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Interleukin-1 (IL-1) receptor-associated kinase (IRAK1) is phosphorylated, ubiquitinated, and degraded upon IL-1 stimulation.
IRAKTI1 can be ubiquitinated through both K48- and K63-linked polyubiquitin chains upon IL-1 stimulation. While the Pellino
proteins have been shown to meditate K63-linked polyubiquitination on IRAK1, the E3 ligase for K48-linked ubiquitination of

IRAK]1 has not been identified. In this study, we report that the SCF (Skp1-Cullin1-F-box)—-TrCP complex functions as the
K48-linked ubiquitination E3 ligase for IRAK1. IL-1 stimulation induced the interaction of IRAK1 with Cullinl and -TrCP.
Knockdown of 3-TrCP1 and B-TrCP2 attenuated the K48-linked ubiquitination and degradation of IRAK1. Importantly,
B-TrCP deficiency abolished the translocation TAK1-TRAF6 complex from the membrane to the cytosol, resulting in a dimin-
ishment of the IL-1-induced TAK1-dependent pathway. Taken together, these results implicate a positive role of 3-TrCP-medi-

ated IRAK1 degradation in IL-1-induced TAK1 activation.

Interleukin—l (IL-1), a major proinflammatory cytokine, has a
wide range of pathophysiological functions in autoimmune and
inflammatory responses. Genetic and biochemical studies re-
vealed that IL-1 receptor (IL-1R)-mediated signaling involves a
cascade of kinases organized by multiple adapter molecules into
signaling complexes, leading to activation of the transcription fac-
tor NF-kB. Based on studies by our group and others, we postu-
lated a model for the IL-1 pathway (4, 6, 8-10, 14, 22). Upon IL-1
stimulation, the IL-1 receptor recruits the adaptor molecule
MyD88 (1) and mediates the formation of complex I (IL-1R—
MyD88-IRAK4-IRAK1/2-TRAF6), where IRAK4 (IL-1 recep-
tor-associated kinase 4) (12) is activated, leading to hyperphos-
phorylation of IRAK1 (2). The phosphorylated IRAK]1 interacts
with Pellino proteins (7), which are E3 ubiquitin ligases, to medi-
ate K63-linked IRAK1 polyubiquitination. The receptor-proximal
components are then released from the receptor to form complex
II (IRAK-TRAF6-TAK1-TAB2-TAB3) on the membrane, leading
to phosphorylation of TAK1 (tumor growth factor beta [TGF-B]-
activated kinase, a mitogen-activated protein kinase kinase kinase
[MAP3K]), TAB2 (TAK1 binding protein 2), and TAB3 on the
membrane (4, 6, 8-10, 14, 22). While the membrane-associated,
modified IRAK1 is ubiquitinated and degraded, complex III
(TRAF6-TAK1-TAB2-TAB3) is then dissociated from complex IT
and translocated from the membrane to the cytosol, where TAK1
is activated, followed by the activation of IKK (IkB kinase) and
NF-kB (8).

One hallmark in IL-1 signaling is ligand-induced IRAK1 phos-
phorylation, ubiquitination, and degradation (13, 24, 25). In ad-
dition, other groups have found that IRAK1 could also undergo
sumoylation besides phosphorylation and ubiquitination in Toll-
like receptor (TLR) signaling (21). A point mutation changing
lysine 134 to arginine (K134R) in IRAK1 abolished IL-1-induced
IRAK ubiquitination and degradation (26). The IRAK1 ubiqui-
tination mutant is no longer degraded upon IL-1 stimulation and
loses the ability to mediate TAK1-dependent NF-kB activation.
Furthermore, the proteasome inhibitor MG132 blocked IL-1-in-
duced, TAK1-dependent signaling, suggesting that IL-1-induced
IRAK1 degradation is a necessary step in the activation of the
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TAK1-dependent pathway. IRAK1 is ubiquitinated through both
K48- and K63-linked polyubiquitin chains upon IL-1 induction.
While Pellino proteins have been shown to meditate K63-linked
polyubiquitination on IRAK1, the E3 ligase for K48-linked ubiq-
uitination of IRAK1 has not been identified.

In this study, we found that the F-box protein B-transducin
repeat-containing protein (3-TrCP), which functions as a sub-
strate recognition subunit of the SCF-B-TrCP E3 ubiquitin (Ub)
ligase, mediates K48-linked polyubiquitination on IRAKI and
subsequent IRAK1 degradation. Knockdown of endogenous
B-TrCP1 and B-TrCP2 reduced K48-linked ubiquitination (but
not non-K48-linked ubiquitination) on IRAK1 and attenuated
degradation of IRAK1 in response to IL-1 stimulation. It is impor-
tant to note that the modified IRAKI1 is always membrane associ-
ated and detected in membrane-bound receptor complex I and I
(IRAK-TRAF6-TAK1-TAB2-TAB3). One key step in IL-1 signal-
ing is that while the membrane-associated, modified IRAK1 is
ubiquitinated and degraded, complex III (TRAF6-TAK1-TAB2-
TAB3) is translocated from the membrane to the cytosol, where
TAKI and IKK are activated, resulting in NF-kB activation (8).
Importantly, we found that B-TrCP deficiency inhibited the IL-1-
induced translocation of TAK1 and TRAF6 from the membrane
to the cytosol, which correlated with the attenuated IRAK1 deg-
radation. Consistent with this, IL-1-induced, TAK1-dependent
NEF-kB activation was substantially diminished in 3-TrCP knock-
down cells. Taking these findings together, we propose that SCF-
B-TrCP-mediated, K48-linked IRAK1 ubiquitination and degra-
dation are required for the release of TRAF6-TAKI from complex
II (IRAK-TRAF6-TAK1-TAB2-TAB3), resulting in the transloca-
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tion of complex III (TAK1-TRAF6) from the membrane to the
cytosol, leading to TAK1 activation followed by activation of IKK
and NF-kB.

