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We have examined the involvement of components of the interleukin-1 (IL-1) signaling pathway in the
transactivation of gene expression by the p65 subunit of NF-kB. Transient transfection of cells with plasmids
encoding wild-type MyD88, IL-1 receptor-associated kinase 1 (IRAK-1), and TRAF-6 drove p65-mediated
transactivation. In addition, dominant negative forms of MyD88, IRAK-1, and TRAF-6 inhibited the IL-1-
induced response. In cells lacking MyD88 or IRAK-1, no effect of IL-1 was observed. Together, these results
indicate that MyD88, IRAK-1, and TRAF-6 are important downstream regulators of IL-1-mediated p65
transactivation. We have previously shown that the low-molecular-weight G protein Rac1 is involved in this
response. Constitutively active RacV12-mediated transactivation was not inhibited by dominant negative
MyD88, while dominant negative RacN17 inhibited the MyD88-driven response, placing Rac1 downstream of
MyD88 on this pathway. Dominant negative RacN17 inhibited wild-type IRAK-1- and TRAF-6-induced trans-
activation, and in turn, dominant negative IRAK-1 and TRAF-6 inhibited the RacV12-driven response, sug-
gesting a mutual codependence of Rac1, IRAK-1, and TRAF-6 in regulating this pathway. Finally, Rac1 was
found to associate with the receptor complex via interactions with both MyD88 and the IL-1 receptor accessory
protein. A pathway emanating from MyD88 and involving IRAK-1, TRAF-6, and Rac1 is therefore involved in
transactivation of gene expression by the p65 subunit of NF-kB in response to IL-1.

Regulation of the transcription factor nuclear factor kappa
B (NF-kB) following stimulation with the proinflammatory
cytokine interleukin-1 (IL-1) occurs via activation of two inde-
pendent pathways (28). The first and to date best-characterized
pathway regulates the release of NF-kB (typically a het-
erodimer comprising the p50 and p65 subunits) from its inhib-
itory protein IkB, allowing NF-kB to translocate to the nu-
cleus. The second pathway, which has recently been described,
regulates the transactivating ability of the p65 subunit of
NF-kB once it is bound to its consensus sequence (3, 17).

IL-1 signal transduction to IkB degradation has been the
subject of intense investigation (21). In response to IL-1 bind-
ing to its type I IL-1 receptor (IL-1RI), a complex is formed
between IL-1RI and its accessory protein (IL-1RAcP). These
proteins have a region of homology in their cytoplasmic do-
mains, the Toll/IL-1R (TIR) domain, which is characteristic of
the Toll/IL-1-like receptor superfamily and is also responsible
for signaling (27). The cytosolic adapter protein MyD88 (also
containing a C-terminal TIR domain) interacts with IL-1RAcP
via a homotypic interaction involving both TIR domains and is
a key regulator of IL-1 signal transduction (5, 8, 16). The
interaction of MyD88 with the receptor complex mediates the
recruitment of the IL-1 receptor-associated kinases (IRAK) 1
and 2 (9, 26). Recently, a novel protein has been identified,

Tollip (Toll-interacting protein), which has been shown to be
involved in IRAK-1 recruitment to the receptor complex via
association of Tollip with IL-1RAcP (7). Once associated with
the receptor complex, IRAK-1 subsequently recruits the
adapter tumor necrosis factor (TNF) receptor-associated fac-
tor 6 (TRAF-6), an essential mediator of IL-1 signaling to
NF-kB activation (10). Subsequent autophosphorylation of
IRAK-1 is thought to promote dissociation of IRAK-1 from
the receptor complex, thus enabling downstream signaling, re-
sulting in activation of the IkB kinase (IKK) complex, respon-
sible for IkB phosphorylation and subsequent ubiquitin-medi-
ated degradation (12, 40). The upstream kinases involved in
activating IKK1 and -2 are thought to belong to the mitogen-
activated protein kinase (MAPK) family of kinases. NF-kB-
interacting kinase (NIK) has been shown to phosphorylate and
activate the IKKs when overexpressed in cells, and a role for
the kinase TAK1 and its regulator TAB1, upstream of NIK,
has been indicated (23). However, the involvement of NIK in
regulating IKK activation in response to either TNF or IL-1
has recently been disputed (2). MEKK-1 (MAPK/ERK ki-
nase-1) has also been shown to phosphorylate and activate the
IKKs (20), and recently an adapter protein, ECSIT (evolution-
arily conserved signaling intermediate in Toll pathways), has
been described which regulates MEKK-1 and links TRAF-6
with MEKK-1 regulation (19).

