-1� could not promote the degradation of I�B� in
TRAF6�/� MEFs, indicating that IL-1�-driven NF�B activa-
tion had been lost (Fig. 3A). In addition, IL-1� was unable to
activate p38 MAP kinase in TRAF6�/� MEFs (Fig. 3B). The
ability of IL-1� to prolong the half-life of endogenous KC
mRNA in wild type and TRAF6�/� MEFs was tested by exam-
ining the decay of KCmRNA induced by treatment with TNF�.
We have reported previously that KCmRNA induced by treat-
ment with TNF� for 1 h decays rapidly following addition of
actinomycin D. However, addition of IL-1� along with acti-
nomycin D results in a significant prolongation of the mRNA
half-life (27). IL-1� was able to promote KC mRNA stabili-
zation in wild type and TRAF6�/� MEFs (Fig. 3C). Similar
results were obtained for a second CXC chemokine, MIP-2
(Fig. 3D). Hence, we conclude that TRAF6 is not a required
component in the signaling pathway coupling the IL-1
receptor to mRNA stabilization.

FIGURE 2. Dominant negative TRAF6 does not block IL-1�-induced mRNA
stabilization. HeLa tet-off cells were transfected with 2 �g of KC�3, 2 �g of
5� �B luciferase reporter, and 2 �g of either empty vector or a dominant
negative (DN) TRAF6. A, luciferase activity was determined following treat-
ment with IL-1� (10 ng/ml) for 8 h. Values represent the mean of duplicate
samples. -Fold increase was determined by comparing the treated samples to
the untreated (NT) in the same transfection group. B, dox (1 �g/ml) was added
to each sample either alone (NT) or with IL-1� (10 ng/ml). Total RNA was
isolated following treatment for the indicated times, and KC and GAPDH
mRNA levels were determined by northern hybridization. Data are represent-
ative of at least three independent experiments.

FIGURE 3. TRAF6 is not required for IL-1�-induced mRNA stabilization. A and B, wild type or TRAF6-deficient MEFs were treated with 10 ng/ml IL-1� or TNF�
for the indicated times, and I�B�, GAPDH, phospho-p38, and total p38 levels were determined by Western blot analysis. C and D, cells were treated with TNF�
(10 ng/ml) for one (C) or two (D) hours. Fresh medium was then added containing either actinomycin D (5 �g/ml) alone (NT) or with IL-1� (10 ng/ml). After
further incubation for the indicated times, total RNA was isolated and KC and GAPDH mRNA levels were determined by northern hybridization. Data are
representative of at least three independent experiments.
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Signals Leading to IL-1�-induced NF�B Activation and
mRNA Stabilization Diverge at IRAK1—Overexpression of
IRAK1, the adaptor functioning directly upstream of TRAF6,
was sufficient to induce both NF�B activation and stabilization
of KCmRNA (Fig. 1, B and C), suggesting that IRAK1might be
necessary for IL-1�-induced KC mRNA stabilization. To test
this idea, we evaluated the effect of a mutant form of IRAK1-
(�189–712) that has been previously reported to function as a
dominant negative. Overexpression of this mutant clearly
blocked both IL-1�-induced NF�B activation and mRNA sta-
bilization (Fig. 4, A and B).
Although IRAK1 couples to NF�B activation through its

interaction with TRAF6, the data presented earlier show that
TRAF6 is not required for the modulation of mRNA decay.
Thus, we reasoned that IRAK1 may be the point where the
signals leading to NF�B activation and mRNA stabilization
diverge and should, therefore, be capable of generating a
TRAF6-independent signal leading to enhanced mRNA
stability. To test this hypothesis, we generated a construct of
IRAK1 in which the three TRAF6 interaction sites were
mutated (IRAK1 E3A). When this mutant was overexpressed,
IL-1�-induced NF�B activation was markedly inhibited (Fig.
4C). Interestingly, overexpression of the mutant was able to
independently induce KC mRNA stabilization (Fig. 4D). This
finding further supports the idea that TRAF6 is not required for
mRNA stabilization and indicates that IRAK1 is generating a
distinct signal that links to this end point.