MATERIALS AND METHODS

Cell lines and reagents. HEK 293-IL-1RI cells, HEK 293-IL-1R/IRAK-
deficient (I1A) cells, and HeLa cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. The short
hairpin RNA (shRNA) lentiviral plasmids (pLKO.1-puro) targeting hu-
man B-TrCP were purchased from Sigma. The sequences targeting hu-
man B-TrCP1 are 5'-CCGGGCACATAAACTCGTATCTTAACTCGAG
TTAAGATACGAGTTTATGTGCTTTTT-3" and 5'-CCGGGCGTTGTA
TTCGATTTGATAACTCGAGTTATCAAATCGAATACAACGCTTT
TT-3'; the sequences targeting human B-TrCP2 are 5'-CCGGAGAA
GACTTGGCCTCTAATTTCTCGAGAAATTAGAGGCCAAGT
CTTCTTTTTTG-3' and 5'-CCGGTATCAGTGGCCTACGAGATAACT
CGAGTTATCTCGTAGGCCACTGATATTTTTG-3'. HEK 293T cells
were transfected with the B-TrCP1-targeting lentiviral vectors and pack-
aging vectors to ensure proper viral packaging. Forty-eight h after trans-
fection, virus in the medium was collected. The virus then was used to
infect target cells in the presence of Polybrene (10 mg/ml; Sigma). Two
days after infection, puromycin (1 g/ml) containing Dulbecco’s modified
Eagle’s medium was added to the cells to select puromycin-resistant
clones. After obtaining the B-TrCP1 knockdown cells, the packaged
B-TrCP2-targeting virus was used to infect the B-TrcP1 knockdown cells.
Finally, the B-TrCP1/2 knockdown cells were generated by sequential
infection. The knockdown efficiency was confirmed by real-time PCR
with the following primers: 5'-CAGTACAGGGACAGGCTGGT-3" and
5'-TACAACGCACCAATTCCTCA-3' for human B-TrCP1 and 5'-AAA
CCAGCCTGGAATGTTTG-3" and 5'-CGTGTTCACATCCCACACT
C-3' for human B-TrCP2. IRAK (H-273; sc-7883), TRAF6 (H-274; sc-
7221), IKKa/B (H-470; sc-7607), IkBa (FL; sc-847), c-Jun N-terminal
kinase (JNK) (FL; sc-571), ubiquitin (FL-76; sc-9133;and P4D1;sc-8017),
and actin (C-11; sc-1615) were purchased from Santa Cruz Biotechnol-
ogy, Inc. Anti-K48-linked polyubiquitin antibody (Apu2.07) and anti-
K63-linked polyubiquitin antibody (Apu3.A8) were a kind gift from
Vishva M. Dixit (Department of Physiological Chemistry Genentech,
Inc.). Antihemagglutinin (anti-HA) antibodies (H9658; mouse), anti-a-
tubulin antibodies, puromycin (P9620), and MG132 (C2211) were from
Sigma. Anti-B-catenin antibodies (70569) were purchased from BD Bio-
sciences. Phospho-IKKa (Ser-176)/B(Ser-180) (catalog number 2694),
phospho-stress-activated protein kinase/JNK (catalog number 9251),
phospho-IkBa (Ser32) (catalog number 9241), and anti-B-TrCP anti-
bodies (D13F10) were purchased from Cell Signaling Technology, Inc.
Rabbit anti-Cullinl (71-8700) was purchased from Invitrogen. Anti-
TAKI1 antibodies from rabbit were made by Lilly. Recombinant interleu-
kin-1 was from R&D Systems.

IP. Cells were transfected with plasmids with Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s instructions. Untreated cells or
cells treated with IL-1 for various times as indicated were harvested by
washing with cold phosphate-buffered saline (PBS) and then lysed with
immunoprecipitation (IP) buffer (0.5% Triton X-100, 20 mM HEPES
[pH 7.6], 150 mM NaCl, 12.5 mM B-glycerophosphate, 1.5 mM MgCl,, 2
mM EGTA, 10 mM NaF, 1 mM Na;VO,, 1 mM phenylmethylsulfonyl
fluoride [PMSF], and protease inhibitor cocktail tablets). The lysates were
incubated on ice for 60 min, and then they were centrifuged at 13,200 rpm
for 10 min and insoluble debris was discarded. For coimmunoprecipita-
tion, the supernatants were incubated with 1 pg the indicated antibody
and protein A-Sepharose beads. The protein A-Sepharose beads were pel-
leted and washed three times with immunoprecipitation buffer after over-
night incubation. The precipitates were resolved by SDS-PAGE and sub-
jected to Western blotting with the indicated antibodies.

Ubiquitination assays. Cells were harvested by washing with cold PBS
and then were lysed with a 1% SDS solution. The lysates were then soni-
cated for 15 s on ice to disrupt the DNA. The lysates were boiled at 100°C
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for 10 min to dissociate the protein interaction. The boiled samples were
diluted with co-IP buffer to 0.1% SDS and then centrifuged at 12,000 rpm
for 5 min, after which the pellet was discarded. The supernatants were
then combined with protein A-Sepharose and antibodies against IRAK1,
and they were rotated at 4°C overnight. The protein A-Sepharose beads
were then pelleted and washed three times with co-IP buffer. The precip-
itates were resolved by SDS-PAGE and subjected to Western blotting with
antibodies against HA, IRAK1, and K48- or K63-specific ubiquitin anti-
bodies.

