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Toll IL-1 Receptors Differ in Their Ability to Promote the
Stabilization of Adenosine and Uridine-Rich Elements
Containing mRNA1

Shyamasree Datta, Michael Novotny, Xiaoxia Li, Julie Tebo, and Thomas A. Hamilton2

Several ligands for Toll IL-1R (TIR) family are known to promote stabilization of a subset of short-lived mRNAs containing
AU-rich elements (AREs) in their 3� untranslated regions. It is now evident however, that members of the TIR family may use
distinct intracellular signaling pathways to achieve a spectrum of biological end points. Using human embryonic kidney 293 cells
transfected to express different TIRs we now report that signals initiated through IL-1R1 or TLR4 but not TLR3 can promote the
stabilization of unstable chemokine mRNAs. Similar results were obtained when signaling from endogenous receptors was ex-
amined using a mouse endothelial cell line (H5V). The ability of TIR family members to stabilize ARE-containing mRNAs results
from their differential use of signaling adaptors MyD88, MyD88 adaptor-like protein, Toll receptor IFN-inducing factor (Trif), and
Trif-related adaptor molecule. Overexpression of MyD88 or MyD88 adaptor-like protein was able to promote enhanced stability
of ARE-containing mRNA, whereas Trif and Trif-related adaptor molecule exhibited markedly reduced capacity. Hence the
ability of TIRs to signal stabilization of mRNA appears to be linked to the MyD88-dependent signaling pathway. The Journal of
Immunology, 2004, 173: 2755–2761.

Recognition of and response to microbial agents is a crit-
ical feature of host defense and is mediated by a set of
cellular receptors that recognize diverse molecular struc-

tures associated with such pathogens (1, 2). Members of the Toll
IL-1R (TIR)3 family are important components of this innate im-
mune system (3–6). Orchestration of the inflammatory response
initiated via these receptors requires stringent control involving
both amplification and diminution of the expression of inflamma-
tory genes.

The regulation of cytokine and chemokine genes that determines
the magnitude and duration of inflammatory response is highly
evolved and appears to operate at virtually every stage of gene
expression including transcription, cytoplasmic mRNA decay, and
translation (7–12). Although the molecular basis for inducible tran-
scription of inflammatory cytokine genes is understood in some
detail, knowledge of mechanisms mediating posttranscriptional
control is only now emerging (7–12). mRNA metabolism, includ-
ing both decay and translation, is known to involve adenosine and
uridine (AU)-rich nucleotide sequence elements (AREs) in the 3�
untranslated region (UTR) of select mRNAs that confer instability
(9, 10, 13). More recently, the ability of extracellular stimuli to
modulate the rate of decay as well as translation of ARE-contain-
ing mRNAs has been clearly demonstrated though these responses

remain poorly understood in mechanistic terms (14–17). The im-
pact of such posttranscriptional regulation is well exemplified by
the behavior of TNF-� mRNA; mice expressing a form of TNF-�
mRNA in which the ARE has been deleted exhibit a lethal, post-
natal systemic inflammatory syndrome and a similar phenotype is
obtained in mice deficient for the tristetraprolin gene that recog-
nizes this regulatory sequence (12, 18, 19).

Both LPS and IL-1 have been reported to promote stabilization
of ARE-containing mRNAs (14, 17, 20). These agents act through
TIR family receptors (IL-1R1 and TLR4), and the signaling path-
ways involved have been the subject of intense recent interest (3,
5, 21). IL-1R and TLR4 are both able to stimulate proinflammatory
gene expression via a process that depends upon the adaptor pro-
tein MyD88 either alone (for IL-1R) or in combination with a
second adaptor, MyD88 adaptor-like (Mal) protein, and this com-
bination has been termed the “MyD88-dependent” pathway (22,
23). Both TLR4 and TLR3 can also induce a subset of events
through a “MyD88-independent” pathway that involves activation
of IFN regulatory factor 3 and ultimately expression of type I IFN
(24–26). This pathway depends upon a separate set of TIR do-
main-containing adaptor proteins termed Toll receptor IFN-induc-
ing factor (Trif) and Trif-related adaptor molecule (Tram) (27, 28).

In the present study, we wished to determine whether TIR family
members exhibiting differential use of these adaptors and signaling
pathways possess comparable capacity to promote stabilization of
sensitive ARE-containing mRNAs. The results demonstrate that IL-
1R1 and TLR4 but not TLR3 can couple effectively to mRNA
stabilization. Furthermore, the ability of IL-1R1 and TLR4 to induce
mRNA stabilization depends upon their use of individual TIR-
containing adaptors: MyD88 and Mal efficiently enhance mRNA
stability whereas Trif and Tram are relatively inactive.

Materials and Methods
Reagents

DMEM, Dulbecco’s PBS, and antibiotics were obtained from Central Cell
Services, Lerner Research Institute (Cleveland, OH). Glutamine and aga-
rose were purchased from PerkinElmer Life Sciences (Rockville, MD).
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FBS was purchased from BioWhittaker (Walkersville, MD). Formamide
was obtained from International Biotechnologies (New Haven, CT).
Magna nylon transfer membrane was obtained from Micron Separations
(Westboro, MA). Recombinant human IL-1� and the KC ELISA kit were
purchased from R&D Systems (Minneapolis, MN), and poly(IC), LPS,
gentamicin sulfate (G418), and actinomycin D (ActD) were purchased
from Sigma-Aldrich (St. Louis, MO). Doxycycline (Dox) was obtained
from Clontech Laboratories (Palo Alto, CA). Superfect Transfection Re-
agent was obtained from Qiagen (Valencia, CA) and Tri-Reagent was pur-
chased from Molecular Research Center (Cincinnati, OH). DuPont-NEN
(Boston, MA) was the source of [�-32P]dCTP. The Luciferase Assay Sys-
tem was purchased from Promega (Madison, WI). Protein assay reagents
were purchased from Bio-Rad (Richmond, CA).

