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Mutagenized human 293 cells containing an interleukin-1 (IL-1)-regulated herpes thymidine kinase gene,
selected in IL-1 and gancyclovir, have yielded many independent clones that are unresponsive to IL-1. The four
clones analyzed here carry recessive mutations and represent three complementation groups. Mutant A in
complementation group I1 lacks IL-1 receptor-associated kinase (IRAK), while the mutants in the other two
groups are defective in unknown components that function upstream of IRAK. Expression of exogenous IRAK
in I1A cells (I1A-IRAK) restores their responsiveness to IL-1. Neither NFkB nor Jun kinase is activated in
IL-1-treated I1A cells, but these responses are restored in I1A-IRAK cells, indicating that IRAK is required for
both. To address the role of the kinase activity of IRAK in IL-1 signaling, its ATP binding site was mutated
(K239A), completely abolishing kinase activity. In transfected I1A cells, IRAK-K239A was still phosphorylated
upon IL-1 stimulation and, surprisingly, still complemented all the defects in the mutant cells. Therefore,
IRAK must be phosphorylated by a different kinase, and phospho-IRAK must play a role in IL-1-mediated
signaling that does not require its kinase activity.

Interleukin-1 (IL-1), a proinflammatory cytokine produced
mainly by macrophages and monocytes in response to inflam-
mation, infection, and other challenges, stimulates a wide spec-
trum of responses, including fever, lymphocyte activation, and
leukocyte infusion to the site of injury or infection (16). IL-1
stimulates the expression of several genes by activating the
transcription factors NF-kB, ATF, and AP-1 (6, 51, 52).

The activation of NF-kB has been studied extensively (4, 6,
16). NF-kB is kept in the cytoplasm through interaction with
kB inhibitory proteins. Following stimulation with cytokines
(e.g., IL-1 and tumor necrosis factor alpha [TNF-a]) or other
agents (e.g., lipopolysaccharide, phorbol ester, and double-
stranded RNA), IkB undergoes phosphorylation on specific
serine residues and is rapidly ubiquitinated and degraded. The
liberated NF-kB translocates to the nucleus, where it activates
transcription (5, 63, 66, 69). Recent studies have provided a
model for how NF-kB is activated in response to IL-1 (Fig. 1).
First, a complex is formed between the type 1 receptor (IL-
1R1) and the receptor accessory protein (IL-1RAcP) (21, 24,
29, 70). The cytosolic myeloid differentiation protein (MyD88)
(36) is then recruited to the complex, where it functions as an
adaptor, recruiting IL-1R-associated kinase (IRAK) in turn
(10, 48, 71, 75). IRAK is phosphorylated and then leaves the
receptor complex to interact with TRAF6 (11). IRAK2, an
IRAK homolog, was shown to interact with the IL-1R com-
plex, MyD88, and TRAF6 in transfected cells, but how IRAK
and IRAK2 function in IL-1 signaling is not understood (48).
Six TRAFs (TNF receptor-associated factors) have been de-
scribed so far (2, 17, 22, 23, 25, 31, 49, 58). TRAF2 and TRAF5
have been implicated in activating NF-kB in response to the
activation of members of the TNF-a receptor superfamily (2,
17, 22, 23, 25, 31, 49, 58). The TRAFs interact with NF-kB-
inducing kinase (NIK), another serine-threonine kinase be-

lieved to be a common downstream component in activating
NF-kB in response to IL-1, TNF-a, and other stimuli (41).
TRAFs might also activate mitogen-activated protein kinase/
ERK kinase kinase 1 (MEKK1) (30, 32, 35, 64, 76). Recently,
two IkB kinases (IKKa and IKKb) have been implicated in
signal-induced phosphorylation of the IkB proteins (15, 44, 57,
73, 78). Both NIK and MEKK1 activate the IKKs by serine
phosphorylation (34, 50). The activated IKKs then phosphor-
ylate IkBs on specific serine residues, resulting in the deg-
radation of IkB and activation of NF-kB. The IKKs are
components of a large complex (15, 44, 78). Two additional
components, NEMO (NF-kB essential modulator or IKKg)
and IKAP are also part of the IKK complex and are required
for its formation (12, 59, 74).

Recent studies provide evidence for a second signaling path-
way parallel to the cascade leading to IkB degradation and
specifically required for NF-kB-dependent transcriptional
competency (Fig. 1). Protein kinase C, protein kinase A, and
phosphatidylinositol-3 kinase (PI3K) have been implicated in
this pathway, possibly through the phosphorylation of the p65
subunit (7, 14, 19, 20, 26, 38, 55, 56, 62, 63a, 80, 81). In addition
to the activation of NF-kB, IL-1 and TNF-a also activate the
transcription factors ATF and AP-1, through the activation of
Jun kinase (8, 45, 51, 52). Signal-induced activation of Jun
kinase (Fig. 1) may diverge from NF-kB activation at the level
of the TRAF proteins (64). The activated TRAFs activate
MEKK1, which in turn activates Jun kinase (32, 35, 50, 64).