Immunoblotting. Whole-cell lysates or immunoprecipitated proteins
were dissolved in Laemmli buffer and resolved by 8 or 10% SDS-PAGE.
For detecting ubiquitination, 6% SDS-PAGE was used. After electropho-
resis, separated proteins were transferred onto polyvinylidene difluoride
membranes (Millipore). For ubiquitination detection, proteins were
transferred onto nitrocellulose membranes (Whatman). For immuno-
blotting, the polyvinylidene difluoride membrane was blocked with Tris-
buffered saline (TBS) containing 0.1% Tween 20 and 5% nonfat dried
milk for 1 h at room temperature. Following incubation with specific
primary antibody, horseradish peroxidase-conjugated secondary anti-
body was applied. The positive immune-reactive signal was detected by
ECL (Amersham Biosciences).

Subcellular fractionation. Confluent cells in 15-cm plates, left un-
treated or treated with IL-1 (1 ng/ml) for various times, were resuspended
in 1 ml of ice-cold hypotonic buffer (10 mM HEPES, pH 7.4, 1.5 mM
MgCl,, 10 mM KCl, 0.2 mM phenylmethylsulfonyl fluoride, 0.5 mM di-
thiothreitol) and homogenized on ice with 45 strokes of a Dounce homog-
enizer. Unlysed cells, nuclei, and cell debris were pelleted by five cycles of
centrifugation at 1,000 X g for 5 min. Soluble (supernatant; S100) and
particulate (pellet; P100) fractions were generated by centrifugation at
100,000 X g for 1 h.

RESULTS

B-TrCP1 and B-TrCP2 promoted K48-linked IRAK1 ubiquiti-
nation. Upon IL-1 stimulation, IRAK1 is phosphorylated, poly-
ubiquitinated, and eventually degraded (Fig. 1A and B). While the
K48-linked polyubiquitin chain leads to protein degradation, the
K63-linked polyubiquitin chain promotes protein-protein associ-
ation (3). To examine whether IL-1-induced polyubiquitination
of IRAK1 is linked via Lys 63 or Lys 438, cell lysates prepared from
untreated or IL-1-treated 293-IL-1R cells were immunoprecipi-
tated with anti-IRAKI, followed by Western analysis with anti-
bodies specific for the K63- and K48-linked polyubiquitin chains.
IL-1 stimulation induced both K63- and K48-linked ubiquitina-
tion of IRAKI, both of which were accumulated when IRAK1
degradation was blocked by pretreatment with proteasome inhib-
itor MG132 (Fig. 1C).

While Pellino proteins have been shown to mediate K63-linked
IRAK1 ubiquitination (15, 16, 24), one important question is
what E3 protein ligase is responsible for IL-1-induced, K48-linked
IRAK1 ubiquitination. We screened several E3 ligases that are ca-
pable of mediating K48-linked polyubiquitination (including
A20, cIAP1, cIAP2, B-TrCP1, and B-TrCP2) by cotransfecting
them with IRAK1 into IRAKI-deficient cells derived from 293-
IL-1R cells (293-11A cells), following by analysis for IRAK1 ubig-
uitination. IRAK1 was immunoprecipitated from the 293-11A
cells transfected with increasing amounts of HA-tagged E3 ligases,
followed by Western analyses with antibodies against HA tag,
IRAK]1, ubiquitin, and K63- and K48-linked polyubiquitin. We
found that overexpression of B-TrCP1 or B-TrCP2 (but not the
other E3s) promoted IRAK1 ubiquitination in a dose-dependent
manner (Fig. 2A and B). Furthermore, the B-TrCP1- and
B-TrCP2-mediated IRAK1 polyubiquitination chain was indeed
K48 but not K63 linked (Fig. 2A and B).
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FIG 1 IL-1 induces polyubiquitination of IRAKI. (A) 293-IL-1R cells were stimulated with 1 ng/ml IL-1 for the indicated times. Cell lysates were analyzed by
Western blotting with rabbit anti-IRAK1 (that recognizes the modified forms; upper panel), mouse anti-IRAK1 (that does not recognize the modified forms;
lower panel), anti-IkBa, and anti-f-actin antibodies. (B) 293-IL-1R cells were pretreated with dimethylsulfoxide (DMSO) or the proteasome inhibitor MG132
(20 nmol/ml) for 2 h, respectively. The cells then were treated with IL-1{ for the indicated times. Cells were collected and then denatured with 1% SDS. The lysates
were diluted with coimmunoprecipitation buffer to 0.1% SDS. The diluted lysates were subjected to immunoprecipitation (IP) with rabbit anti-IRAK1 antibody,
followed by immune blotting with antiubiquitin antibody. The lower bands show the immunoprecipitated IRAK1. (C) Cells receiving the indicated treatments
were subjected to immunoprecipitation as described for panel B. The pulled down IRAK1 was analyzed by Western blotting with anti-K48 and anti-K63 specific

ubiquitin antibodies.

We previously reported that a point mutation changing lysine
134 to arginine (K134R) in IRAK1 abolished IL-1-induced IRAK1
ubiquitination and degradation (26). These results suggest that
K134 is the site for both K48-linked and K63-linked polyubiquitin
chains on IRAK1. We indeed found that 3-TrCP1 and B-TrCP2
failed to induce ubiquitination of the K134R mutant, indicating
that K134 is required for -TrCP1- and B-TrCP2-mediated, K48-
linked polyubiquitination (Fig. 2C).