In contrast, little is known about the signaling components
involved in the pathway regulating the transactivating activity
of the p65 subunit of NF-kB. Several reports have demon-
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strated that upon stimulation with either IL-1 or TNF, the
ability of the p65 subunit of NF-kB to transactivate gene ex-
pression is enhanced, possibly as a result of phosphorylation of
multiple serine residues on p65 (3, 4, 17, 36). The kinases
involved in regulating this response following TNF stimulation
have, to some extent, been identified. Protein kinase A has
been demonstrated to phosphorylate serine 276 in the Rel
homology domain of p65, and casein kinase II has been shown
to be responsible for phosphorylating serine 529 in the C-
terminal transactivation domain (37, 38, 41). In addition, re-
ports have also indicated the ability of the IKKs to phosphor-
ylate p65 on serine 536 in the transactivation domain while the
protein is in the cytoplasm, adding another level of complexity
to the regulation of transactivation of gene expression by p65
(30). Phosphorylation of either the Rel homology domain or
the transactivation domain of p65 mediates the interaction of
p65 with coactivators such as CREB-binding protein (CBP). A
role for phosphatidylinositol 3-kinase (PI3K) in the events
leading to phosphorylation of p65 in response to IL-1 has been
demonstrated (34).

Despite the rapidly accumulating evidence for a role of var-
ious kinase pathways in regulating p65-mediated transactiva-
tion, much research is required into the signaling events reg-
ulating the kinases responsible for phosphorylating p65.
Previous studies in our laboratory have demonstrated the in-
volvement of the low-molecular-weight G protein Rac1 in reg-
ulating these events in response to IL-1 stimulation, but exactly
how Rac1 mediates this signal remains to be discovered. In this
study we have therefore set out to assess the involvement of
key regulators of IL-1 signal transduction, namely, MyD88,
IRAK-1, TRAF-6, and Rac1, in this pathway. Rac1 can be
found in a complex with both IL-1RAcP and MyD88, lying
downstream of MyD88 on the pathway and requiring IRAK-1
and TRAF-6 for its effect on p65-mediated transactivation of
gene expression.

MATERIALS AND METHODS

Cell culture and reagents. EL4.NOB-1 cells were grown in RPMI 1640 me-
dium supplemented with 10% fetal calf serum, gentamicin (100 U/ml), and 2 mM
L-glutamine and maintained at 37°C in a humidified atmosphere of 5% CO2.
Cells were seeded at a density of 106 ml21 for experiments and treated as
indicated in the figure legends. Human embryonic kidney 293 cells and 293IL-
1RI/AcP cells (40) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum, 100 U of gentamicin per ml, and 2
mM L-glutamine and maintained at 37°C in a humidified atmosphere of 5% CO2.
293 cells stably transfected with the type I IL-1 receptor (293-RI) and 293-RI
cells lacking IRAK-1 (22) were maintained in DMEM containing 10% fetal calf
serum, 100 U of gentamicin (with 400 mg of geneticin [G418] per ml being added
to medium for IRAK-1-deficient cells) per ml, and 2 mM L-glutamine and
maintained at 37°C in a humidified atmosphere of 5% CO2. Murine embryonic
fibroblasts (MEF) and MEF from MyD88 knockout mice (MyD882/2) were
grown in DMEM supplemented with 10% fetal calf serum, 100 U of gentamicin
per ml, and 2 mM L-glutamine and maintained at 37°C in a humidified atmo-
sphere of 5% CO2. Human recombinant IL-1a was a gift from the National
Cancer Institute, Frederick, Md.

Plasmids. Gal4-p65(1–551) and Gal4-p65(286–551) plasmids encoding full-length
p65 subunit of NF-kB and residues 286 to 551 of p65, respectively, both fused to
the Gal4 DNA-binding domain, were a kind gift from Lienhard Schmitz (Ger-
man Cancer Research Center, Heidelberg, Germany) and have been described
elsewhere (11, 31). The Gal-luciferase reporter gene was obtained from Strat-
agene. MyD88 constructs were a kind gift from Marta Muzio (Mario Negri
Institute, Milan, Italy), and the plasmid encoding dominant negative IRAK-1 was
a gift from Emma-Louise Cooke (Glaxo Wellcome, Stevenage, United King-
dom). The pEF expression plasmid encoding constitutively active RacV12 and

dominant negative RacN17 were kind gifts from D. Cantrell (Imperial Cancer
Research Fund, London, United Kingdom) and have been described elsewhere
(13). The cDNA for MyD88 was cloned into the bacterial expression vector
pGEX, expressed in Escherichia coli BL21(DE3) as a fusion protein with gluta-
thione S-transferase (GST), and purified with glutathione-agarose beads (Sigma)
by standard protocols.