Although much progress has been made in understanding
signaling in response to IL-1, many questions remain and the
proposed roles of many components in the pathway need to be
confirmed genetically. For example, we do not know how NIK
is activated in response to the activation of IRAK and TRAF6,
how NIK activates IKK, or how MEKK1 and Jun kinase are
activated. To help resolve these and other issues, we have
taken a genetic approach to analyze IL-1 signaling, generating
mutant cell lines lacking specific components of the pathway.
In the human embryonic kidney cell line 293, an upstream
region of the human IL-1-responsive gene E-selectin (also
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called ELAM-1 [61]) was used to drive the expression of thy-
midine kinase (TK) and a protein providing resistance to zeo-
cin (Zeo). Negative selection against the expression of TK (39)
and positive selection for the expression of Zeo provide a
powerful dual system for isolating mutants unresponsive to
IL-1 signaling and for complementing them. With this new
selection scheme, we now have isolated four independent mu-
tant cell lines that fail to respond to IL-1, in three complemen-
tation groups. While mutants in two of the complementation
groups are defective in unknown components that lie upstream
of IRAK, mutant cell line I1A (I denotes IL-1 unresponsive; 1
denotes complementation group 1; A denotes independent
isolate A) lacks IRAK mRNA and protein. Using I1A cells, we
show that IRAK is required for the activation of both NF-kB
and Jun kinase by IL-1 and that IRAK functions between
MyD88 and TRAF6 in the pathway. Furthermore, we find that
the kinase activity of IRAK is not required for IL-1-mediated
signaling.

MATERIALS AND METHODS

Biological reagents and cell culture. Recombinant human IL-1b was provided
by the National Cancer Institute. Recombinant human TNF-a was from Becton
Dickinson (Paramus, N.J.). Antibodies recognizing IL-1R, IL-RAcP, MyD88,
IRAK, IRAK2, TRAF6, NIK, IKK1, and IKK2 were described elsewhere (11, 24,
34, 57, 71). Anti-Jun was from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Human embryonic kidney 293 cells transfected with human IL-1R (10) were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum, penicillin G (100 mg/ml), and streptomycin (100 mg/ml).

Recombinant plasmids. The NF-kB-dependent E-selectin–luciferase (Luc)
reporter gene plasmid pE-selectin-luc was described by Schindler and Baichwal
(61). E-selectin–TK and E-selectin–Zeo were constructed by cloning the E-

selectin promoter (2730 to 153) in front of the TK cDNA (3) or the Zeo
resistance gene (Invitrogen). Mammalian expression vectors encoding IRAK
(driven by the TK promoter), IRAK-K293A (driven by the TK promoter),
MyD88 (driven by the cytomegalovirus [CMV] promoter), TRAF6 (driven by the
CMV promoter), and the control expression plasmid pRK5 were described
elsewhere (11).

Mutagenesis and selection. The mutagenesis protocol was modified slightly
from the one used by Pellegrini et al. (54). 293-TK/Zeo cells were expanded into
pools of 107 cells each. One day after the cells in each pool had been split onto
two 150-mm-diameter plates, they were treated with ICR191 (54) for 3 h, rinsed
twice in serum-free medium, and cultured in complete medium. The concentra-
tion of ICR191 used was determined empirically to achieve 50 to 70% killing
after each round of mutagenesis and was varied between 1 and 5 mg/ml. After
recovery, the cells were subjected to a total of five rounds of mutagenesis, and
cells in each mutagenized pool were split onto six 150-mm-diameter plates for
selection. To isolate IL-1-unresponsive mutants, the cells were selected in gan-
cyclovir (5 mg/ml) (Hoffmann-La Roche, Inc.) plus IL-1 (100 U/ml). Fresh
gancyclovir and IL-1 were added every 3 days for 23 weeks. Clones were picked,
expanded in nonselective medium, and analyzed by selection with gancyclovir,
either alone, with IL-1 and Zeo (100 mg/ml; Invitrogen) or with IL-1.

Transfection and reporter assay. For stable transfections, 2 3 105 cells were
seeded onto a 10-cm-diameter plate and cotransfected the following day by the
calcium phosphate method (60) with 10 mg of each expression construct plus 1 mg
of pBabePURO. After 48 h, the cells were selected with 1 mg of puromycin per
ml until clones appeared. For reporter gene assays, 2 3 105 cells were transfected
by the same procedure with 1 mg of pE-selectin-luc, 1 mg of pSV2-b-gal, and
2,150 ng of each expression construct. After 48 h, the cells were split into three
35-mm-diameter plates and, the next day, stimulated with IL-1 and TNF-a for 4 h
before harvest. Luciferase and b-galactosidase activities were determined by
using the Promega luciferase assay system and chemiluminescence reagents
(Promega), respectively.

Gel shift assay. An NF-kB binding site (59-GAGCAGAGGGAAATTCCGT
AACTT-39) from the IP-10 gene (40) was used as a probe. Complementary
oligonucleotides, end labeled with polynucleotide kinase (Boehringer Mann-
heim) and [g-32P]ATP, were annealed by slow cooling. Approximately 20,000
cpm of probe were used per assay. Cytoplasmic extracts were prepared as de-
scribed by Kessler et al. (27) and Levy et al. (33). The binding reaction was
carried out at room temperature for 20 min in a total volume of 20 ml containing
20 mM HEPES buffer (pH 7.0), 10 mM KCl, 0.1% Nonidet P-40, 0.5 mM
dithiothreitol, 0.25 mM phenylmethanesulfonyl fluoride, and 10% glycerol.