Cell culture

Human embryonic kidney (HEK) 293 C6 cells expressing elevated IL-1R1
were prepared as previously described (29) and maintained in DMEM sup-
plemented with 10% FBS, penicillin, and streptomycin in humidified 5%
CO2. The 293 tet-off cells were prepared by stable transfection of the pa-
rental HEK 293 C6 line with a plasmid encoding the bacterial tet-repressor
(tetR) protein fused with the VP-16 transactivation domain obtained from
Clontech Laboratories and were maintained in G418. The HEK 293 C6 cell
line was stably transfected with expression constructs (described below)
encoding TLR3 or TLR4 and MD2 and selected on the basis of antibiotic
resistance. An immortalized mouse endothelial cell line (H5V) was main-
tained as previously described (30).

Plasmids

Plasmids encoding KC, IL-8, GRO3, and GAPDH were as previously de-
scribed (31, 32). A cDNA clone encoding ISG56 was obtained from Dr. G.
Sen (Cleveland Clinic Foundation) (33). pTRE2 and pTRE2-luciferase
vectors were purchased from Clontech Laboratories. pTRE2-KCcDNA
was constructed as previously described (20). Luciferase reporter plasmids
containing the promoter from the ISG56 gene (ISG56-luciferase) or five
copies of the �B1 site from the mouse IFN-�-inducible protein 10 promoter
were as previously described (33, 34). Plasmids encoding TLR4, TLR3,
MD2, MyD88, Mal, Trif, and Tram were prepared by amplification of
full-length coding sequences by RT-PCR using total RNA prepared from
HEK 293 C6 cells or HeLa cells and inserted in the EcoR1 site of the
expression plasmid pcDNA3.1. Expression constructs were designed to
include epitope tags (FLAG or hemagglutinin (HA)) at the carboxyl ter-
minus of the proteins. The cloned cDNAs were verified by sequencing in
the Molecular Biotechnology Core facility of the Cleveland Clinic
Foundation.

Cell transfection and RNA and luciferase analysis

Pools of 293 tet-off cells were transiently transfected using Superfect
Transfection Reagent according to the manufacturer’s protocol. Three
hours after transfection, the cultures were subdivided into 60-mm dishes
and rested for 24 h before individual treatments. Total RNA was prepared
using Tri-Reagent following the manufacturer’s instructions. The levels of
RNA were analyzed and quantified by Northern blot hybridization as pre-
viously described (20, 32). Transfected 293 tet-off cells were used to pre-
pare cell extracts and assess luciferase activity according to the manufac-
turer’s protocol.

KC protein analysis to estimate mRNA decay

Pools of 293 tet-off cells were transiently transfected as previously de-
scribed. Twenty-four hours after transfection, the supernatants were re-
moved and replaced with fresh medium. After 3 h, the supernatant was
harvested and used to determine the amount of KC protein expression
during 3 h before selective termination of reporter gene transcription. The
plates were washed and fresh medium containing Dox with or without
IL-1� was added and the cultures incubated for 3 h to allow mRNA decay
to occur in the absence of transcription. The supernatants were discarded
and cultures were washed extensively before addition of fresh medium
containing Dox with or without IL-1� as indicated. After a final 3 h in-
cubation, KC protein levels were determined in the supernatant by ELISA,
reflecting the KC protein produced from mRNA remaining after 3 h of
decay. The data are presented as the percentage of KC protein produced
after Dox-induced transcription termination relative to that produced by the
same culture before addition of Dox.

Western blot analysis

Western blot analysis was done essentially as previously described using
10% denaturing PAGE of total cytosolic extracts and ECL detection tech-
nology (35).

Results
The IL-1R1, TLR3, and TLR4 members of the TIR family repre-
sent the prototypes for use of different TIR adaptor molecules;
IL-1R requires only MyD88, TLR3 requires only Trif, and TLR4
requires MyD88, Mal, Trif, and Tram (22, 23, 27, 28, 36). Using
the 293 cell line as parent, we prepared a series of cell lines stably
expressing IL-1R1 along with either TLR3 or TLR4 to determine
the relative capacity of each receptor to couple with processes
promoting stabilization of ARE-containing mRNAs. The parental
line 293 C6 has been stably transfected to express high levels of
the IL-1R1 protein (29). These cells show good induction of the
chemokine gene IL-8 in response to stimulation with human IL-1�
but are unresponsive to either LPS (for TLR4) or poly(IC) (for
TLR3) (Fig. 1). When cells expressing TLR4/MD2 were stimu-
lated with LPS, IL-8 mRNA was readily induced although these
cells remained unresponsive to poly(IC). HEK 293 C6 cells trans-
fected with TLR3 were unresponsive to LPS but were highly sen-
sitive to the action of poly(IC) as indicated by the expression of the
human ISG56 mRNA, a product known to be sensitive to dsRNA
and both type I and type II IFNs (33). Interestingly, poly(IC) treat-
ment of 293 cells expressing TLR3 resulted in only modest che-
mokine mRNA expression. This finding suggested that signaling
from TLR3 might be unable to promote stabilization of these che-
mokine mRNAs.