Transient-transfection and reporter gene assays. EL4.NOB-1 cells (7 3 106)
were transfected with plasmids as indicated in the figure legends in a final volume
of 0.6 ml using DEAE-dextran. Following 16 to 18 h of recovery, cells were
seeded at a density of 106 viable cells (as determined by the trypan blue dye
exclusion method) prior to stimulation. 293-RI and 293-IRAK2/2 cells (2 3 104

per well) were seeded onto 96-well plates and transfected 24 h later with 5 ng of
Gal4-p65(1–551), 25 ng of Gal-luciferase, and 40 ng of Renilla luciferase (used as
an internal control) with FuGENE 6 (Roche) according to the manufacturer’s
recommendations. MEK and MyD88-deficient cells (2.5 3 104 per well) were
seeded onto 24-well plates and transfected 24 h later with 100 ng of Gal4-
p65(1–551), 200 ng of Gal-luciferase, and 200 ng of Renilla luciferase with Fu-
GENE 6 (Roche) according to the manufacturers’ recommendations. In all
cases, the amount of DNA transfected was kept constant by the addition of
various amounts of the appropriate empty vector plasmid. Cells were either left
untreated or stimulated with IL-1 (10 ng/ml) as indicated following a period of
recovery (16 to 18 h). To assay firefly luciferase activity, cells were lysed using
passive lysis buffer (Promega), and luciferase activity was determined by standard
procedures. Renilla luciferase acivity and b-galactosidase activity were deter-
mined by standard protocols and used to normalize firefly luciferase activity in
relation to transfection efficiency.

Immunoprecipitation and Western blot analysis. Cells were treated as de-
scribed in the figure legends for the times indicated, and treatment was termi-
nated by the addition of 5 ml of ice-cold phosphate-buffered saline (PBS). Cells
were lysed on ice (30 min) in buffer containing 150 mM NaCl, 2 mM EDTA, 10%
glycerol, 1% NP-40, 0.2 mM phenylmethylsulfonyl fluoride, 0.2 mM Na3VO4 and
1 mg of leupeptin per ml. Lysates were cleared by centrifugation, and following
clearing for 30 min at 4°C with protein G-Sepharose (Sigma), AU1-tagged
MyD88 and Flag-tagged IL-1RAcP were immunoprecipitated using 4 mg of
anti-AU1 and anti-Flag M2 monoclonal antibody, respectively. The immune
complexes were precipitated by incubation with protein G-Sepharose for 60 min
at 4°C and washed three times with lysis buffer, and Rac1 association was
detected using monoclonal anti-Rac antibody (Upstate Biotechnology) by West-
ern blotting. Pulldowns were performed by adding 10 mg of GST or GST-MyD88
coupled to agarose beads to cleared cell lysates (prepared as described for the
indicated times). Samples were incubated for 2 h at 4°C and washed three times
with lysis buffer, and associated Rac1 was detected by Western blot analysis as
described previously (17). Epitope-tagged RacV12 and RacN17, AU1-MyD88,
and Gal4-p65(1–551) expression in EL4.NOB-1 cells was detected by Western
blotting using anti-Myc (clone 9E10), anti-AU1 (Covance, Richmond, Calif.),
and anti-Gal4 (obtained from Lienhard Schmitz) antibodies.

RESULTS

MyD88, IRAK-1, and TRAF-6 drive p65-mediated transac-
tivation activity. We have previously shown that IL-1 stimu-
lates NF-kB transactivating activity via a pathway independent
of IkB degradation. We therefore assessed the involvement of
key regulators of IL-1 signal transduction (namely MyD88,
IRAK-1, and TRAF-6) in this pathway using the murine thy-
moma cell line EL4.NOB-1, which is highly responsive to IL-1.
To study the involvement of these key regulators on transac-
tivation of gene expression by p65, we employed the Gal4-
p65(1–551) trans-reporting system described previously (36).
Briefly, this system employs an expression plasmid encoding
the transactivation domain of the p65 subunit of NF-kB fused
to the DNA-binding domain of Gal4 and a Gal4-responsive
reporter plasmid, Gal-luciferase. The advantage of this assay is
that Gal4-p65(1–551) is exclusively nuclear and is regulated in-
dependently of IkB, allowing the effects of various stimuli
(such as IL-1) or genes of interest on transactivation by p65 to
be assessed.

Figure 1 shows the effect of cotransfecting cells with plas-
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mids encoding wild-type versions of MyD88, IRAK-1, or
TRAF-6 together with Gal4-p65(1–551) and Gal-luciferase.
Transient transfection of EL4.NOB-1 cells with 5 mg of plas-
mid encoding wild-type MyD88 (Fig. 1A) resulted in a three-
fold activation of Ga14-p65(1–551). Addition of IL-1 (10 ng/ml)
to MyD88-transfected cells potentiated the response compared
to that seen with IL-1 alone. Transfection of cells with 5 mg of
plasmid encoding IRAK-1 (Fig. 1B) resulted in 3.8-fold acti-
vation of Gal4-p65(1–551) activity, and addition of IL-1 (10
ng/ml) to IRAK-1-transfected cells potentiated the IL-1-alone
response at 1.25 mg of IRAK-1. TRAF-6 (Fig. 1C), when tran-
siently transfected into EL4.NOB-1 cells, gave rise to an opti-
mal fivefold response, and addition of IL-1 (10 ng/ml) to the
cells resulted in a strong potentiation of the response over that
seen with IL-1 alone. Expression of the plasmids encoding
MyD88, IRAK-1, and TRAF-6 had little or no effect on the
expression of Gal4-p65(1–551) (as shown for 5 mg of each plas-
mid in Fig. 1D), the Gal4-p65(1–551) fusion being consistently
detected as a doublet. We also tested the ability of MyD88,
TRAF-6, and IRAK-1 to activate a Gal4-p65 fusion protein
missing the Rel homology domain (RHD), Gal4-p65(286–551).
In each case, transient transfection of EL4-NOB.1 cells with 5
mg of MyD88, IRAK-1, and TRAF-6 drove Gal4-p65(286–551)