Immunoblotting, immunoprecipitation, in vitro kinase, and Northern assays.
For immunoprecipitation and immunoblotting, cells at 80% confluency were
harvested from 10-cm-diameter dishes, washed once with phosphate-buffered
saline, and lysed for 10 min at 4°C in 0.5 ml of 0.5% Nonidet P-40 lysis buffer
containing 50 mM Tris-Cl (pH 8.0), 100 mM NaCl, 10% glycerol, 0.1 mM EDTA,
20 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 0.4
mM phenylmethanesulfonyl fluoride, aprotinin (3 mg/ml), pepstatin (2 mg/ml),
and leupeptin (1 mg/ml). Cellular debris was removed by centrifugation at
10,000 3 g for 5 min. For immunoblotting, cell extracts were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane. Immunoblot analysis was performed
with rabbit polyclonal antibodies, visualized with horseradish peroxidase-coupled
goat anti-rabbit immunoglobulin, using the Amersham ECL (enhanced chemi-
luminescence Western blotting detection system. For immunoprecipitation and
in vitro kinase assays, cell extracts were incubated with 1 ml of the polyclonal
antibody for 2 h and then incubated with 50 ml of protein A-Sepharose beads for
1 h. The beads were washed three times with lysis buffer and once with kinase
reaction buffer (20 mM HEPES [pH 7.0], 20 mM MgCl2). In vitro kinase reac-
tions were performed in 50 ml of buffer containing 20 mM HEPES (pH 7.0), 20
mM MgCl2, 1 mM ATP, and 10 mCi of [g-32P]ATP at 30°C for 30 min. For the
Jun kinase assay, 2 mg of glutathione S-transferase–Jun (Alexis Corporation) was
included in the reaction. Samples were analyzed by SDS-PAGE (10% gel)
followed by autoradiography.

For Northern analysis, total RNA was isolated by using the TRIzol reagent
(GIBCO BRL). Appropriate gene-specific probes were made with a random
priming kit (Amersham). Transfers to the positively charged nylon membrane
Hybond-N were performed according to the procedure provided by Amersham.

RESULTS

Attempts to isolate mutants by using established strategies
and development of a novel approach. Mutant clones defective
in the induction of cell surface marker CD2 or CD4, or both,
driven by an IL-1-responsive promoter, were obtained by cell
sorting but were too unstable to work with. They reverted to
wild type after being cultured for three to four passages. To
allow lethal selection with promoters that drive significant
basal expression of marker genes, a new double drug selection
was set up, with the Zeo and herpesvirus TK genes. Cells die

FIG. 1. A model for the IL-1 signaling pathway. See the text for details. PC,
phosphatidylcholine.

4644 LI ET AL. MOL. CELL. BIOL.



in gancyclovir when TK is expressed, and cells that express the
Zeo gene survive exposure to zeocin. The previously used
negative selection with 6-thioguanine in cells carrying a signal-
regulated gpt gene (13, 65, 68) works well only when the pro-
moter gives very low basal expression (for example, the inter-
feron-responsive 6-16 promoter). A major advantage of
gancyclovir-TK selection over 6-thioguanine–gpt selection is
that the concentration of gancyclovir can be manipulated to
allow cells with a low level of constitutive TK expression to
survive but still to kill cells with an induced level of expression.
Also, since gancyclovir is a poor substrate for mammalian TK,
the selection does not require a TK-null cell line.

To construct plasmids in which TK and Zeo can be induced
by IL-1 or TNF-a, an upstream fragment (2730 to 152) of the
E-selectin gene (Fig. 2A) was cloned upstream of TK and Zeo.
The E-selectin promoter contains binding sites for both NF-kB
and ATF, and mutation of either site abolishes the IL-1-in-
duced promoter activity (72). The E-selectin–TK and E-selec-
tin–Zeo constructs were cotransfected into 293 cells, in which
the E-selectin promoter has a low basal activity and a high
induced activity (Fig. 3B). The transfected cells were selected
for clones that survive in gancyclovir, die completely in gancy-
clovir plus IL-1, die in Zeo, and survive in Zeo plus IL-1 (Fig.
2B). The clone used for mutagenesis is called 293-TK/Zeo.

Isolation of IL-1-unresponsive mutants. For mutagenesis,
293-TK/Zeo cells were expanded to pools of 107 cells each,
subjected to five rounds of mutagenesis with ICR191 (an in-
tercalating agent that induces frameshift mutations), and se-
lected in gancyclovir plus IL-1. Clones picked from each of six

separately mutagenized pools (Table 1) were expanded in non-
selective medium and analyzed by drug selection. Over 90% of
the clones survived in gancyclovir plus IL-1 and died in Zeo
plus IL-1. Ten to thirty percent of the clones from each of four
pools had lost the ability to activate NF-kB in a gel shift assay
after IL-1 treatment (Table 1, pools 1 to 4). Clones from the
other two pools still retained IL-1-induced NF-kB activation
and thus either are defective in IL-1-mediated pathways that
do not affect the liberation of NF-kB from IkB or are cis
mutants in which the TK construct is inactivated (Table 1,
pools 5 and 6). Since clones from the same mutagenized pool
may be siblings, only one mutant clone from each pool was
used for further study. The mutant clones were named accord-
ing to their complementation groups as described below. IL-1
failed to activate NF-kB substantially in all four mutant clones
(Fig. 3A and data not shown for clone I2B). An E-selectin-
driven luciferase plasmid was transfected transiently into each

FIG. 2. Double drug selection with TK and Zeo under control of the E-
selectin promoter. (A) E-selectin–TK and E-selectin–Zeo. An upstream frag-
ment of the E-selectin gene (2730 to 152), containing one ATF and three
NF-kB binding sites and a TATA box, was cloned in front of the TK cDNA or
the Zeo gene. (B) Drug selection. E-selectin–TK and E-selectin–Zeo were co-
transfected into 293 cells, and the transfected cells were selected in Zeo plus
IL-1. Individual clones were assayed for survival in gancyclovir (GCV), death in
gancyclovir plus IL-1, death in Zeo, and survival in Zeo plus IL-1. One such clone
was expanded and subjected to five rounds of mutagenesis. IL-1-unresponsive
mutants were isolated by selecting the mutagenized pools in gancyclovir plus
IL-1. Putative mutants were then tested for survival in gancyclovir and gancy-
clovir plus IL-1 and for death in Zeo and Zeo plus IL-1.