To test this possibility, the three cell lines (293, TLR4/MD2, and
TLR3) were stimulated with their corresponding ligands for 2 h
and ActD was added to inhibit further mRNA synthesis. Total
RNA was prepared immediately or following additional incubation
for 2 or 4 h with ActD and the levels of IL-8 mRNA were again
determined (Fig. 2). In response to IL-1� or LPS, IL-8 mRNA was
stable over the entire incubation period. In contrast, the modest
levels of IL-8 mRNA induced in response to poly(IC) disappeared
rapidly indicating that poly(IC) acting through TLR3 was unable
to promote the stability of this chemokine mRNA.

FIGURE 1. IL-8 expression induced by distinct TLR/ligand pairs. Pa-
rental HEK 293 C6 cells expressing high levels of IL-1R1 were stably
transfected with expression plasmids encoding either TLR4/MD2 or TLR3.
The resulting cell lines (293, 293/TLR3, and 293/TLR4/MD2) were un-
treated or stimulated with IL-1� (10 ng/ml), LPS (100 ng/ml), or poly(IC)
(25 �g/ml) for 2 h before preparation of total RNA and analysis of IL-8,
ISG56, and GAPDH mRNA levels by Northern hybridization and autora-
diography. Similar results were obtained in three separate experiments.
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To determine whether the behavior of TLR signaling in 293
cells reflected the activity of these receptors when expressed from
endogenous genes, we examined the response of a mouse endo-
thelial cell line (H5V) to stimulation with IL-1�, LPS, or poly(IC)
for 2 h before addition of ActD. Individual cultures were harvested
at the indicated times and used to determine expression levels for
CXCL1 or KC mRNA (homologue of human GRO�) by Northern
hybridization (Fig. 3A). Although both IL-1� and LPS could in-
duce KC mRNA expression with prolonged expression, poly(IC)
was a weak inducer, and in the presence of ActD, the message
decayed rapidly. To examine the effects of each stimulus on KC
mRNA stability independently of their role in stimulating tran-
scription, we exploited the prior finding that TNF-� treatment can
induce KC mRNA expression but cannot stabilize the message
(31). H5V cells were stimulated with TNF-� for 2 h followed by
the addition of ActD alone or in the presence of either IL-1�, LPS,
or poly(IC) for additional times (Fig. 3B). As reported previously,
TNF-� could stimulate KC mRNA expression but in the presence
of ActD, it decayed rapidly, whereas IL-1� treatment prolonged
the half-life considerably. Consistent with the findings previously
presented, poly(IC) did not stabilize KC mRNA. Interestingly, al-
though LPS was capable of stabilizing KC when also used as the
inducer (Fig. 3A), it was relatively inactive when added in the
presence of ActD (Fig. 3B).

These studies suggest that IL-1� and LPS, acting through their
corresponding TIRs, can modulate the stability of ARE-containing
mRNAs. However, because these stimuli are also necessary to pro-
mote the transcriptional induction of IL-8 or KC mRNAs, we can-
not assess message decay in their absence. To more directly test
the ability of these receptors to modulate mRNA stability, we used
an experimental system in which transcription of an ARE-contain-
ing reporter mRNA is regulated by a tetracycline responsive pro-
moter. The 293 cells stably expressing the tetR-VP-16 fusion pro-
tein (293 tet-off) were transiently transfected with a plasmid
containing the full-length mouse CXCL1 (KC) cDNA downstream
of a TRE. The KC gene is a mouse chemokine gene closely related
to IL-8 that also exhibits both instability and stabilization in re-
sponse to IL-1� and LPS (20, 31). Following addition of the tet-
racycline analog Dox this unstable ARE-containing chemokine
mRNA decays with a half life of between 60 and 90 min (Fig. 4,
A and B). Treatment of the cells with IL-1� at the same time as
Dox results in a significant increase in the half-life of KC mRNA
(to 150 to 180 min). mRNA stability in this system can also be
measured by comparing the amount of KC protein secreted from
transfected cells before and after the addition of Dox (Fig. 4C).

IL-1� stimulation resulted in a 2-fold increase in the amount of KC
protein secreted from cells after termination of transcription by the
addition of Dox.

Transient over-expression of TLR4 along with MD2 is known to
mimic the effects of LPS stimulation resulting in the activation of
NF�B and other signaling events (37). When 293 tet-off cells were
cotransfected with the TRE regulated KC cDNA and plasmids en-
coding the genes for TLR4 and MD2, KC mRNA stability was
strongly enhanced as indicated by increased KC mRNA half life
and protein secretion (Fig. 4, A–C). Consistent with the findings
presented in Fig. 2, over-expression of TLR3 was not able to en-
hance mRNA stability. This did not reflect an inability of over-
expressed TLR3 to stimulate cellular response as demonstrated by
induction of luciferase activity controlled by the ISG56 promoter
(Fig. 4D). Although both IL-1� stimulation and over-expression of
TLR4/MD-2 could activate strong NF�B-driven luciferase expres-
sion, over-expression of TLR3 was able to promote only modest
NF�B activation (Fig. 4E). The ability of IL-1� or over-expression
of TLR4/MD2 to promote enhanced stability of KC mRNA was
dependent upon the 3�UTR of KC mRNA because constructs in
which the 3�UTR of the rabbit �-globin gene was substituted for
the KC 3�UTR were highly stable and exhibited no sensitivity to
stimulation (data not shown).