activity two- to threefold (data not shown), indicating that
these proteins could affect the transactivation domain of p65 in
isolation. This, combined with the fact that all samples were
corrected for the expression of the constitutive reporter gene
b-galactosidase (which showed minimal changes), indicated
that the effects of MyD88, IRAK-1, and TRAF-6 on the system

were due to enhanced transactivation of gene expression by
p65.

Deletion mutants of MyD88, IRAK-1, and TRAF-6 inhibit
IL-1-induced p65 activity. We next examined the role of
MyD88, IRAK-1, and TRAF-6 in IL-1-induced transactivation
of p65 more directly. To this end, dominant negative mutants
of MyD88, IRAK-1, and TRAF-6 were used in cotransfection
experiments with the p65 trans-reporting system, and their
effects on IL-1-induced activation were assessed. Transient
transfection of EL4.NOB-1 cells with dominant negative
MyD88, encoding the TIR of MyD88 only, inhibited IL-1-
induced Gal4-p65(1–551) activity in a dose-dependent manner
(Fig. 2A, left-hand panel), decreasing the response by 50% at
the highest amount of MyD88 used. In addition, induction of
the response was not evident in MEF derived from MyD88-
null mice (MyD882/2), unlike cells from the parental control
mice (MEF) (Fig. 2A, right-hand panel). Transfection of
MyD88 into these cells strongly induced Gal4-p65(1–551) activ-
ity, which we found could not be further enhanced after stim-
ulation with IL-1 (not shown). Transient transfection of
EL4.NOB-1 cells with dominant negative IRAK-1, which en-
codes the death domain only of IRAK-1, completely inhibited
IL-1-induced Gal4-p65(1–551) activity (Fig. 2B, left-hand pan-
el). In experiments with 293 cells lacking IRAK-1 (IRAK2/2),
IL-1 had no effect on the response, unlike the effects seen in
parental 293 cells stably transfected with IL-1RI (293-RI) (Fig.
2B, right-hand panel). Transfection of IRAK-1 into these cells
strongly induced Gal4-p65(1–551) activity, which we found could
not be further enhanced after stimulation with IL-1 (not

FIG. 1. MyD88, IRAK-1, and TRAF-6 but not IRAK-2 drive p65-mediated transactivation of gene expression. EL4.NOB-1 cells (7 3 106) were
transiently transfected with plasmids encoding wild-type (A) MyD88, (B) IRAK-1, and (C) TRAF-6 as indicated, along with 2.5 mg of b-galac-
tosidase, 2.5 mg of Gal4-p65(1-551), and 5 mg of Gal4-luciferase. Following stimulation with IL-1 (10 ng/ml), extracts were prepared and measured
for luciferase activity. Results are normalized for b-galactosidase activity and are represented as fold increase over the nonstimulated empty vector
(EV) control (C1l). (D) The effect of transfecting wild-type-encoding plasmids on Gal4-p65(1–551) expression was determined by Western blotting
of lysates of cells transfected with 5 mg of MyD88, IRAK-1, and TRAF-6 as indicated.
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shown). A dominant negative mutant of TRAF-6, encoding the
ring finger domain only of TRAF-6, also abolished the effect of
IL-1 on Ga14-p65(1–551) activity (Fig. 2C) when transiently
transfected into EL4.NOB-1 cells. Expression of the dominant
negative forms of MyD88, IRAK-1, and TRAF-6 had no effect
on the expression of the p65-Ga14 fusion, as shown for the
highest amount of each plasmid used (Fig. 2D), and again, all
results were normalized for expression of the constitutive re-
porter genes b-galactosidase or Renilla luciferase, which
showed minimal changes. The effect of IL-1 varied somewhat
between different sets of experiments, but induction of the
response was always evident and was generally in the two- to
threefold range, as reported by others (35). Overall, these
results imply that MyD88, IRAK-1, and TRAF-6 are required
for the effect of IL-1 on the transactivation of gene expression
by the p65 subunit of NF-kB.