IL-1 stimulation induced the interaction of 3-TrCP1 and
B-TrCP2 with modified IRAKI. To investigate the ability of 3-
TrCP to interact with IRAKI1, we coexpressed HA-tagged
B-TrCP1 or B-TrCP2 with IRAKI1 in IRAKI-deficient 293-11A
cells. Overexpressed IRAK1 was immunoprecipitated from the
transfected cells, followed by Western analyses with antibodies
against IRAK1 and HA tag. While the majority of IRAK1 pro-
tein was modified (autophosphorylated) upon its overexpres-
sion, B-TrCP1 and B-TrCP2 specifically interacted with IRAK1
(Fig. 3A and B). WD40 domain-containing protein Fbw7 was
used as a negative control to show the specific interaction of
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B-TrCP with IRAK1 (Fig. 3C). We also examined the interac-
tion of B-TrCP1 and B-TrCP2 with endogenous IRAK1 in re-
sponse to IL-1 stimulation. HA-tagged B-TrCP1 and B-TrCP2
were transfected into 293-IL-1R cells. Whole-cell lysates from
untreated or IL-1-treated, transfected cells were immunopre-
cipitated with anti-HA, followed by Western blotting with
antibodies against IRAK1 and HA tag. We found that both
B-TrCP1 and B-TrCP2 interacted with the modified IRAK1 in
response to IL-1 stimulation (Fig. 3D). We also performed re-
verse immunoprecipitation. Whole-cell lysates from the un-
treated and treated 293-IL- IR cells transfected with HA-tagged
B-TrCP1 or B-TrCP2 were immunoprecipitated with anti-
IRAKI, followed by Western blotting with antibodies against
IRAK1 and HA tag. The results showed that both B-TrCP1 and
B-TrCP2 can interact with IRAK1, and the association was en-
hanced in response to IL-1 stimulation (Fig. 3E). The interac-
tion of endogenous IRAK1 and B-TrCP was also detected in
IL-1-treated 293-IL-1R cells (Fig. 3F). Taken together, these
results indicate that both B-TrCP1 and B-TrCP2 interact with
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FIG 2 B-TrCP overexpression induced K48-linked IRAK1 ubiquitination. (A and B) IRAK1-deficent 293 (I1A) cells were transfected with the indicated amounts
of expression vectors encoding HA-tagged 3-TrCP1 and IRAK1 or HA-tagged B-TrCP2 and IRAK1. Lysates of the transfected cells prepared under denatured
conditions were subjected to immunoprecipitation with anti-IRAK1 antibody. The samples then were analyzed by Western blotting with antiubiquitin antibody,
K48-specific ubiquitin antibody, and K63-specific ubiquitin antibody. Whole-cell lysates (WCL) were probed with anti-IRAK1 and anti-HA antibody. (C)
IRAK1-deficient (I1A) cells were transfected with the indicated amounts of expression vectors encoding HA-tagged B-TrCP and IRAK1 or IRAK1 mutant K134R.
After 24 h, cells were harvested and denatured lysates were subjected to immunoprecipitation with anti-IRAK1 antibody. The samples then were analyzed by

Western blotting with K48-specific ubiquitin antibody.

IRAKI upon IL-1 stimulation and then promote K48-linked
ubiquitination on IRAKI.

B-TrCP is well known to recruit phosphorylated substrates to
the SCF (Skp1-Cullin1-F-box) ubiquitin ligase complex (3, 5, 11,
20). For example, B-TrCP recruits phosphorylated IkBa to the
SCF complex to mediate K48-linked ubiquitination of IkBa, fol-
lowed by proteasome-dependent degradation of IkBa, releasing
NE-kB to the nucleus. Since IL-1 induces hyperphosphorylation
of IRAK1 (2, 25), it is logical to examine whether 3-TrCP binding
to IRAK1 requires the phosphorylation of IRAK1. We have previ-
ously shown that while a point mutation changing lysine 134 to
arginine (K134R) in IRAK1 abolished IL-1-induced IRAK ubiq-
uitination and degradation, mutations of serines and threonines
adjacent to lysine 134 to alanines [designated (S/T)A(131-144)]
reduced IL-1-induced IRAK1 phosphorylation/ubiquitination
and impaired IRAK1 degradation (26). To avoid autophosphory-
lation, these mutations were generated in an IRAK1 kinase-inac-
tive form for transfection experiments. To test the importance of
IRAK1’s phosphorylation, whole-cell lysates from the untreated
and treated I11A (IRAKI-deficient) cells stably transfected with
IRAK1 KD (the full-length, kinase-inactive IRAK1) or IRAK1 KD
pmt (kinase-inactive full-length IRAK1 with phosphorylation
mutant) [(S/T)A(131-144)] were immunoprecipitated with anti-
IRAKI1, followed by Western blotting with antibodies against
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B-TrCP (Fig. 3G). The results showed that IRAK1 KD pmt lost the
ability to interact with B-TrCP in response to IL-1 stimulation,
indicating that the recruitment of IRAK1 to B-TrCP is probably
phosphorylation dependent.

B-TrCP1 and B-TrCP2 (by forming a homodimer or het-
erodimer) function as the substrate recognition subunit in the
SCF ubiquitin ligase complex (5, 11), which mediates ubiquitina-
tion-dependent protein degradation. While the F-box domain of
B-TrCP associates with Skpl-Cullinl, the WD40 domain of
B-TrCP serves to recognize the substrates (20, 23). We indeed
detected constitutive interaction of Cullinl with B-TrCP and
IRAK1 (Fig. 3H and I), while IL-1 stimulation further promoted
the interaction of IRAK1 with Cullin1 (Fig. 3I), demonstrating the
ligand-dependent recruitment of IRAK1 to the SCF (Skp1-Cul-
lin1-F-box) ubiquitin ligase complex, probably through its inter-
action with B-TrCP.