FIGURE 2. Signaling through IL-1R and TLR4 but not TLR3 stabilizes
IL-8 mRNA. Cell lines 293, 293TLR3, and 293/TLR4/MD2 were treated
with their respective ligands IL-1�, LPS, or poly(IC) as in Fig. 1 for 2 h.
ActD (5 �g/ml) was added to each and at the indicated times total RNA
was prepared and used to determine the levels of IL-8 and GAPDH
mRNAs by Northern hybridization. Similar results were obtained in three
separate experiments.

FIGURE 3. IL-1� and LPS but not pIC can stabilize KC mRNA using
endogenous receptors in mouse endothelial cells. A, H5V cells in 100 mm
petri dishes were treated with IL-1� (10 ng/ml), LPS (10 ng/ml), or
poly(IC) (pIC; 10 �g/ml) for 2 h before the addition of ActD (5 �g/ml).
Cultures were harvested at the indicated times and used to determine levels
of KC and GAPDH mRNA by Northern hybridization. B, H5V cells were
stimulated with TNF-� (10 ng/ml) for 2 h followed by the addition of ActD
(5 �g/ml) alone or in the presence of IL-1� (10 ng/ml), LPS (10 ng/ml) or
poly(IC) (10 �g/ml) for the indicated times before analysis of KC and
GAPDH mRNA levels as described. Similar results were obtained in two
separate experiments.

2757The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


The ability of IL-1�/IL-1R1 and LPS/TLR4-MD2 but not
polyIC/TLR3 to promote the enhanced stability of chemokine
mRNAs suggests that the connection between TIR and mRNA
stabilization uses only the MyD88-dependent pathway. In the case
of LPS/TLR4-MD2, signaling for this pathway also requires the
related adaptor protein Mal. In contrast, the MyD88-independent
pathway requires the Trif adaptor protein for TLR3 and both Trif
and its relative Tram in the case of TLR4-MD2 (22, 23, 27, 28,
36). As with TLR4/MD2, over-expression with these adaptor pro-
teins has the capacity to initiate the signaling cascade even in the
absence of receptor/ligand interaction. Using this strategy, we as-
sessed the ability of the individual adaptor proteins to couple with
the process of mRNA stabilization. Transient transfection of 293
tet-off cells with cDNAs encoding MyD88 or Mal was associated
with enhanced stability of the cotransfected KC reporter mRNA
(Fig. 5, A and B). As predicted, when either Trif or Tram proteins
were over-expressed, KC mRNA stability was not different from
vector-transfected cells (Fig. 5A). Using the more quantitative KC
protein secretion assay, we observed that the ability of individual
adaptor proteins to modulate mRNA stability was dose dependent;
MyD88 was the most potent activator of mRNA stability followed
by Mal, Trif, and Tram in that order. Both Trif and Tram were
capable of promoting mRNA stability only at the highest level of
plasmid transfection (2.5 �g/106 cells) indicating that they differ
from MyD88 and Mal in this capacity by nearly two orders of
magnitude. The inability of Trif to promote stabilization of KC
mRNA did not reflect either inactive recombinant protein or poor
expression (Fig. 5, D and E). The 293 tet-off cells transfected with

Trif showed strong luciferase expression driven from both NF�B
and ISG56 promoter constructs whereas IL-1� treatment or trans-
fection with the MyD88 expression construct could only activate
NF�B-dependent transcription (Fig. 5D). Furthermore, Western
blot analysis using Abs to epitope tags (FLAG for MyD88, Mal,
and Tram and HA for Trif) showed comparable expression for all
four constructs (Fig. 5E).

Discussion
TIR family receptors promote the initiation and amplification of
inflammatory responses at least in part through induced expression
of multiple proinflammatory gene products. Control of these re-
sponses has been demonstrated at multiple mechanistic steps in-
cluding transcription, mRNA decay, and mRNA translation (7–
12). Though different members of the TIR family share many
features, they appear to use at least two interacting but distinct
pathways distinguished by their dependence on the downstream
signaling TIR domain containing adaptor protein MyD88 (3, 38).
Although the IL-1R1 depends only on MyD88, TLR3-induced re-
sponses are fully MyD88-independent. TLR4-initiated responses
exhibit both MyD88-dependent and -independent components.
The objectives of the present study were to determine whether
these three prototypic TLRs possess comparable capacity to pro-
mote the stabilization of ARE-containing mRNAs encoding in-
flammatory chemokines and further, whether mRNA stabilization
could be achieved by MyD88-dependent or -independent signaling
pathways. The results clearly establish that the signaling pathways
used by these receptors are differentially coupled to this endpoint.