MyD88, TRAF-6, and IRAK-1 are codependent with respect
to p65-mediated transactivation. To position MyD88, IRAK-1,
and TRAF-6 with respect to each other on this pathway, we
cotransfected wild-type versions of each together with domi-
nant negative MyD88, IRAK-1, and TRAF-6, as indicated.
Figure 3A shows that the effect of wild-type MyD88 on Gal4-
p65(1–551) activity was inhibited by cotransfection of cells with
dominant negative IRAK-1, the effect being abolished at 5 mg

of dominant negative IRAK-1. Similarly, dominant negative
TRAF-6 abolished the MyD88-induced response (Fig. 3B).
Surprisingly, dominant negative MyD88 inhibited the effect of
wild-type IRAK-1 or TRAF-6 on p65-mediated transactivation
(Fig. 3C). In addition, dominant negative IRAK-1 and
TRAF-6 were found to repress the effects of wild-type TRAF-6
and IRAK-1, respectively (Fig. 3D). These results suggest
codependency of MyD88, IRAK-1, and TRAF-6 for each other
on this pathway.

Rac1 lies downstream of MyD88 but requires IRAK-1 and
TRAF-6 on the IL-1-activated pathway to p65-mediated trans-
activation. We have previously shown that the low-molecular-
weight G protein Rac1 is required for the transactivation re-
sponse of the p65 subunit of NF-kB in IL-1-treated cells, with
a dominant negative mutant of Rac1, RacN17, inhibiting IL-
1-induced Gal4-p65(1–551) activity in transient-transfection ex-
periments in a dose-dependent manner. We therefore exam-
ined the involvement of Rac1 using dominant negative RacN17
in combination with plasmids encoding wild-type MyD88,
IRAK-1, or TRAF-6. The ability of wild-type MyD88 to trans-
activate p65-mediated gene expression was inhibited by co-
transfection of cells with dominant negative RacN17 (Fig. 4A).
In a similar manner, both IRAK-1- and TRAF-6-induced
Gal4-p65(1–551) activity was inhibited by RacN17 (Fig. 4B and

FIG. 2. Effect of dominant negative MyD88, IRAK-1, and TRAF-6 on IL-1-induced Gal4-p65(1–551) activity. EL4.NOB-1 cells (7 3 106) were
transiently transfected with plasmids encoding dominant negative (DN) (A, left-hand panel) MyD88, (B, left-hand panel) IRAK-1, and (C)
TRAF-6 as indicated along with 2.5 mg of b-galactosidase, 2.5 mg of Gal4-p65(1–551), and 5 mg of Gal4-luciferase. Following stimulation with IL-1
(10 ng/ml), extracts were prepared and measured for luciferase activity. Results are normalized for b-galactosidase activity and are represented
as fold increase over nonstimulated empty vector (EV) control (Ctl). In addition, IL-1-induced Gal4-p65(1–551) was tested in MyD88-deficient cells
derived from MyD88-null mice (A, right-hand panel) and IRAK-deficient 293 cells (B, right-hand panel). Cells (2 3 104 and 2.5 3 104 ml21) were
transfected with Gal-luciferase (200 and 25 ng, respectively), Gal4-p65(1–551) (100 and 5 ng, respectively), and constitutive Renilla luciferase (200
and 40 ng, respectively). Following stimulation with IL-1 (10 ng/ml), extracts were prepared and measured for luciferase activity. Results are
normalized for Renilla luciferase activity and are represented as fold increase over nonstimulated empty vector control. (D) Effect of transfecting
EL4.NOB-1 cells with dominant negative-encoding plasmids on Gal4-p65(1–551) expression was determined by Western blotting of lysates of cells
transfected with 5 mg of dominant negative (DN) MyD88, IRAK-1, and TRAF-6 as indicated.
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C, respectively). Controls to determine the specificity of the
effects shown here and in Fig. 3 included normalization of the
levels of luciferase induced with the constitutive reporter gene
b-galactosidase (which always showed minimal alterations)
and also immunoblotting for transfected proteins to check that
their expression was unaltered, as shown for MyD88 and Gal4-
p65(1–551) in RacV12- and RacN17-transfected cells (Fig. 4D).

To confirm the involvement of Rac1 and to position it on
this pathway, the ability of dominant negative MyD88,
IRAK-1, and TRAF-6 to inhibit constitutively active RacV12-
induced Gal4-p65(1–551) activation was determined. Consistent
with Rac1’s lying downstream of MyD88, dominant negative
MyD88 was unable to inhibit RacV12-induced p65-mediated
transactivation (Fig. 5A). In contrast, dominant negative
IRAK-1 and TRAF-6 inhibited the RacV12-induced response,
indicating that they both play a critical role in regulating the
effects of RacV12 on this pathway (Fig. 5B and C, respectively).