Knockdown of B-TrCP diminished IL-1-induced, K48-
linked ubiquitination. While we have shown that overexpression
of B-TrCP1 or B-TrCP2 promoted K48-linked IRAK1 ubiquiti-
nation, it is important to determine whether endogenous
B-TrCP1 and B-TrCP2 are indeed critical for IL-1-induced, K48-
linked IRAK1 ubiquitination. We infected 293-IL-1R cells with
lentiviral B-TrCP1 and B-TrCP2 shRNA or control (scramble)
shRNA, followed by selection with puromycin to obtain stable
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FIG 3 IL-1-induced interaction of IRAK1 with B-TrCP1/2 and Cullinl. (A to C) IRAKI-deficient (I1A) cells were transfected with expression constructs of
IRAK1 and HA-tagged B-TrCP1 (A), IRAKI and HA-tagged B-TrCP2 (B), and IRAK1 and HA-tagged B-TrCP1 or Fbw7 (C). The cell lysates were subjected to
immunoprecipitation with anti-IRAK1 and then analyzed by Western blotting with anti-HA antibody. Whole-cell lysates (WCL) were also analyzed by Western
blotting for the indicated proteins. All results are representative of three independent experiments. (D and E) 293-IL-1R cells were transiently transfected with
HA-tagged B-TrCP1 or HA-tagged B-TrCP2. Lysates of transfected cells left untreated or treated with IL-1 were subjected to immunoprecipitation with anti-HA
and then analyzed by Western blotting with anti-IRAK1 or immunoprecipitation with anti-IRAK1 (D) and then analyzed by Western blotting with anti-HA (E).
All results are representative of three independent experiments. (F) Lysates of 293-IL-1R cells left untreated or treated with IL-1 were subjected to immunopre-
cipitation with anti-IRAK1 and then analyzed by Western blotting with anti-B-TrCP antibody. (G) I1A cells stably transfected with IRAK1 KD or IRAK1 KD pmt
were treated with IL-1 for the indicated times. The whole-cell lysates were subjected to immunoprecipitation with anti-IRAK1 and then analyzed by Western
blotting with anti-B-TrCP antibody. (H) 293-IL-1R cells were transiently transfected with HA-tagged B-TrCP1 or HA-tagged B-TrCP2. Lysates of transfected
cells left untreated or treated with IL-1 were subjected to immunoprecipitation with anti-HA and then analyzed by Western blotting with anti-Cullinl. (I) Lysates
of 293-IL-1R cells left untreated or treated with IL-1 were subjected to immunoprecipitation with anti-IRAK1 and then analyzed by Western blotting with
anti-Cullinl antibody.

knockdown cells. By real-time PCR and Western analysis, we
showed that endogenous B-TrCP1 and 3-TrCP2 were effectively
knocked down (Fig. 4A and B). We first examined the impact of
B-TrCP1 and B-TrCP2 knockdown on IL-1-induced IRAKI
modification and degradation. IRAK1 was immunoprecipitated
from untreated and IL-1-treated 293-IL-1R cells stably infected
with lentiviral B-TrCP1 and B-TrCP2 shRNA or control (nontar-
geting) shRNA, followed by Western analyses with antibodies
against IRAK1 and ubiquitin. We found that knockdown of
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B-TrCP1 and B-TrCP2 attenuated IL-1-induced IRAK1 ubiqui-
tination and degradation (Fig. 4C and D). Interestingly, we ob-
served the accumulation of lower-shifted, modified IRAK1 bands
in the B-TrCP knockdown cells compared to IRAKI in control
cells (Fig. 4C). Furthermore, IL-1-induced, K48-linked but not
K63-linked IRAK1 polyubiquitination was greatly reduced in the
B-TrCP knockdown cells compared to that of IRAK1 in control
cells (Fig. 4E to G). Therefore, the lower-shifted, modified IRAK1
bands could be due to K63-linked IRAK1 polyubiquitination or
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FIG 3 continued

simply hyperphosphorylated IRAK1 in the absence of K48-linked
polyubiquitination. Since IRAK1 KD pmt lost the ability to inter-
act with B-TrCP, we also examined IL-1-induced K48- and K63-
specific ubiquitination of this nondegradable mutant of IRAKI,
IRAK1 KD pmt, in I1A cells. Interestingly, K48-specific ubiqui-
tination of IRAK1 KD pmt was indeed abolished, whereas K63-
linked ubiquitination was still detectable but reduced (Fig. 4H),
supporting the role of B-TrCP in K48-linked IRAK1 ubiquitina-
tion. However, future studies are required to define the phosphor-
ylation sites for IRAK1’s interaction with Pellino proteins that are
responsible for K63-linked IRAK1 ubiquitination. It is possible
that since IRAK1 KD pmt had reduced K63-linked ubiquitination,
the mutations in this construct also have partially affected the
interaction of IRAK1 with Pellino proteins.

Knockdown of 3-TrCP attenuated IL-1-induced IKK«/3
and JNK phosphorylation. We have previously shown that TAK1
deficiency resulted in complete loss of IL-1-induced JNK activa-
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tion, but NF-kB activation was only partially impaired (26). This
phenomenon indicated that there was a parallel NF-«kB activation
pathway in IL-1 signaling. We indeed identified two parallel IL-1-
mediated NF-kB activation pathways, one TAK1 dependent and
one MEKK3 dependent (26). The TAK1-dependent pathway
causes IKKa/B phosphorylation and IKK activation, leading to
classical NF-kB activation through IkBa phosphorylation and
degradation. The TAKI-independent, MEKK3-dependent path-
way induces IKKvy phosphorylation and IKKa activation, result-
ing in NF-kB activation through IkBa phosphorylation (but with-
out IkBa degradation) and subsequent dissociation from NF-kB.
These two pathways are regulated at the level of IRAK1 modifica-
tion (26).