FIGURE 4. IL-1� and TLR4/MD2 stabilize KC mRNA in 293 tet-off cells. A, A pool of 293 cells stably expressing the tetR-VP-16 fusion protein (293
tet-off cells) were transiently transfected with pTRE2/KCcDNA and empty vector (pcDNA3) or pcDNA3 encoding TLR3 or TLR4/MD2 (total plasmid
concentration was 2 �g/106 cells). After 3 h each pool was subdivided into four separate culture dishes. Following a 24 h rest, individual cultures were
treated or not with Dox (100 ng/ml) with or without IL-1� (10 ng/ml) as indicated. Following the indicated incubation times, total RNA was prepared and
used to determine levels of KC and GAPDH mRNAs by Northern hybridization. B, The autoradiographs (A) were quantified using the NIH Image software
package and plotted as the percentage of remaining mRNA vs time after Dox treatment. C, The 293 tet-off cells were transfected as as described in A and
supernatants were used to measure residual KC protein production following addition of Dox as outlined in Materials and Methods. D, The 293 tet-off cells
were transiently cotransfected with pDNA3 or pcDNA3 encoding TLR3 and the ISG56 promoter luciferase reporter as in A. The pcDNA3 transfected cells
were treated with IL-1� for 6 h. Cell extracts were prepared and used to assess luciferase activity. E, The 293 tet-off cells were transiently cotransfected
with the 5� NF�B luciferase reporter and either pcDNA3 or pcDNA3 encoding TLR3 or TLR4/MD2 as in A. pcDNA3 transfectants were stimulated with
IL-1� for 6 h. Cell extracts were prepared and used to assess luciferase activity. Similar results were obtained in three separate experiments.

2758 TLRs DIFFERENTIALLY STABILIZE CHEMOKINE mRNA
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Although stimulation through both IL-1R1 and TLR4/MD2 can
promote stabilization in several different experimental settings,
TLR3 appears to be entirely inactive. The differential capacity of
each receptor reflects their selective use of the MyD88-dependent
signaling pathway. Both MyD88 and Mal, used by IL-1R and
TLR4, can when over-expressed, effectively promote enhanced
stability of the ARE-containing KC mRNA whereas Trif and
Tram, associated with the My88-independent pathway exhibit
much lower efficacy.

TLR3 provides recognition of dsRNA and host defense against
infection by viruses that use dsRNA structures in their replication
cycle (39, 40). Signaling from TLR3 leads to stimulation of type I
IFN expression through the activation of IFN regulatory factor 3,
a distinguishing hallmark of the MyD88-independent pathway (24,
26, 41). TLR3 activation is also capable of activating NF�B,
though the magnitude and temporal pattern of this response are
diminished and delayed, respectively, as compared with NF�B ac-
tivation through either IL-1R1 or TLR4 (27, 28). This modest ac-
tivation of NF�B via TLR3 appears to be insufficient to promote
the transcription of cytokine and chemokine genes as evidence by

the relatively poor induction of IL-8 or KC mRNA expression
demonstrated in the experiments shown in Figs. 1–3. Furthermore,
the inability to stabilize these mRNAs will contribute to their very
limited accumulation as well. It is noteworthy, however, that
poly(IC) is known to be a potent stimulus of cytokine gene ex-
pression in multiple cell types (39). This may reflect, in part, the
existence of non-TLR3-dependent responses to poly(IC), as evi-
denced by residual dsRNA sensitivity in mice deficient for the
TLR3 gene (40). Little is known, however, regarding the structure
and function of such events.

IL-1R1 and TLR3 represent the MyD88-dependent and -inde-
pendent pathways and the signaling from each depends upon
MyD88 and Trif, respectively (3, 27). In contrast TLR4 uses both
the MyD88-dependent and -independent pathways and requires in
addition to MyD88 and Trif, Mal (for MyD88-dependent), and
Tram (for MyD88-independent) (22, 23). The results of experi-
ments examining the activity of individual TIR adaptor proteins in
over-expression studies support the hypothesis that the MyD88-
dependent and -independent signaling pathways are quantitatively
distinct with respect to mRNA stabilization. MyD88 and/or Mal

FIGURE 5. The adaptor proteins MyD88, Mal, Trif, and Tram differentially couple to mRNA stabilization. A, The 293 tet-off cells were transiently cotrans-
fected with pTRE2/KCcDNA and pcDNA3 or pcDNA3 containing cDNAs for MyD88, Mal, Trif, or Tram as indicated. After 3 h each pool of cells was subdivided
into separate culture dishes and allowed to rest for 24 h. Individual cultures were treated with Dox for the indicated times before preparation of total RNA and
determination of KC and GAPDH mRNA levels by Northern hybridization. B, The autoradiograph (A) was quantified using the NIH Image software package and
plotted as a percentage of remaining RNA vs time after Dox treatment. C, C6 293 tet-off cells were transiently transfected with pTRE2/KCcDNA and the indicated
plasmid concentrations of pcDNA3 containing MyD88, Mal, Trif, or Tram. Total plasmid DNA was maintained at a level of 4 �g/106 cells with empty vector.
Residual KC protein production following addition of Dox was measured as described in Fig. 4. D, The 293 tet-off cells were transiently cotransfected with
pcDNA3 or pcDNA3 encoding MyD88 or Trif and either the 5 copies �B-luciferase or ISG56 promoter-luciferase reporter. The pcDNA3 transfected cells were
treated with IL-1� for 6 h. Cell extracts were prepared and used to assess luciferase activity. E, C6 293 tet-off cells were transfected with 2.5 �g of plasmids
encoding MyD88, Mal, Trif, or Tram as previously described. After 24 h, cell lysates were prepared and used to measure protein levels by Western blot with Ab
to FLAG (MyD88, Mal, and Tram) or to HA (Trif). Similar results were obtained in three separate experiments.
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are both potent stimuli of enhanced RNA stability whereas Trif
and Tram do not efficiently modulate mRNA decay. Though Trif
and Tram also exhibit some capacity to stimulate this pathway
when expressed at high levels, the quantitative difference between
MyD88 or Mal and Trif or Tram is between 10- and 100-fold (2.5
�g of Trif plasmid is required to promote stabilization comparable
to that seen with 0.025 �g of MyD88 plasmid). Thus although Trif
and Tram exhibit potential to couple with the process of mRNA
stabilization, their activation through ligand/receptor stimulation is
apparently unable to achieve the required level under physiologic
circumstances.