DISCUSSION

The findings presented here show that TRAF6, although
known to play an essential role in a variety of IL-1�-induced
responses, including activation of NF�B, surprisingly is not
required for IL-1�-induced mRNA stabilization. Rather,

IRAK1, which functions directly
upstream of TRAF6, is essential for
both activities. Importantly, IRAK1
interacts with TRAF6 to link to
NF�B activation, but not mRNA
stabilization, indicating that this
protein is the place where signaling
pathways leading to these two end
points diverge.Hence, IRAK1 links to
an uncharacterized pathway that is
responsible for mRNA stabilization.
The finding that IRAK1, but not

TRAF6, is required formRNA stabi-
lization is unexpected given what is
currently understood about the
IL-1� signaling pathway. TRAF6
plays a critical role in many IL-1�-
induced responses, functioning as
an E3 ubiquitin ligase. It catalyzes
formation of K63-linked polyubiq-
uitin chains leading to the activation
of the kinase TAK1 (28, 29). TAK1
not only stimulates the IKK com-
plex leading to activation of NF�B
but also phosphorylates MKK6,

resulting in the activation of JNK and p38 (29). Thus, signals
coupling these end points with IL-1� stimulation diverge
downstream of TAK1. Consistent with this model, TRAF6 has
been shown to be required for activation of extracellular signal-
regulated kinase, JNK, and p38 MAP kinases in addition to its
role in NF�B activation (21, 30). We are unaware of other
reports that identify IL-1�-induced events leading to pro-in-
flammatory gene expression that do not require TRAF6.
TRAF3 has been linked with MyD88 and IRAK1 in the context
of signaling from several other Toll-interleukin-1 receptor fam-
ily members and has been shown to be responsible for a set of
end points distinct from those that require TRAF6 (31, 32).
IL-1�-induced KC expression is not, however, compromised in
TRAF3-deficient cells (data not shown).
The finding that TRAF6 is not essential for IL-1�-induced

mRNA stabilization also suggests that TRAF6-dependent
responses, such as activation ofNF-�Bandp38MAPkinase, are
not critical for mRNA stabilization (see Fig. 3, A and B). The
lack of a requirement for p38 MAP kinase activation in mRNA
stabilization is surprising because this pathway has been shown
to be essential in Toll-interleukin-1 receptor-induced mRNA
stabilization in a number of settings (14, 15, 19). Indeed, in
mouse macrophages lipopolysaccharide-induced KC mRNA
stability is heavily dependent uponp38MAPkinase activity (34,
35). Moreover, TNF�, a potent stimulus of p38 MAP kinase
activation, is unable to stabilize KC mRNA in either HeLa tet-
off cells or MEFs (17, 27, 36). These findings collectively sup-
port the conclusion that p38 MAP kinase activation is not req-
uisite for stabilization of KC mRNA under the experimental
conditions employed in the present study. Although the rela-
tionship between the TRAF6-independent pathway for mRNA
stabilization and those responses requiring p38 remains to be

FIGURE 4. IRAK1 couples to IL-1�-induced NF�B activation and KC mRNA stabilization via distinct mech-
anisms. A and B, HeLa tet-off cells were transfected with 2 �g of KC�3, 2 �g of 5� �B luciferase reporter, and
2 �g of either empty vector or an expression plasmid encoding IRAK1-(�189 –712). A, luciferase activity was
determined after treatment with IL-1� (10 ng/ml) for 8 h. Values represent the mean of duplicate samples, and
-fold increase was determined by comparing the values from treated with untreated (NT) samples in the same
transfection group. B, dox (1 �g/ml) was added to each sample either alone (NT) or with IL-1�, and KC and
GAPDH mRNA levels were determined at the indicated times. C and D, HeLa tet-off cells were transfected with
2 �g of KC�3, 1 �g of 5� �B luciferase reporter, and 3 �g of either empty vector or an expression vector
encoding IRAK1-(�523–712). C, luciferase activities were determined after treatment with IL-1� (10 ng/ml) for
8 h. D, dox was added to each sample either alone or with IL-1�, and KC and GAPDH mRNA levels were
determined at the indicated times. All data are representative of at least three independent experiments.
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determined, the differences may result from cell type-specific
mechanisms for control of mRNA decay.
IRAK1 is a multidomain protein and may be able to connect

withmultiple distinct downstreampathways. The three TRAF6
interaction sites in the carboxyl terminus are essential for the
recruitment of TRAF6 and the subsequent activation of NF�B.
Although IRAK1 contains a functional kinase domain, this
activity is not required for IL-1�-induced NF�B or JNK activa-
tion (37). However, the kinase activity has been shown to be
essential for IRF7 activation in the setting of stimulation via
TLR7 and TLR9 (20). IRAK1 can be directly phosphorylated by
IRAK4, which functions upstream of IRAK1 in the IL-1� sig-
naling pathway. The finding that IRAK4 kinase activity is
required for Toll-like receptor-induced mRNA stabilization
(33) suggests that phosphorylation of IRAK1 by IRAK4 may be
a required step in the signaling pathway leading to mRNA sta-
bilization. A detailed understanding of the sequences within
IRAK1 required to link to the pathway leading to mRNA stabi-
lization will help further clarify the multiple functions this
adaptor plays in signaling and should help in the characteriza-
tion of this signaling pathway.
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