Rac1 is detected in a complex with MyD88 and IL-1RAcP.
Finally, we sought biochemical evidence for Rac1’s interacting
with the IL-1 receptor complex. Lysates from EL4.NOB-1 cells
treated with IL-1 (10 ng/ml) for various times were incubated
with an immobilized GST-MyD88 fusion protein, and the abil-
ity of endogenous Rac1 to bind to GST-MyD88 was deter-
mined by Western blot analysis with an anti-Rac antibody.
Figure 6A demonstrates that while GST-MyD88 could interact
with endogenous Rac1 in lysates from untreated cells, stimu-
lation with IL-1 increased the amount of associated Rac1 in a
time-dependent manner, with a strong association being de-
tected at 15 min (lane 4). GST alone did not associate with

Rac1 in lysates from IL-1-treated cells (data not shown). This
experiment suggests an increased association between Rac1
and MyD88 upon stimulation with IL-1, with activated Rac1
associating more strongly with MyD88. The ability of Rac1 to
associate with MyD88 was confirmed by overexpressing AU1-
tagged wild-type MyD88 in the human embryonic kidney cell
line 293T, which transfects to a high degree of efficiency. Im-
munoprecipitation of AU1-tagged MyD88, followed by West-
ern blotting for endogenous Rac1, confirmed the ability of
Rac1 to associate with the adapter protein MyD88 (Fig. 6B).
The interaction of endogenous Rac1 with the IL-1 receptor
complex was also demonstrated in 293 cells that had been
stably transfected with Flag-tagged IL-1RAcP. Following im-
munoprecipitation of Flag-tagged IL-1RAcP, the detection of
endogenous Rac1 in the immunoprecipitated complex clearly
demonstrates that Rac1 associates with the receptor complex
(Fig. 6C).

DISCUSSION

To date, the pathway activated by IL-1 resulting in enhanced
transactivation by the p65 subunit of NF-kB has not been
characterized. The key role of MyD88, IRAK-1, and TRAF-6
in IL-1 signal transduction suggested that these proteins may
also be key regulators of this pathway. By using plasmids en-
coding either wild-type or inactive mutants of MyD88,
IRAK-1, and TRAF-6 and by testing cells from MyD88-null
mice and 293 cells lacking IRAK-1, we clearly demonstrated
the importance of these proteins in regulating the signal from

FIG. 3. MyD88, TRAF-6, and IRAK-1 are codependent with respect to p65-mediated transactivation. To position MyD88, IRAK-1, and
TRAF-6 on this pathway, EL4.NOB-1 cells (7 3 106) were transiently transfected with 5 mg of plasmids encoding either wild-type or dominant
negative (DN) versions of MyD88, TRAK-1, and TRAF-6 as indicated along with 2.5 mg of b-galactosidase, 2.5 mg of Gal4-p65(1–551), and 5 mg
of Gal4-luciferase. Following stimulation with IL-1 (10 ng/ml), extracts were prepared and measured for luciferase activity. Results are normalized
for b-galactosidase activity and are represented as fold increase over nonstimulated empty vector control.
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the IL-1 receptor complex to p65-mediated transactivation.
Transient transfection of EL4.NOB-1 cells with plasmids en-
coding these proteins demonstrated that in each case the wild-
type protein induced Gal4-p65(1–551) activity, with IL-1 causing
a further stimulation. Dominant negative MyD88, IRAK-1,
and TRAF-6 all inhibited IL-1-induced Gal4-p65(1–551) activ-
ity, and in addition, no response to IL-1 was seen in cells
lacking either MyD88 or IRAK-1, clearly pointing to the im-
portance of these three proteins in the pathway.

Previous studies on the involvement of MyD88, IRAK-1,
and TRAF-6 in IL-1 signal transduction have demonstrated
that MyD88 interacts with the receptor complex via a homo-
typic interaction via its TIR domain and that IRAK-1 and
TRAF-6 are subsequently recruited to the activated complex
(reviewed in reference 27) (http://stke.sciencemag.org/cgi/con-
tent/full/OC_sigtrans;2000/44/re1). MyD88 was originally iso-
lated as an early transcript in IL-6-induced differentiating my-
eloid cells and was postulated to be a mediator of macrophage
differentiation. The similarities between the Toll/IL-1 receptor
superfamily and the C-terminal domain of MyD88 subse-
quently suggested a role for MyD88 in signal transduction
pathways, and further investigation demonstrated its impor-
tance in IL-1-mediated signaling to NF-kB activation. In ad-
dition, dominant negative versions of IRAK-1 and TRAF-6

were found to inhibit MyD88-induced activation of NF-kB,
demonstrating that IRAK-1 and TRAF-6 lie downstream of
MyD88 on the pathway leading to NF-kB activation (8). The
autophosphorylating activity of IRAK-1 disrupts the interac-
tion of IRAK-1 with the death domain of MyD88, with the
result that the interaction of IRAK-1 with the receptor com-
plex is extremely transient.