The signaling events downstream from the IL-1R1 leading to
activation of NF�B are understood in some detail (29, 42–48).
MyD88 assembles a complex composed of IL-1R-associated ki-
nase (IRAK), IRAK4, and TRAF6 at the receptor. Following dis-
sociation from the receptor, this complex relocates to the plasma
membrane and recruits TAB1, TAB2 and TAK1. This complex
then dissociates from the membrane and TAK1 is activated in the
cytosol via a process that appears to involve ubiquitin ligase ac-
tivity and phosphorylation of TAK1. Activated TAK1 is believed
to be responsible for the activation of the I�B kinase complex and
the subsequent phosphorylation, ubiquitination, and degradation of
I�Bs with the attendant release and nuclear translocation of free
NF�B. TAK1 is also linked with activation of downstream stress-
activated kinases including p38 via intermediate activation of
MAPK kinases MKK6 or MKK3 and these events have been re-
ported to couple with the stabilization of chemokine and cytokine
mRNAs (49, 50). The linkage of the TIR family receptors to
mRNA stability appears to involve this MyD88-dependent path-
way. TLR3, acting through Trif and TRAF6 also results in the
activation of TAK1 via assembly of a cytoplasmic complex that
does not depend upon MyD88 or IRAK (51) (X. Li, unpublished
observation). This complex can activate NF�B but results in very
modest cytokine expression and this may reflect, at least in part, its
relative inefficiency to couple with the mRNA stabilization path-
way. In this regard, although multiple ligand receptor pairs are
known to activate one or more of the MAPK modules including
p38, not all couple effectively with the stabilization of ARE-con-
taining mRNAs. For example, TNF-�, although a potent activator
of p38, does not promote stabilization of either IL-8 or KC mRNA
(31, 32, 52). Apparently, p38 activation is necessary but not suf-
ficient for mRNA stabilization. Alternatively, different stimuli may
activate distinct isoforms or cellular pools of p38, providing the
means for stimulus selectivity in modulation of mRNA decay.

References
1. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: the virtues of a

nonclonal system of recognition. Cell 91:295.
2. Janeway, C. A., Jr. 1992. The immune system evolved to discriminate infectious

nonself from noninfectious self. Immunol. Today 13:11.
3. Akira, S. 2003. Mammalian Toll-like receptors. Curr. Opin. Immunol. 15:5.
4. Kaisho, T., and S. Akira. 2002. Critical roles of Toll-like receptors in host de-

fense. Crit. Rev. Immunol. 20:393.
5. Bowie, A., and L. A. O’Neill. 2001. The interleukin-1 receptor/Toll-like receptor

superfamily: signal generators for pro-inflammatory interleukins and microbial
products. J. Leukocyte Biol. 67:508.

6. Medzhitov, R., and C. A. Janeway, Jr. 1998. Innate immune recognition and
control of adaptive immune responses. Semin. Immunol. 10:351.

7. Tsuruta, L., N. Arai, and K. Arai. 1998. Transcriptional control of cytokine genes.
Int. Rev. Immunol. 16:581.

8. Holloway, A. F., S. Rao, and M. F. Shannon. 2002. Regulation of cytokine gene
transcription in the immune system. Mol. Immunol. 38:567.

9. Guhaniyogi, J., and G. Brewer. 2001. Regulation of mRNA stability in mamma-
lian cells. Gene 265:11.

10. Wilusz, C. J., M. Wormington, and S. W. Peltz. 2001. The cap-to-tail guide to
mRNA turnover. Nat. Rev. Mol. Cell Biol. 2:237.

11. Kruys, V., and G. Huez. 1994. Translational control of cytokine expression by 3�
UA-rich sequences. Biochimie 76:862.

12. Kontoyiannis, D., M. Pasparakis, T. T. Pizarro, F. Cominelli, and G. Kollias.
1999. Impaired on/off regulation of TNF biosynthesis in mice lacking TNF AU-

rich elements: implications for joint and gut-associated immunopathologies. Im-
munity 10:387.

13. Mitchell, P., and D. Tollervey. 2000. mRNA stability in eukaryotes. Curr. Opin.
Genet. Dev. 10:193.

14. Stoeckle, M. Y. 1991. Post-transcriptional regulation of gro �, �, �, and IL-8
mRNAs by IL-1�. Nucleic Acids Res. 19:917.

15. Kim, H. S., D. Armstrong, T. A. Hamilton, and J. M. Tebo. 1998. IL-10 sup-
presses LPS-induced KC mRNA expression via a translation-dependent decrease
in mRNA stability. J. Leukocyte Biol. 64:33.

16. Holtmann, H., R. Winzen, P. Holland, S. Eickemeier, E. Hoffmann, D. Wallach,
N. L. Malinin, J. A. Cooper, K. Resch, and M. Kracht. 1999. Induction of inter-
leukin-8 synthesis integrates effects on transcription and mRNA degradation from
at least three different cytokine- or stress-activated signal transduction pathways.
Mol. Cell. Biol. 19:6742.