We examined the impact of B-TrCP1 and B-TrCP2 knock-
down on IL-1-mediated signaling downstream of IRAK1. Impor-
tantly, knockdown of B-TrCP attenuated IL-1-induced IKKa/[3
phosphorylation with attenuated IkBa degradation, implicating a
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FIG 4 Knockdown of B-TrCP attenuated K48-linked ubiquitination of IRAKI. (A and B) 293-IL-1R cells were infected with lentiviral 3-TrCP1 shRNA or
nontargeting shRNA and selected in puromycin. The puromycin-resistant clones were subjected to sequential infection with lentiviral 3-TrCP2 shRNA.
The knockdown efficiency was analyzed by human B-TrCP1- and B-TrCP2-specific quantitative real-time PCR (A) or Western blotting (B). (C) Lysates from
B-TrCP knockdown and control cells left untreated or stimulated with IL-1 were analyzed by Western blotting with anti-IRAK1 antibody. (D) Lysates of the
B-TrCP knockdown or control cells left untreated or treated with IL-1 were subjected to immunoprecipitation with anti-IRAK1 and analyzed by Western blotting
with antiubiquitin antibody. (E and F) B-TrCP knockdown or control cells transfected with plasmids encoding the HA-tagged K48 only or the K48R ubiquitin
mutants were treated with IL-1 for the indicated times. Cell lysates were subjected to immunoprecipitation with anti-IRAK1 and analyzed by Western blotting
with anti-HA. Data are representative of at least three experiments. (G) Lysates of the 3-TrCP knockdown or control cells left untreated or treated with IL-1 were
subjected to immunoprecipitation with anti-IRAK1 and analyzed by Western blotting with anti-K63-specific ubiquitin chain antibody. (H) Cell lysates of I1A
cells transfected with IRAK1 KD or IRAK1 KD pmt, which were treated for the indicated times, were subjected to immunoprecipitation with anti-IRAK1

antibody. The pulled down IRAK1 was analyzed by Western blotting with anti-K48- and anti-K63-specific ubiquitin antibodies.

critical role of 3-TrCP in the TAK1-dependent NF-kB activation
pathway (Fig. 5A). It is important to note that whereas TAK1
deficiency resulted in partially impaired NF-kB activation, IL-1-
induced JNK activation was completely abolished (19, 26). Con-
sistent with this, we found that the knockdown of B-TrCP also
substantially reduced IL-1-induced JNK phosphorylation.

The important question then became whether the impact of
B-TrCP knockdown on IL-1-induced IKKa/f and JNK phos-
phorylation resulted from the diminished IL-1-induced, K48-
linked IRAK1 polyubiquitination or IRAK1 degradation. We have
previously shown that the proteasome inhibitor MG132 blocked
IL-1-induced, TAK1-dependent signaling, suggesting that IL-1-
induced IRAK1 degradation is a necessary step in the activation of
the TAK1-dependent pathway. We indeed found that pretreat-
ment of 293-IL-1R cells with MG132 abolished IL-1-induced
IRAK1 degradation as well as IKKa/f and JNK phosphorylation
with attenuated IkBa degradation (Fig. 5B). Taken together, these
results strongly suggest that abolished IL-1-induced IRAK1
degradation is the cause of the diminished IL-1-induced TAK1-
dependent signaling events, including IKKa/B and JNK phos-
phorylation and IkBa degradation. In support of this, the TAK1-
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dependent signaling events were also attenuated in I1A cells stably
transfected with the nondegradable IRAK1 mutant (IRAK1 KD
pmt) (Fig. 5C).

Knockdown of B-TrCP blocked the IL-1-induced transloca-
tion of TAK1-TRAF6 complex. The next question is how
B-TrCP-mediated IRAK1 degradation controls the IL-1-induced,
TAKI1-dependent NF-kB activation. It is important to note that
the modified IRAK1 is always membrane associated and detected
in membrane-bound receptor complex I (IL-1R-IRAK1-TRAF6)
and complex II (IRAK1-TRAF6-TAK1). One critical step in IL-1
signaling is that complex IIT (TRAF6-TAK1) needs to be released
from the membrane-bound complex II and translocates from the
membrane to the cytosol, where TAK1 and IKK are activated,
resulting in NF-«B activation (8). We therefore hypothesize that
B-TrCP-mediated, K48-linked IRAK1 ubiquitination and subse-
quent degradation plays a key role in the release of complex III
(TRAF6-TAK1) from the membrane to the cytosol, leading to the
activation of the TAK1-dependent NF-«kB pathway.

To test this hypothesis, we examined the impact of TrCP
knockdown on IL-1-induced TAK1-TRAF6 translocation. Wild-
type 293-IL-1R cells, left untreated or treated with IL-1, were frac-
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FIG 4 continued

tionated into membrane and cytosol, followed by Western analy-
ses with antibodies against IRAK1, TRAF6, and TAK1 (Fig. 6A).
B-Catenin and a-tubulin were used as markers for the membrane
and cytosol fractions, respectively. Whereas unmodified IRAK1
was found in both membrane and cytosol fractions, the phosphor-
ylated and ubiquitinated IRAK1 induced by stimulation with IL-1
was found only in the membrane fraction. TRAF6, which was
mostly in the membrane fraction in untreated cells, translocated
to the cytosol upon stimulation with IL-1. On the other hand,
TAKI was found in both membrane and cytosol before and after
stimulation. Although it was difficult to detect the translocated
TAKI1 in the cytosol, we did observe the disappearance of TAK1
from the membrane after stimulation. Importantly, B-TrCP
knockdown greatly attenuated IL-1-induced IRAK1 degradation,
which correlated with the loss of IL-1-induced TRAF6 transloca-
tion from the membrane to the cytosol. In support of this, the
IL-1-induced disappearance of TAKI from the membrane was
also blocked in B-TrCP knockdown cells. These results indicate
that B-TrCP-mediated, IL-1-induced IRAK1 degradation is re-
quired for the transition of TRAF6 and TAK1 from complex II to
complex III.