FIG. 3. Analyses of IL-1-unresponsive mutants. (A) NF-kB gel shift assay.
Cell extracts were made from 293-TK/Zeo cells (WT [wild type]) and the IL-1-
unresponsive mutants treated for 15 min with IL-1 (100 U/ml) or TNF-a (20 ng/
ml) or untreat. The NF-kB binding site from the IP-10 gene was used as a probe.
The two bands in the gel shift assay are due mainly to p50-p65 heterodimers
(bottom) and p65-p65 homodimers (top) (63a). (B) Luciferase reporter assay.
E-selectin–Luc (1 mg/10-cm-diameter plate) was transiently transfected into 293-
TK/Zeo cells (WT) and the IL-1-unresponsive mutants. Thirty-six hours later,
the cells were either left untreated or stimulated for 4 h more with IL-1 (100
U/ml; closed bars) or TNF-a (20 ng/ml; hatched bars). Luciferase activities were
normalized to b-galactosidase. Data are presented as the fold induction of lu-
ciferase activity in the treated cells. Shown are the averages and standard devi-
ations from three independent experiments. (C) Northern analysis of IL-8 gene
expression. Total RNAs were made from 293-TK/Zeo cells (WT) and the IL-1-
unresponsive mutants treated for 6 h with IL-1 (100 U/ml) or TNF-a (20 ng/ml)
or untreated. Human IL-8 cDNA was used as a probe, and the signals were
normalized after reprobing with a glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) cDNA.
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mutant cell line. Both IL-1 and TNF-a induced luciferase in
wild-type (293-TK/Zeo) cells (Fig. 3B). The response to IL-1
was absent in all four mutant clones, while their TNF-a re-
sponse was intact, revealing that these four clones are specif-
ically defective in IL-1 signaling. We also studied the endoge-
nous IL-1-responsive IL-8 gene, which is induced by both IL-1
and TNF-a in wild-type 293-TK/Zeo cells. In the mutant cells,
IL-1-induced IL-8 gene expression was reduced greatly, while
the response to TNF-a was intact (Fig. 3C). In Fig. 3C, clones
I1A and I2A show an enhanced TNF response compared to
wild-type or I3A cells. However, this difference was not ob-
served consistently.

Dominance and complementation. Puromycin-resistant pop-
ulations were made from each of the four mutant clones and
fused with hygromycin-resistant 293-TK/Zeo cells. After selec-
tion with both drugs, the IL-1-induced activation of NF-kB was
restored in all of the heterokaryons (Fig. 4, lanes 1 to 6 and 10
to 12, and data not shown), indicating that the mutations are
all recessive. To assign complementation groups, puromycin-
resistant and hygromycin-resistant populations from each mu-
tant clone were fused pairwise, and IL-1-induced NF-kB acti-
vation was examined. Clones I2A and I2B are in the same
complementation group since IL-1-induced NFkB activation
was not restored in the heterokaryons (data not shown). I1A
and I3A are in different complementation groups (Fig. 4, lanes
4 to 9 and 13 to 15, and data not shown). The isolation of
mutants in three different complementation groups strongly
suggests that these cell lines are defective in different signaling
components.

Loss of IRAK accounts for the phenotype of I1A cells. All
four mutant clones were assayed with antibodies against the
known signaling components IL-1R1, IL-1RAcP, MyD88,
IRAK, IRAK2, TRAF6, NIK, IKK1, and IKK2. I1A cells lack
IRAK (Fig. 5A, lane 2), a serine-threonine kinase recruited to
the IL-1R complex upon IL-1 stimulation. This result was
confirmed by Northern analysis, showing that IRAK mRNA is
also absent in I1A cells (Fig. 5B, lanes 3 and 4). No other
known component was missing in I1A cells, and no known
component was missing in the other three mutant clones (data
not shown). To determine whether IRAK can complement the
defect in I1A cells, increasing amounts of TK-driven IRAK
cDNA were cotransfected transiently with E-selectin–Luc into
I1A cells. With an optimal amount of DNA (50 to 100 ng),
IL-1-induced expression of luciferase was restored in the
IRAK-transfected I1A cells (Fig. 6A and B), whereas expres-
sion was not observed in I1A cells transfected with vector DNA
(data not shown). TK-IRAK was also transfected stably into
I1A cells (Fig. 6C). Although constitutive activation of NF-kB
was observed in these I1A-IRAK cells, IL-1 induces the acti-
vation of NF-kB further (data not shown). Taken together, the
results show that IRAK can complement the defect in I1A

cells, indicating that their failure to respond to IL-1 is likely
due solely to the lack of this protein.

Functions of IRAK in IL-1 signaling. IL-1 stimulation also
leads to the activation of Jun kinase, and previous studies have
suggested that IRAK may be involved (57). Both IL-1 and UV
treatment activated Jun kinase in wild-type 293-TK/Zeo cells
(Fig. 7A, lanes 1 to 3), and the activation of Jun kinase induced
by IL-1 but not by UV treatment was abolished in I1A cells
(Fig. 7A, lanes 4 and 5). The IL-1-induced activation of Jun
kinase was restored in I1A-IRAK cells (Fig. 7A, lanes 7 to 9).
Taken together, these results show that IRAK is required for
IL-1-induced but not UV-induced activation of Jun kinase.