17. Dean, J. L., M. Brook, A. R. Clark, and J. Saklatvala. 1999. p38 Mitogen-acti-
vated protein kinase regulates cyclooxygenase-2 mRNA stability and transcrip-
tion in lipopolysaccharide-treated human monocytes. J. Biol. Chem. 274:264.

18. Carballo, E., W. S. Lai, and P. J. Blackshear. 1998. Feedback inhibition of mac-
rophage tumor necrosis factor-� production by tristetraprolin. Science 281:1001.

19. Taylor, G. A., E. Carballo, D. M. Lee, W. S. Lai, M. J. Thompson, D. D. Patel,
D. I. Schenkman, G. S. Gilkeson, H. E. Broxmeyer, B. F. Haynes, and
P. J. Blackshear. 1996. A pathogenetic role for TNF� in the syndrome of ca-
chexia, arthritis, and autoimmunity resulting from tristetraprolin (TTP) defi-
ciency. Immunity 4:445.

20. Biswas, R., S. Datta, J. D. Gupta, M. Novotny, J. Tebo, and T. A. Hamilton. 2003.
Regulation of chemokine mRNA stability by lipopolysaccharide and IL-10. J. Im-
munol. 170:6202.

21. Means, T. K., D. T. Golenbock, and M. J. Fenton. 2001. The biology of Toll-like
receptors. Cytokine Growth Factor Rev. 11:219.

22. Kawai, T., O. Adachi, T. Ogawa, K. Takeda, and S. Akira. 1999. Unresponsive-
ness of MyD88-deficient mice to endotoxin. Immunity 11:115.

23. Fitzgerald, K. A., E. M. Palsson-McDermott, A. G. Bowie, C. A. Jefferies,
A. S. Mansell, G. Brady, E. Brint, A. Dunne, P. Gray, M. T. Harte, et al. 2001.
Mal (MyD88-adapter-like) is required for Toll-like receptor-4 signal transduc-
tion. Nature 413:78.

24. Kawai, T., O. Takeuchi, T. Fujita, J. Inoue, P. F. Muhlradt, S. Sato, K. Hoshino,
and S. Akira. 2001. Lipopolysaccharide stimulates the MyD88-independent path-
way and results in activation of IFN-regulatory factor 3 and the expression of a
subset of lipopolysaccharide-inducible genes. J. Immunol. 167:5887.

25. Kaisho, T., O. Takeuchi, T. Kawai, K. Hoshino, and S. Akira. 2001. Endotoxin-
induced maturation of MyD88-deficient dendritic cells. J. Immunol. 166:5688.

26. Toshchakov, V., B. W. Jones, P.-Y. Perera, K. Thomas, J. Cody, S. Zhang,
B. R. G. Williams, J. Major, T. A. Hamilton, and S. N. Vogel. 2002. Differential
STAT1 phosphorylation secondary to IFN production mediates the distinct pat-
tern of macrophage gene expression observed in response to TLR4 and TLR2
agonists. Nat. Immunol. 3:392.

27. Yamamoto, M., S. Sato, H. Hemmi, K. Hoshino, T. Kaisho, H. Sanjo,
O. Takeuchi, M. Sugiyama, M. Okabe, K. Takeda, and S. Akira. 2003. Role of
adaptor TRIF in the MyD88-independent Toll-like receptor signaling pathway.
Science 301:640.

28. Yamamoto, M., S. Sato, H. Hemmi, S. Uematsu, K. Hoshino, T. Kaisho,
O. Takeuchi, K. Takeda, and S. Akira. 2003. TRAM is specifically involved in
the Toll-like receptor 4-mediated MyD88-independent signaling pathway. Nat.
Immunol. 4:1144.

29. Li, X., M. Commane, C. Burns, K. Vithalani, Z. Cao, and G. R. Stark. 1999.
Mutant cells that do not respond to interleukin-1 (IL-1) reveal a novel role for
IL-1 receptor-associated kinase. Mol. Cell. Biol. 19:4643.

30. Garlanda, C., C. Parravicini, M. Sironi, M. De Rossi,
R. Wainstok de Calmanovici, F. Carozzi, F. Bussolino, F. Colotta, A. Mantovani,
and A. Vecchi. 1994. Progressive growth in immunodeficient mice and host cell
recruitment by mouse endothelial cells transformed by polyoma middle-sized T
antigen: implications for the pathogenesis of opportunistic vascular tumors. Proc.
Natl. Acad. Sci. USA 91:7291.

31. Tebo, J., S. Datta, R. Kishore, M. Kolosov, J. A. Major, Y. Ohmori, and
T. A. Hamilton. 2000. IL-1-mediated stabilization of mouse KC mRNA depends
on sequences in both 5� and 3� untranslated regions. J. Biol. Chem. 275:12987.

32. Tebo, J., S. Der, M. Frevel, K. S. Khabar, B. R. Williams, and T. A. Hamilton.
2003. Heterogeneity in control of mRNA stability by AU-rich elements. J. Biol.
Chem. 278:12085.

33. Peters, K. L., H. L. Smith, G. R. Stark, and G. C. Sen. 2002. IRF-3-dependent,
NF�B- and JNK-independent activation of the 561 and IFN-� genes in response
to double-stranded RNA. Proc. Natl. Acad. Sci. USA 99:6322.