To confirm the impact of B-TrCP on the IL-1-induced trans-
location of the TRAF6-TAK1 complex, we performed coimmuno-
precipitation with cytosolic lysates from untreated and IL-1-
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treated B-TrCP knockdown and control cells. Importantly, we
found that IL-1-induced cytosolic TRAF6-TAK1 complex was de-
tected only in the control cells and not in the 3-TrCP knockdown
cells (Fig. 6B). These results clearly indicate that 3-TrCP is indeed
required for the IL-1-mediated translocation of TRAF6-TAK1
from the membrane to the cytosol. Consistent with this, the IL-1-
induced cytosolic TRAF6-TAK1 complex was not detected in the
IRAK1 KD pmt cells, indicating that phosphorylation and degra-
dation of IRAK1 are required for the translocation of the complex
(Fig. 6D). IL-1-induced, TAK1-dependent signaling events (in-
cluding IKKa/f and JNK phosphorylation) were substantially
diminished in B-TrCP knockdown cells (Fig. 5). Importantly, pre-
treatment of 293-IL-1R cells with MG132 also abolished the IL-1-
induced translocation of TAK1 and TRAF6 from the membrane
to the cytosol, which was probably due to its inhibition of IRAK1
degradation (Fig. 6C). Taking these results together, we propose
that SCF—B-TrCP-mediated, K48-linked IRAK1 ubiquitination
and degradation releases TRAF6-TAKI from membrane-bound
complex II (IRAK-TRAF6-TAK1) to complex IIT (TAK1-TRAF6)
in the cytosol, leading to TAK1, IKK, and NF-kB activation.

DISCUSSION

In this work, we report that SCF (Skp1-Cullin1-F-box)—@3-TrCP
complex functions as the K48-linked ubiquitination E3 ligase for
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FIG 5 Knockdown of B-TrCP attenuated the IL-1 signaling pathway. (A) B-TrCP knockdown cells or control cells were stimulated with IL-1 (1 ng/ml) for the
indicated times. Cell lysates were analyzed by Western blotting for the indicated proteins. (B) 293-IL-1R cells were pretreated with DMSO or proteasome
inhibitor MG132 (20 nmol/ml) for 2 h. Lysates of untreated or IL-1-treated cells were analyzed by Western blotting with the indicated antibodies. All results are
representative of three independent experiments. (C) I1A cells transfected with IRAK1 KD or IRAKI KD pmt were stimulated with IL-1 (1 ng/ml) for the
indicated times. Cell lysates were analyzed by Western blotting for the indicated proteins.

IRAKI. IL-1 stimulation induced the interaction of IRAK1 with
Cullinl and B-TrCP. By overexpressing and knocking down
B-TrCP1 and B-TrCP2, we demonstrated that 3-TrCP plays a key
role in mediating K48-linked ubiquitination and degradation of
IRAK]1, which correlates with the translocation of TAK1-TRAF6
complex from the membrane to the cytosol and IL-1-induced,
TAKI1-dependent NF-kB activation. Taken together, these results
suggest that B-TrCP-mediated IRAK1 degradation releases
TAKI-TRAF6 to the cytosol, resulting in IL-1-induced TAK1,
IKK, and NF-kB activation.

Although it was speculated that IRAK1 degradation is one of
the mechanisms to shut down IL-1 signaling to control inflamma-
tory responses, our studies suggest that IRAK1 degradation is re-
quired for the activation of the TAKI1-dependent pathway. We
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have previously shown that TAK1-TABs are preassociated as a
complex on the membrane before IL-1 stimulation (8). Upon IL-1
stimulation, the modified IRAK1-TRAF6 complex dissociates
from the receptor complex (complex I) and forms complex IT with
the preassociated TAK1-TABs on the membrane. The membrane-
bound, modified IRAK1 is eventually ubiquitinated and de-
graded, which is accompanied by the release of the TAK1 complex
(TRAF6-TAK1-TABs) from the membrane to the cytosol, where
TAKI1 is activated (8). We have now shown that IL-1-induced,
B-TrCP-mediated, K48-linked IRAK1 ubiquitination and subse-
quent degradation play a critical role in the release of TAK1 com-
plex from the membrane to the cytosol. Future studies are re-
quired to define the molecular nature and subcellular localization
of the membrane association of complex II