Our data suggest a codependence between MyD88, IRAK-1,
and TRAF-6 on this separate pathway regulating p65-medi-
ated transactivation. Cotransfection of cells with wild-type
MyD88 and either dominant negative IRAK-1 or TRAF-6
completely inhibited the ability of MyD88 to transactivate gene
expression. In addition, dominant negative MyD88 inhibited
the effect of wild-type IRAK-1- and TRAF-6. Similar experi-
ments using wild-type and dominant negative versions of
IRAK-1 and TRAF-6 indicated that IRAK-1 and TRAF-6 are
also codependent. These results imply that a multiprotein com-
plex involving MyD88, IRAK-1, and TRAF-6 is required for
this pathway and that the presence of a dominant negative
version of any of these will disrupt signaling. This is in contrast
to results observed using an NF-kB-dependent reporter gene,
which places MyD88 upstream of IRAK-1 and TRAF-6 (8).
The basis for this difference is unclear. Importantly, we and
others have shown that dominant negative MyD88, IRAK-1,

FIG. 4. Dominant negative RacN17 inhibits MyD88-, IRAK-1-, and TRAF-6-driven Gal4-p65(1–551) activity. EL4.NOB-1 cells (7 3 106) were
transiently transfected with 5 mg of plasmids encoding (A) MyD88, (B) IRAK-1, and (C) TRAF-6 along with 1.25 or 2.5 mg of dominant negative
(DN) Rac1 as indicated, 2.5 mg of b-galactosidase, 2.5 mg of Gal4-p65(1–551), and 5 mg of Gal4-luciferase. Following stimulation with IL-1 (10
ng/ml), extracts were prepared and measured for luciferase activity. Results are normalized for b-galactosidase activity and are represented as fold
increase over nonstimulated empty vector (EV) control. (D) The effect of cotransfecting EL4.NOB-1 cells with RacV12 and RacN17 on
Gal4-p65(1–551) and AU1-tagged MyD88 (in the case of RacN17) expression was determined by Western blotting of lysates from cells which had
been transfected with 5 mg of RacV12, RacN17, or AU1-MyD88 and 2.5 mg of Gal4-p65(1–551) as indicated. End., endogenus.
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and TRAF-6 block both NF-kB-linked reporter genes and the
induction of endogenous genes that are NF-kB dependent,
such as that encoding IL-2 (6, 14, 18). Although the effect of
these dominant negative mutants will involve inhibition of IkB
phosphorylation and subsequent degradation, an additional

effect on p65-mediated transactivation of gene expression can
also be concluded from our study here.

The effect of dominant negative MyD88 was unlikely to be
nonspecific. We have found that it is unable to inhibit IRAK-
1-induced p38 MAPK, activation (E. M. Palsson and L. A. J.

FIG. 5. Dominant negative (DN) IRAK-1 and TRAF-6 but not MyD88 inhibit constitutively active RacV12-induced transactivation by p65.
EL4.NOB-1 cells (7 3 106) were transiently transfected with plasmids encoding dominant negative (A) MyD88, (B) IRAK-1, and (C) TRAF-6 as
indicated along with 2.5 mg of RacV12, 2.5 mg of b-galactosidase, 2.5 mg of Gal4-p65(1–551), and 5 mg of Gal4-luciferase. Following stimulation with
IL-1 (10 ng/ml), extracts were prepared and measured for luciferase activity. Results are normalized for b-galactosidase activity and are
represented as fold increase over nonstimulated empty vector control.

FIG. 6. Rac1 associates with MyD88 and IL-1RAcP. (A) Lysates from IL-1-treated EL4.NOB-1 cells were incubated with 10 mg of GST-
MyD88. (B) Overexpressed AU1-tagged MyD88 was immunoprecipitated (IP) from 293 cells (transfected with 10 mg of AU1-MyD88) using a
monoclonal antibody against AU1. (C) Flag-tagged IL1-RAcP was immunoprecipitated from 293 cells stably transfected with IL-1RI and
IL-1RAcP using a monoclonal antibody against Flag. In each case association of endogenous Rac1 was detected by Western blot (WB) analysis
using an anti-Rac1 antibody.
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O’Neill, unpublished observations) and, more importantly for
this study, RacV12-induced transactivation by p65. We have
previously implicated the low-molecular-weight G protein
Rac1 in the IL-1 pathway regulating the transactivation of
p65-mediated gene expression (17). That Rac1 may be in-
volved at the level of the receptor complex and its immediate
signaling processes was suggested from previous studies that
had shown an interaction between Rac1 and a GST–IL-1RI
fusion protein (33). Our data indicate that Rac1 lies down-
stream of MyD88 on this pathway as, along with the lack of
effect of dominant negative MyD88 on constitutively active
RacV12-induced p65-mediated transactivation, dominant neg-
ative RacN17 inhibited the ability of wild-type MyD88 to drive
Gal4-p65(1–551) activation in cotransfection experiments.
While dominant negative RacN17 totally prevented IRAK-1-
and TRAF-6-mediated activation of Gal4-p65(1–551) activity,
the dominant negative mutants of IRAK-1 and TRAF-6 also
inhibited RacV12-induced activation of this response. Our
data argue for a role for Rac1 in mediating IRAK-1- and
TRAF-6-induced Gal4-p65(1–551) activity and in addition sug-
gest that IRAK-1, TRAF-6, and Rac1 are mutually codepen-
dent for their activity, as dominant negative versions of any of
these signaling components prevent the ability of the other two
proteins to drive p65-mediated transactivation. IRAK-1 and
TRAF-6, however, also require MyD88, while Rac1 does not.
Ultimately, however, all four proteins (MyD88, IRAK-1,
TRAF-6, and Rac1) are key participants in the signaling path-
way recruited by IL-1, which mediates transactivation by p65.