34. Ohmori, Y., and T. A. Hamilton. 1993. Cooperative interaction between inter-
feron (IFN) stimulus response element and kB sequence motifs controls IFN�-
and lipopolysaccharide-stimulated transcription from the murine IP-10 promoter.
J. Biol. Chem. 268:6677.

35. Ohmori, Y., and T. A. Hamilton. 1998. STAT6 is required for the anti-
inflammatory activity of interleukin-4 in mouse peritoneal macrophages. J. Biol.
Chem. 273:29202.

36. Yamamoto, M., S. Sato, H. Hemmi, H. Sanjo, S. Uematsu, T. Kaisho,
K. Hoshino, O. Takeuchi, M. Kobayashi, T. Fujita, et al. 2002. Essential role for
TIRAP in activation of the signalling cascade shared by TLR2 and TLR4. Nature
420:324.

37. Chow, J. C., D. W. Young, D. T. Golenbock, W. J. Christ, and F. Gusovsky.
1999. Toll-like receptor-4 mediates lipopolysaccharide-induced signal transduc-
tion. J. Biol. Chem. 274:10689.

2760 TLRs DIFFERENTIALLY STABILIZE CHEMOKINE mRNA

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


38. O’Neill, L. A., K. A. Fitzgerald, and A. G. Bowie. 2003. The Toll-IL-1 receptor
adaptor family grows to five members. Trends Immunol. 24:286.

39. Geiss, G., G. Jin, J. Guo, R. Bumgarner, M. G. Katze, and G. C. Sen. 2001. A
comprehensive view of regulation of gene expression by double-stranded RNA-
mediated cell signaling. J. Biol. Chem. 276:30178.

40. Alexopoulou, L., A. C. Holt, R. Medzhitov, and R. A. Flavell. 2001. Recognition
of double-stranded RNA and activation of NF-�B by Toll-like receptor 3. Nature
413:732.

41. Yamamoto, M., S. Sato, K. Mori, K. Hoshino, O. Takeuchi, K. Takeda, and
S. Akira. 2002. Cutting edge: a novel Toll/IL-1 receptor domain-containing
adapter that preferentially activates the IFN-� promoter in the Toll-like receptor
signaling. J. Immunol. 169:6668.

42. Li, X., M. Commane, Z. Jiang, and G. R. Stark. 2001. IL-1-induced NF�B and
c-Jun N-terminal kinase (JNK) activation diverge at IL-1 receptor-associated ki-
nase (IRAK). Proc. Natl. Acad. Sci. USA 98:4461.

43. Jiang, Z., J. Ninomiya-Tsuji, Y. Qian, K. Matsumoto, and X. Li. 2002. Interleu-
kin-1 (IL-1) receptor-associated kinase-dependent IL-1-induced signaling com-
plexes phosphorylate TAK1 and TAB2 at the plasma membrane and activate
TAK1 in the cytosol. Mol. Cell. Biol. 22:7158.

44. Li, S., A. Strelow, E. J. Fontana, and H. Wesche. 2002. IRAK-4: a novel member
of the IRAK family with the properties of an IRAK-kinase. Proc. Natl. Acad. Sci.
USA 99:5567.

45. Wang, C., L. Deng, M. Hong, G. R. Akkaraju, J. Inoue, and Z. J. Chen. 2001.
TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature 412:346.

46. Takaesu, G., J. Ninomiya-Tsuji, S. Kishida, X. Li, G. R. Stark, and
K. Matsumoto. 2001. Interleukin-1 (IL-1) receptor-associated kinase leads to ac-
tivation of TAK1 by inducing TAB2 translocation in the IL-1 signaling pathway.
Mol. Cell. Biol. 21:2475.

47. Saklatvala, J., J. Dean, and A. Finch. 1999. Protein kinase cascades in intracel-
lular signalling by interleukin-I and tumour necrosis factor. Biochem. Soc. Symp.
64:63.

48. O’Neill, L. A. 2002. Signal transduction pathways activated by the IL-1 receptor/
toll-like receptor superfamily. Curr. Top. Microbiol. Immunol. 270:47.

49. Ninomiya-Tsuji, J., K. Kishimoto, A. Hiyama, J. Inoue, Z. Cao, and
K. Matsumoto. 1999. The kinase TAK1 can activate the NIK-I�B as well as the
MAP kinase cascade in the IL-1 signalling pathway. Nature 398:252.

50. Holtmann, H., J. Enninga, S. Kalble, A. Thiefes, A. Dorrie, M. Broemer,
R. Winzen, A. Wilhelm, J. Ninomiya-Tsuji, K. Matsumoto, et al. 2001. The
MAPK kinase kinase TAK1 plays a central role in coupling the interleukin-1
receptor to both transcriptional and RNA-targeted mechanisms of gene regula-
tion. J. Biol. Chem. 276:3508.

51. Sato, S., M. Sugiyama, M. Yamamoto, Y. Watanabe, T. Kawai, K. Takeda, and
S. Akira. 2003. Toll/IL-1 receptor domain-containing adaptor inducing IFN-�
(TRIF) associates with TNF receptor-associated factor 6 and TANK-binding ki-
nase 1, and activates two distinct transcription factors, NF-�B and IFN-regulatory
factor-3, in the Toll-like receptor signaling. J. Immunol. 171:4304.

52. Ohmori, Y., and T. A. Hamilton. 1994. Cell type and stimulus specific regulation
of chemokine gene expression. Biochem. Biophys. Res. Commun. 2:590.

2761The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