Previous studies have shown that ectopic expression of
MyD88 induces NF-kB activation strongly even in the absence
of IL-1 (48, 71). When MyD88 was cotransfected with E-
selectin–Luc into wild-type 293-TK/Zeo cells, promoter activ-
ity was dramatically increased compared to cells cotransfected
with the vector control, but constitutive activation of the E-
selectin promoter in response to overexpression of MyD88 was
not observed in I1A cells, which lack IRAK (Fig. 8). In I1A
cells stably transfected with IRAK, the effect of MyD88 was
restored (Fig. 8). We conclude that MyD88 cannot interact
with downstream components in the pathway in the absence of
IRAK. Overexpression of TRAF6 can also constitutively in-

FIG. 4. NF-kB gel shift assay for dominance and complementation. Extracts
were made from 293-TK/Zeo cells (WT [wild type]), clones I1A and I2A, and
heterokaryons WT/I1A and I1A/I2A, treated for 15 min with IL-1 (100 U/ml) or
TNF-a (20 ng/ml) or untreated. The NF-kB binding site from the IP-10 gene was
used as a probe.

TABLE 1. Clones that do not respond to IL-1

Pool

No. of clones

Picked
That live in

gancyclovir 1 IL-1
and die in Zeo 1 IL-1

Assayed by
kB binding

Lacking
IL-1-induced
kB binding

1 40 38 20 3
2 38 35 10 3
3 42 41 10 1
4 28 27 10 2
5 36 34 34 0
6 31 29 29 0

FIG. 5. Clone I1A lacks IRAK. (A) Analysis of the IRAK protein. Extracts
were made from 293-TK/Zeo (WT [wild type]) cells and from the IL-1-unre-
sponsive mutants. Aliquots were analyzed with anti-IRAK after Western trans-
fer. The same blot was probed with anti-IL-1R1. (B) Analysis of IRAK and
IRAK2 mRNAs. Total RNA made from 293-TK/Zeo cells (WT) and mutant I1A
was analyzed by the Northern procedure with IRAK or IRAK2 cDNA as the
probe.
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duce NF-kB activation (11). When TRAF6 was cotransfected
with E-selectin–Luc into either wild-type 293-TK/Zeo cells or
I1A cells, promoter activity was increased in the absence of
IL-1 (Fig. 8). Therefore, TRAF6 interacts with components of
the signaling pathway downstream of IRAK, as previously pro-
posed by Cao et al. (11). Taken together, our results confirm
that IRAK functions between MyD88 and TRAF6.

The kinase activity of IRAK is not required for its function
in IL-1 signaling. IRAK, a serine-threonine kinase, is recruited
to the receptor complex upon IL-1 stimulation, where it be-
comes highly phosphorylated (10). Phosphorylated IRAK then
leaves the receptor to interact with TRAF6 and propagate the
signal (11). The phosphorylation sites of IRAK have not yet
been identified, and it is also not clear whether IRAK phos-
phorylates itself or is phosphorylated by another kinase. To
examine whether the kinase activity of IRAK is required for
signaling, its ATP binding site was inactivated by changing the

lysine at amino acid 239 to alanine (K239A mutation). IRAK-
K239A, driven by the TK promoter, was transfected into I1A
cells (I1A-IRAK-K239A). As expected, the K239A mutation
inactivates the kinase activity of IRAK (Fig. 9). Surprisingly,
however, IRAK-K239A functions about as well as wild-type
IRAK in vivo. The luciferase reporter assay showed that acti-
vation of the E-selectin promoter by IL-1 was restored in
I1A-IRAK-K239A cells as well as in I1A-IRAK cells (Fig. 6A
and B). The K239A mutation in IRAK does not affect its
ability to restore the IL-1-induced activation of NF-kB (data
not shown) or the activation of Jun kinase in I1A cells (Fig. 7A,
lanes 10 to 12). Finally, the constitutive activation of E-selec-
tin–Luc in response to overexpression of MyD88 was also
restored in I1A-IRAK-K239A cells (Fig. 8), revealing that the
kinase activity of IRAK is not required for its interaction with
MyD88 either.

Phosphorylation of IRAK by another kinase. Previous work
has shown that the majority of IRAK translocates to the IL-1R
complex following IL-1 stimulation, where it becomes multiply
phosphorylated and subsequently degraded by proteosomes
(75). We observed the same phenomenon in 293-TK/Zeo cells.
IRAK was phosphorylated and degraded upon IL-1 treatment
(Fig. 10A, lanes 2 to 5). Some of the upper bands appearing
after IL-1 stimulation may represent ubiquitinated forms of

FIG. 6. Analysis of I1A cells complemented with IRAK or IRAK-K239A.
(A) Cells were cotransfected transiently with E-selectin–Luc and increasing
amounts of a TK promoter-driven IRAK expression vector or TK promoter-
driven IRAK-K239A expression vector. Thirty-six hours later, the cells were
either left untreated or stimulated for 4 h more with IL-1 (100 U/ml) before
harvest. Luciferase activities were normalized to b-galactosidase. Data are pre-
sented as fold induction of luciferase activity in the treated cells. The experi-
ments were repeated four times. Shown are the data from a typical experiment.
(B) Western analysis with anti-IRAK of extracts from I1A cells transiently
transfected with increasing amounts of IRAK or IRAK-K239A. (C) Western
analysis of extracts from 293-TK/Zeo (WT [wild type]), I1A, or I1A cells stably
transfected with IRAK or IRAK-K239A.

FIG. 7. IL-1-induced activation of Jun kinase in mutant cells. Immunopre-
cipitates were prepared from cell extracts with anti-Jun kinase, followed by an in
vitro kinase assay. (A) Analysis of extracts from 293-TK/Zeo (WT [wild type])
cells and I1A cells, untransfected or stably transfected with IRAK or IRAK-
K239A, untreated, stimulated with IL-1, or treated with UV (40 J/m2). (B)
Analysis of extracts from clones I1A, I2A, and I3A untreated, stimulated with
IL-1, or treated with UV (40 J/m2).