We used a number of approaches to assess possible interac-
tions of Rac1 with components of the IL-1 receptor complex
and found that Rac1 associated with both a GST-MyD88 fu-
sion protein in pulldown assays and overexpressed AU1-tagged
MyD88 following immunoprecipitation. Treatment of cells
with IL-1 increased the amount of Rac1 associating with
MyD88. It is likely that MyD88 associates more strongly with
active Rac1, as indicated by our results. Constitutively active
RacV12 does not require MyD88 for its effect on p65, implying
that the role of MyD88 might be to recruit and activate Rac1,
whose effects then require IRAK-1 and TRAF-6. Apart from
MyD88, endogenous Rac1 was found to associate with the
IL-1RAcP when it was immunoprecipitated from 293 cells
stably transfected with Flag-tagged IL-1RAcP, although this
association may be via MyD88. We were unable to test for
interaction with endogenous IL-1RAcP, as its level of expres-
sion was too low in cells. In contrast to Singh et al. (33), we
were unable to coprecipitate Rac1 with Myc-tagged IL-1RI
which was stably transfected into 293 cells (unpublished obser-
vations). This indicated that the interaction of Rac1 with the
IL-1 receptor complex specifically involves MyD88 and IL-
1RAcP rather than IL-1RI. How IL-1 activates Rac1 and the
significance of the interaction of Rac1 with the receptor com-
plex are unclear. However, taken together, our data point to a
clear role for Rac1 in IL-1 signal transduction pathways, with
Rac1 associating with a complex involving MyD88 upon acti-
vation by IL-1.

The presence of Rac1 in the IL-1 receptor complex may be
linked to its role as a critical regulator of the actin cytoskeletal
network in cells (reviewed in reference 15). The IL-1 receptor
complex has been shown to localize to focal adhesion points at
the cell membrane, similar to focal complexes which require

Rac1 for their formation (29). The localization of IL-1RI in
focal adhesion complexes is required for NF-kB activation and
p42/p44 MAPK activation, and IRAK-1 has recently been
shown to be recruited into such complexes during the activa-
tion of p42/p44 MAPK (24). We have previously shown that
p42/p44 MAPK is required for the transactivation pathway
activated by IL-1 via Rac1, although the target for this kinase
is not known (17). The kinases that are responsible for the
transactivating effect of p65 have not been fully characterized,
although recently a role for protein kinase A and casein kinase
II in response to TNF stimulation has been demonstrated (38,
41). Interestingly, researchers have shown that casein kinase II
associates constitutively with IkB–NF-kB complexes in the cy-
toplasm and that the presence of IkB prevents phosphorylation
of p65. Thus, degradation of IkB is the key signal that regulates
p65 phosphorylation and hence transactivation. How the com-
ponents involved in the IL-1 response link to this process is
currently under investigation. Sizemore et al. have demon-
strated a clear role for PI3K and Akt in the phosphorylation
and activation of p65 in response to IL-1 (34). Since Rac1 is a
regulator of PI3K, we suggest that the mechanism by which
IL-1 activates PI3K involves Rac1. Furthermore, a recent pa-
per by Arbibe et al. has demonstrated that TLR2, which like
IL-1RI and IL-1RAcP has a TIR domain, promotes p65-me-
diated transactivation via Rac1 and PI3K (1). Taken together
with the results of Sizemore et al. and the results presented
here, it is likely that TIR domain-containing receptors (several
of which have been shown to activate NF-kB, including TLR4
[25] and TLR9 [32]) promote p65-mediated transactivation via
a pathway involving MyD88, IRAK-1, TRAF-6, Rac1, PI3K,
and Akt. The p65-proximal kinases activated following IL-1
stimulation have yet to be definitively identified and are cur-
rently under investigation in our laboratory. In addition, it is
possible that these processes regulate phosphorylation of co-
activators such as CBP/p300 and pCAF, which are required for
p65-mediated transactivation.

In conclusion, our results clearly indicate that a signaling
complex involving MyD88, IRAK-1, TRAF-6, and Rac1 is re-
quired for p65-dependent transactivation of NF-kB in re-
sponse to IL-1. The requirement for Rac1 in the MyD88,
IRAK-1, and TRAF-6 response and its association with
MyD88 in the receptor complex suggest that Rac1 may be the
additional component necessary for these proteins to engage
with this pathway rather than that leading to IkB phosphory-
lation, which is Rac1 independent (17).
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