Molecular and Cellular Biology


http://mcb.asm.org

B-TrCP Mediates IRAK1 Degradation

B. Scramble shTrCP
IL-1B(min) 0 10 30 60 0 10 30 60
A IB:TRAFG | = e 8 9
* Scramble shTrCP IP:TAK1 -
P100 5100 P100 5100
) 1B:TAKL
IL-1Bmin) 0 10 30 60 O 10 3060 0 10 30 60 0 10 30 60
~
: 1B:TAK1 a... = @) o
3 cytosol | IB:TRAF6 | - |
IRAK1 D e em s — — — -.a-.--- T e e em - - -
- - Beihin epEPeBD ePesanea |
TRAF6 > | B R e = = == EESS
N
w RESENeeE SEEREaREW e | DD G e an a8
IkBa - weee wel B - - i-—v-'
) = : e TRAF6 —>|
LTI LLLL S88e sewe
atubulin | e o0 s = HEDEE =~~~ - DOO® Bpactn | DD ....l
C. D. IRAK1 KD IRAK1 KD pmt
DMSO MG132 I-1B(min) 0 10 30 60 0 10 30 60
P100
5100 P100 5100 B TRAFG e %
I-1B(min) 0 10 30 60 O 10 3060 0 10 30 60 O 10 30 60 ol
B s | —SEBEBEE SIS
IRAK1 @ :
. cytosol | IB:TRAF6 l. : s s i |
TRAFE —>| € wa o - == o = - '.88'--"‘"| e
w WESZWWES GEEEEEEY | S e———
IkBa ™= = -
| ass | 1B:TAK1 | = oD D e = oo e e I
-catenin LN B - - - :
B |'.' LA X I | weL | B - -
TRAFG%..“ ‘.‘i
AUDUIN | s e e == GDEDEDED = == o= = GHEDEDED ’
1B:B-actin | e e |

FIG 6 B-TrCP was required for the translocation of TAK1-TRAF6 complex. (A) The B-TrCP knockdown cells or control cells were left untreated or were treated
with IL-1 (1 ng/ml) as indicated and then fractionated into membrane and cytosol. The fractions were analyzed by Western blot analysis with antibodies against
IRAK, TRAF6, TAK1, IkBa, a-tubulin, and B-catenin. (B) IL-1-treated 3-TrCP knockdown cells or control cells were fractionated. The cytosol fractionation was
subjected to immunoprecipitation with anti-TAK1 and analyzed by Western blotting with anti-TRAF6. (C) 293-IL-1R cells were pretreated with DMSO or
proteasome inhibitor MG132 (20 nmol/ml) for 2 h. The cells then were fractionated into membrane and cytosol. The fractions were analyzed by Western blotting
as described for panel A. (D) IL-1-treated IRAKI KD or IRAK1 KD pmt-transfected I1A cells were fractionated. The cytosol fractionation was subjected to
immunoprecipitation with anti-TAK1 and analyzed by Western blotting with anti-TRAF6. Asterisks indicate nonspecific bands detected by anti-TRAF6

antibody.

It is important to note that IRAK1 can be ubiquitinated
through both K48- and K63-linked polyubiquitin chains upon
IL-1 induction. We and others have previously shown that Pellino
proteins meditate K63-linked polyubiquitination on IRAK1 (7,
15, 16). We recently found that Pellino 2 is required for IL-1- and
lipopolysaccharide (LPS)-induced, K63-linked IRAK1 polyubiq-
uitination. In Pellino 2 knockdown cells, the K63-linked poly-
ubiquitination of IRAKI was greatly reduced, which correlated
with reduced IRAK1-TAK1 complex formation, suggesting that
Pellino 2-mediated, K63-linked polyubiquitination of IRAK1
positively affects TLR-IL-1R signaling (10a). Furthermore, when
Pellino 2 was ablated, TLR-IL-1R-induced, TAK1-dependent
NF-kB activation was compromised. Since Pellino 2 has been
shown to play a positive role in IL-1-induced NF-«B activation, it
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is possible that Pellino 2-mediated, K63-linked IRAK1 polyubiq-
uitination plays an important role in the interaction of IRAK1
with the TAK1-TAB2-TAB3 complex. It has been shown that
TAB2 and TAB3 specifically bind to K63-linked polyubiquitin
chains through the highly conserved C-terminal zinc finger do-
main (10).

We previously reported that a point mutation changing lysine
134 to arginine (K134R) in IRAK1 abolished IL-1-induced IRAK1
ubiquitination and degradation (24, 26). While Pellino proteins
failed to mediate K63-linked polyubiquitination on the K134R
mutant, B-TrCP-mediated, K48-linked IRAK1 polyubiquitina-
tion was also abolished by K134R mutation. These results suggest
that K134 is the site for both K48-linked and K63-linked poly-
ubiquitin chains on IRAK1. Therefore, K63-linked polyubiquitin
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chains on IRAK1 need to be removed by a deubiquitination en-
zyme followed by K48-linked IRAK1 ubiquitination to target
IRAK1 degradation. It has been reported that the deubiquitinase
A20 can inhibit the NF-kB signaling by A20 through disruption of
ubiquitin enzyme complexes. However, A20 or TAX1BP1 defi-
ciency had no effect on the ubiquitination or degradation of
IRAK1 (17, 18). Thus, the deubiquitinase for IRAK1 still needs
further investigation. We propose that Pellino 2-mediated, K63-
linked IRAK1 polyubiquitination precedes B-TrCP-mediated,
K48-linked IRAK1 polyubiquitination and degradation. To add
more complexity to IRAK1 ubiquitination, in contrast to Pellino
2, we previously reported that Pellino 3b has a negative impact on
IL-1-induced, TAK1-dependent NF-kB activation (24). Pellino
3b-mediated, K63-linked IRAK polyubiquitination competed
with K48-linked IRAK1 polyubiquitination for the same ubiqui-
tination site, Lys 134 of IRAK, leading to the inhibition of IL-1-
induced IRAK1 degradation. Interestingly, IL-1 stimulation up-
regulated the expression of endogenous Pellino 3b, suggesting a
negative feedback on IRAKI-mediated signaling. It is important
to note that since both K63- and K48-linked ubiquitination of
IRAK1 were accumulated when IRAK1 degradation was blocked
by pretreatment with proteasome inhibitor MG132. It is possible
that K63-linked polyubiquitination takes place on other lysines
besides K134. Future studies are required to clarify the multiple
steps of IRAK1 polyubiquitination and their specific roles in
IRAK1-mediated signaling.
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