FIG. 8. Constitutive stimulation of signaling by MyD88 or TRAF6 in I1A
cells. 293-TK/Zeo (WT [wild type]) cells and I1A cells stably transfected with
IRAK or IRAK-K239A were cotransfected transiently with E-selectin–Luc, with
a vector control, or with a MyD88 or TRAF6 expression vector. Luciferase
activities were normalized to b-galactosidase. Data are presented as fold induc-
tion of luciferase in cells transfected with MyD88 (solid bars) or TRAF6. Shown
are the averages and standard deviations from three independent experiments.
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IRAK (9a). IL-1R was not degraded upon IL-1 stimulation in
293-TK/Zeo cells (Fig. 10A, bottom). In stably transfected I1A
cells, IRAK was phosphorylated and ubiquitinated before IL-1
stimulation, probably due to its overexpression (Fig. 10B, lane
1, and data not shown). However, IRAK was still degraded
after IL-1 treatment, possibly due to further phosphorylation
after stimulation (Fig. 10B, lanes 2 to 5). The loss of several
shifted IRAK bands following treatment with calf intestinal
phosphatase confirmed that they are phosphorylated forms
(Fig. 10D, lanes 3 and 4). IRAK-K239A was not phosphory-
lated or ubiquitinated before stimulation (Fig. 10B, lane 6) but
was still phosphorylated, ubiquitinated, and degraded after
IL-1 treatment (Fig. 10B, lanes 7 to 10). The phosphorylation
of IRAK-K239A following IL-1 stimulation was also confirmed
by the loss of several phosphorylated bands of IRAK-K239A
following phosphatase treatment (Fig. 10E, lanes 4 to 6). Since
IRAK-K239A cannot phosphorylate itself (Fig. 9), its phos-
phorylation in response to IL-1 must be due to another kinase.
It is possible that IRAK is phosphorylated both by itself and by
a different kinase upon IL-1 treatment. Since IRAK-K239A
complements I1A cells just as well as wild-type IRAK (Fig. 6,

FIG. 9. IRAK kinase assay. Cell extracts were made from 293-TK/Zeo (WT
[wild type]), I1A, and I1A stably transfected with IRAK or IRAK-K239A. Im-
munoprecipitates were prepared with anti-IRAK, followed by an in vitro kinase
assay. Short and long exposures are presented. The immunoprecipitated samples
were also analyzed with anti-IRAK (bottom panel).

FIG. 10. Western analysis of IRAK as a function of time after stimulation with IL-1. Shown are results for wild-type 293TK/Zeo (WT) cells and I3A cells (A), I1A
cells transfected with IRAK or IRAK-K239A (B), and I1A/I3A heterokaryons (C), either untreated or treated with IL-1. Cell extracts were analyzed by the Western
procedure with anti-IRAK. P-IRAK, phosphorylated IRAK; U-IRAK, ubiquitinated IRAK. The top portions of panels A and B are short exposures, and the bottom
portions are long exposures. The same transfers were probed with anti-IL-1R1 to control for loading. (D and E) Extracts of I1A cells transfected with IRAK or
IRAK-K239A, with or without IL-1 stimulation, were either untreated or treated with calf intestinal phosphatase (CIP).
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7A, and 8 and data not shown), it is likely that the phosphor-
ylation of IRAK by a different kinase plays a more important
role in signaling than does IRAK autophosphorylation. Fur-
ther work is needed to determine the residues modified in each
situation.

IRAK2 can also complement mutant I1A cells. IRAK2,
identified as a homologue of IRAK, has also been implicated
in IL-1 signaling (48). Although IRAK2 interacts with the
IL-1R complex and forms complexes with MyD88 and TRAF6
(48), its exact role in signaling is not clear. IRAK2 was ex-
pressed in both wild-type and IRAK-deficient I1A cells, but its
mRNA was at a much lower level than the mRNA for IRAK
(Fig. 5B). Western analysis indicated that the level of IRAK2
protein is also relatively low in 293-TK/Zeo cells (data not
shown). IRAK2 restored responsiveness to IL-1 when overex-
pressed in IRAK-deficient I1A cells (Fig. 11). Constitutive
activation of the pathway in response to overexpression of
MyD88 was also restored in I1A cells transfected with IRAK2
(Fig. 11), showing that MyD88 can also signal through IRAK2.

Mutants in complementation groups I2 and I3 are defective
in components upstream of IRAK. The IL-1-induced activa-
tion of NF-kB is greatly reduced in mutant clones I2A and I3A
(Fig. 3A). Western analyses of IL-1R, IL-1RAcP, MyD88,
IRAK, IRAK2, TRAF6, NIK, IKK1, and IKK2 revealed that
none of these components is missing in any of the three mutant
clones (data not shown). IL-1-induced Jun kinase activation
was completely absent in all three clones, whereas UV-induced
Jun kinase activation was normal (Fig. 7B). Therefore, all
three clones are defective in components required for the
activation of both NF-kB and Jun kinase. In response to IL-1,
IRAK is phosphorylated, ubiquitinated, and degraded in wild-
type cells (Fig. 10A, lanes 1 to 5). Interestingly, IRAK was not
phosphorylated, ubiquitinated, or degraded upon IL-1 stimu-
lation in any of the three mutants. (Data for clone I3A are
presented in Fig. 10A, lanes 6 to 10; data for clones I2A are not
shown.) However, IRAK was phosphorylated and degraded in
the I1A/I3A heterokaryons, suggesting that the IRAK in I3A
cells is intact (Fig. 10C). These results suggest that the defects
in these mutant clones are upstream of IRAK, a conclusion
further supported by the results of an experiment in which
MyD88 was cotransfected with E-selectin–Luc into the mutant
clones. The E-selectin promoter was activated constitutively in
all three mutants (data not shown). Therefore, the defects in
these mutants are upstream of both IRAK and MyD88.

DISCUSSION

Roles of IRAK and IRAK2 in IL-1 signaling. Although bio-
chemical studies have yielded important information concern-
ing the IL-1 signaling pathway (10, 11, 48, 70, 71, 75), genetic
information is still largely lacking. We have now obtained the
IRAK-null cell line I1A, allowing a detailed evaluation of the
role of this protein in the IL-1 response. IRAK was cloned
originally through its association with IL-1R (10). Upon IL-1
stimulation, IRAK associates rapidly with the receptor com-
plex and becomes highly phosphorylated (10). Our work now
shows that the IL-1-induced activation of both NF-kB and Jun
kinase is abolished in IRAK-deficient I1A cells, providing
strong genetic evidence that IRAK indeed is essential for these
two pathways. How IRAK is activated upon IL-1 stimulation
and how it functions remain to be determined. Recently, IRAK
has also been implicated in the IL-18 and Toll-dependent
signaling pathways (1, 28, 43, 47). How IRAK is activated in
these pathways and the role played by IRAK also need to be
elucidated.

MyD88 coprecipitates with IL-1R1, IL-1RAcP, and IRAK
and has a high affinity for hypophosphorylated IRAK, suggest-
ing that IRAK might be recruited to the receptor complex
through an interaction involving MyD88 (71). The ectopic ex-
pression of MyD88 strongly induces NF-kB activation in wild-
type cells (48, 71). We now find that the constitutive activity of
MyD88 is lost in the absence of IRAK, suggesting that MyD88
cannot signal to downstream components of the pathway with-
out IRAK. MyD88 may interact with IRAK directly and may
indeed function as an adaptor to recruit IRAK to the receptor
complex.

IRAK leaves the receptor after activation and forms a com-
plex with TRAF6 (11). Overexpression of TRAF6 can also
lead to constitutive activation of NF-kB (11). We find that the
constitutive activation of NF-kB by TRAF6 is the same in
IRAK-deficient I1A cells as in wild-type controls, confirming
that TRAF6 can interact with downstream components of the
pathway in the absence of IRAK. An important downstream
target for TRAFs is likely to be NIK, a common mediator in
the activation of NF-kB in response to IL-1, TNF-a, and other
stimuli (41). As shown in Fig. 1, TRAFs may also activate
MEKK1, which in turn activates Jun kinase and IKK (30, 32,
35, 50, 64, 76). However, it is not yet clear how the TRAFs are
activated. Since our study shows that the overexpression of
TRAF6 can activate NF-kB constitutively even in the absence
of IRAK, IRAK might activate TRAF6 simply by facilitating
its aggregation.

The kinase activity of IRAK is not necessary for it to func-
tion in IL-1 signaling. Although this result is somewhat sur-
prising, it was not totally unexpected since a similar observa-
tion has been made for receptor interacting protein, a serine-
threonine kinase in TNF-a signaling (67). The ability of
mutant kinases without catalytic activity still to function has
also been observed in interferon signaling. Although the re-
ceptor-associated protein tyrosine kinase JAK1 is required for
the gamma interferon (IFN-g) response, a kinase-dead mutant
of JAK1 can restore IFN-g-induced gene expression but not
the antiviral state to a JAK1-null mutant cell line (9). Also,
although Tyk2 is required for the IFN-a response, a kinase-
dead mutant of Tyk2 can restore IFN-a-induced gene expres-
sion in Tyk2-null cells (18).

It is not known whether IRAK is phosphorylated at the
receptor by itself, another kinase, or both. Using IRAK-defi-
cient cells, we show that a kinase-dead mutant of IRAK can
still be phosphorylated upon IL-1 stimulation (Fig. 10B and E),
revealing that another kinase must be capable of phosphory-

FIG. 11. Complementation of I1A cells with IRAK2. E-selectin–Luc was
cotransfected transiently with control vector, MyD88, or TRAF6 into I1A cells
stably transfected with CMV-IRAK2 (I1A-IRAK2 cells). The I1A-IRAK2 cells
transfected with E-selectin–Luc and the control vector were treated with IL-1
(100 U/ml, 4 h). Data are presented as the fold induction of luciferase activity in
IL-1-treated or untreated cells transfected with MyD88 or TRAF6 compared to
cells transfected with the control vector. Shown are the averages and standard
deviations from three independent experiments.
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lating IRAK at least in part. Although the mechanistic role of
IRAK phosphorylation is not clear, its state of phosphorylation
does affect its affinity for MyD88 (71). The high affinity of
MyD88 for underphosphorylated IRAK is consistent with its
role in recruiting IRAK to the receptor, and the inability of
MyD88 to bind to phosphorylated IRAK may explain how
IRAK leaves the receptor complex after activation.

IRAK2, a homolog of IRAK lacking apparent kinase activ-
ity, may also be involved in IL-1 signaling since it interacts with
IL-1R and forms a complex with MyD88 and TRAF6 (48). The
level of IRAK2 expression in 293 cells seems to be much lower
than that of IRAK. Since overexpression of IRAK2 restores
IL-1 responsiveness to I1A cells (Fig. 11), it is possible that
IRAK and IRAK2 are differentially expressed functional al-
ternatives, explaining the small residual IL-1 response that we
sometimes observe in IRAK-deficient cells since these cells
have a small amount of IRAK2. However, we still cannot
exclude the possibility that IRAK and IRAK2 have somewhat
different functions.

Novel components in IL-1 signaling. Analyses of three mu-
tant cell lines in complementation groups I2 and I3 show that
in response to IL-1, that the activation of both NFkB and Jun
kinase is abolished, that IRAK is neither phosphorylated nor
degraded, and that overexpressed MyD88 can still activate
NF-kB constitutively, probably by interacting with IRAK.
These results strongly suggest that these mutants are likely
defective in components upstream of IRAK. However, the
known upstream components IL-1R1, IL-1RAcP, and MyD88
are all expressed normally in all three mutant cell lines.
ICR191 is a frameshift mutagen, and we have found that it
rarely leads to mutations that allow the protein to be ex-
pressed; almost always, both the target mRNA and protein are
missing (unpublished results). Therefore, it is very likely that
mutants in complementation groups I2 and I3 are defective in
components of the IL-1 signaling pathway that have not yet
been identified. One possibility is an additional receptor com-
ponent. IL-1R is a member of a family that includes IL-1Rrp2,
T1/ST2, and rsc786/TIL (37, 42, 46, 53, 77). MyD88, also a
member of this family, was only recently found to play a role in
IL-1 signaling (71). It is also possible that the mutation in
complementation group I2 or I3 affects the kinase that phos-
phorylates IRAK-K239A. In such a mutant, IRAK would still
be recruited to the receptor complex but not phosphorylated.
Complementation of these mutant cell lines with expression
libraries will advance our understanding of IL-1 signaling con-
siderably.

IL-1-unresponsive mutants not defective in NF-kB activa-
tion. Since the E-selectin promoter contains binding sites for
both NF-kB and ATF, and since mutation of either site abol-
ishes IL-1-induced promoter activity, one would expect to iso-
late IL-1-unresponsive mutant clones that are defective in ac-
tivating NF-kB or ATF, or both. Mutants defective in both
pathways would most likely have defects in upstream compo-
nents, whereas mutants defective only in one pathway would
most likely have defects in downstream components. Further-
more, it has been shown recently that the liberation of NF-kB
from IkB and its translocation into the nucleus may not be
sufficient for the full activation of NF-kB. The transcriptional
activity of NF-kB is also regulated by IkB-associated protein
kinase A, leading to phosphorylation of the NF-kB p65 subunit
and to its binding to the transcriptional coactivator CBP/p300
(Fig. 1 and references 20, 55, 79, and 80). Phosphatidylcholine-
specific phospholipase C and protein kinase C have also been
implicated in regulating the transcriptional activity of NF-kB
(7, 14, 19, 26, 38, 62, 81). Recently, Sizemore and Stark (63b)
have found that inhibitors of PI3K block NFkB-dependent

transcription by blocking the IL-1-stimulated phosphorylation
of NF-kB but do not affect the IL-1-stimulated degradation of
IkBa, the nuclear translocation of NF-kB, or the ability of
NF-kB to bind to DNA. Therefore, mutant clones in which
NF-kB is activated for DNA binding may still be defective in
activating transcription through the phosphorylation of NF-kB
itself. Only 10 to 30% of the clones selected from each of four
mutagenized pools have lost the ability to activate NF-kB after
IL-1 treatment; the remaining clones still induce the DNA
binding activity of NF-kB (as shown by gel shift analysis), and
some of these may be defective in other IL-1-mediated path-
ways.

Current state of obtaining recessive mammalian cell mu-
tants. In this report, we have described a novel genetic ap-
proach to generate mutant cell lines defective in specific com-
ponents of IL-1 signaling, employing a double drug selection
with the Zeo and herpesvirus TK genes as markers. Cells die in
gancyclovir when TK is expressed, and cells that express the
Zeo gene survive exposure to zeocin. An obvious advantage of
lethal selection over using the fluorescence-activated cell
sorter to separate cells on the basis of surface expression of
CD2 or CD4 is the saving of time and money. A more impor-
tant advantage is that we have not encountered any metastable
mutants with the lethal selection, a serious problem with IL-
1-unresponsive mutants obtained by cell sorting. Another ma-
jor advantage of the TK-gancyclovir selection is that, in con-
trast to the gpt–6-thioguanine selection, the concentration of
selective drug can be manipulated to allow cells with a lower
level of constitutive marker gene expression to survive but still
to kill cells with an induced level of expression. Also, since
gancyclovir is a poor substrate for mammalian TK, the selec-
tion does not require the use of a TK-null cell line. Therefore,
the TK selection has the potential to become a general method
for isolating mammalian cell mutants in different signaling
pathways.

As illustrated here by the IRAK-null cells, mutant cell lines
become extremely valuable when they can be complemented
by a specific cDNA since one then can pursue a detailed
structure-function analysis of a single protein in a null back-
ground. Complementation of mutant cell lines defective in
unknown components will enable us to identify new partici-
pants of the pathway and is a major goal of the genetic ap-
proach. Successful complementation requires introducing li-
braries into mutant cells with high efficiency, an appropriate
level of expression of the transfected gene, and stringent se-
lection of the complemented cells. Retroviral cDNA expres-
sion libraries used very successfully by others (74) are our first
choice in attempting to complement the IL-1-unresponsive
mutant cell lines. The genetic system described here also has
limitations. For example, it would be very difficult to isolate
mutants in redundant branches of a pathway unless the redun-
dant molecules are expressed differentially, as are IRAK and
IRAK2. Finally, extensive development will be required to set
up a system that would enable one to isolate mutant mamma-
lian cell lines defective in essential genes.
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