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The atypical protein kinase C (aPKC)-interacting pro-
tein, p62, has previously been shown to interact with
RIP, linking these kinases to NF-kB activation by
tumor necrosis factor oo (TNFo). The aPKCs have
been implicated in the activation of IKKp in TNFo.-
stimulated cells and have been shown to be activated
in response to interleukin-1 (IL-1). Here we demon-
strate that the inhibition of the aPKCs or the
down-regulation of p62 severely abrogates NF-xB
activation by IL-1 and TRAF6, suggesting that both
proteins are critical intermediaries in this pathway.
Consistent with this we show that p62 selectively
interacts with the TRAF domain of TRAF6 but not
that of TRAFS5 or TRAF2 in co-transfection experi-
ments. The binding of endogenous p62 to TRAF6 is
stimulus dependent, reinforcing the notion that this is
a physiologically relevant interaction. Furthermore, we
demonstrate that the N-terminal domain of TRAF6,
which is required for signaling, interacts with {PKC
in a dimerization-dependent manner. Together, these
results indicate that p62 is an important intermediary
not only in TNFo but also in IL-1 signaling to NF-xB
through the specific adapters RIP and TRAF6.
Keywords: IL-1-TRAF6 pathway/NF-kB activation/p62/
{PKC

Introduction

The two members of the atypical protein kinase C (aPKC)
subfamily of isozymes, {PKC and AMPKC, have been
implicated in the control of important cellular functions
such as cell proliferation and survival (Dominguez et al.,
1992; Berra et al., 1993, 1997; Akimoto et al., 1996;
Diaz-Meco et al., 1996a; Murray and Fields, 1997),
probably through the regulation of critical signaling path-
ways such as those that activate the AP-1 and NF-xB
transcription factors (Diaz-Meco et al., 1993, 1994a,b;
Berra et al., 1995; Bjorkoy et al., 1995, 1997; Akimoto
et al., 1996; Folgueira et al., 1996; Liao et al., 1997,
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Sontag et al., 1997; Schonwasser et al., 1998; Wang et al.,
1999; Wooten, 1999; Wooten et al., 1999). In this regard,
the inhibition of the aPKCs severely impairs the activation
of the MEK-ERK cascade by mitogens (Berra et al.,
1995; Liao et al., 1997) and the IKK system by tumor
necrosis factor oo (TNFa) (Lallena et al., 1999). The
mechanisms whereby one given kinase can be involved
in different cascades are not completely understood but
could be related to the existence of specific anchors/
scaffolds that confer selectivity to the kinase’s effects
(Mochly-Rosen, 1995; Mochly-Rosen and Gordon, 1998;
Colledge and Scott, 1999). The aPKCs can be modulated
by protein—protein interactions (Diaz-Meco et al., 1994b,
1996a,b; Puls et al., 1997; Izumi et al., 1998; Sanchez
et al., 1998; Kuroda et al., 1999). Thus, both aPKCs, but
not the classical or the novel isoforms, bind selectively to
p62 (Sanchez et al., 1998), which is neither a regulator
nor a substrate of these kinases but has a number of motifs
that suggest a role as an adapter, potentially linking the
aPKCs to receptor signaling complexes (Puls et al., 1997,
Sanchez et al., 1998). In fact, this laboratory has recently
found that p62 binds the adapter protein RIP connecting
the aPKCs to the TNFa receptor (Sanz et al., 1999). RIP,
a death domain kinase that associates with the TNF
receptor 1 (TNF-R1) through its interaction with the
adapter molecule TRADD (Hsu et al., 1996a,b), is a very
important molecule in the activation of NF-kB by TNFa,
since cells from RIP-deficient mice are severely impaired
in the activation of NF-xB by this cytokine (Kelliher
et al., 1998). On the other hand, the down-regulation of
p62 with an antisense plasmid or the use of dominant-
negative mutants dramatically inhibits the activation of
NF-xB through the TNFo pathway (Sanz et al., 1999),
strongly suggesting that the RIP—p62 interaction is critical
for that function. TRAF2 is another protein that interacts
with TRADD and RIP (Hsu et al., 1996b), but its role
during NF-xB activation is not fully understood. Thus,
although the overexpression of TRAF2 activates NF-xB,
TRAF2-deficient cells display only minor alterations in
the activation of this transcription factor by TNFo but
show a completely impaired activation of the INK/SAPK
cascade (Lee et al., 1997; Yeh et al., 1997). Interestingly,
TRAF2 did not show any interaction with p62 (Sanz
et al., 1999).

NF-xB is also triggered in response to other inflam-
matory cytokines such as interleukin-1 (IL-1). Previous
results from other groups have demonstrated that the
aPKCs are activated in IL-1-treated cells, which suggests
that these kinases may play a critical role during IL-1
signaling, in a manner similar to that reported for the
TNFa pathway (Rzymkiewicz et al., 1996; Herrera-Velit
et al., 1997). In this regard, there is a notable parallel
between both signaling cascades. Thus, the IL-1 receptor,
together with the receptor accessory protein, interacts with
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Fig. 1. Role of AMPKC and p62 in NF-xB activation by IL-1.
Subconfluent cultures of HepG2 cells were transfected with 1 ng of
the kB-luciferase reporter gene plasmid along with 1 or 2 ug of
HA-tagged versions of wild-type or a dominant-negative mutant of
ANMPKC, an HA-tagged dominant-negative mutant of aPKC, or the
antisense p62 plasmid (p6245), and enough empty vector to give

2.5 ug of total DNA. After 24 h, cells were stimulated or not with
IL-1PB (1 ng/ml for 4 h) and extracts were prepared and the levels of
luciferase activity were determined as described in Materials and
methods. Results are the mean * SD of three independent experiments
with incubations in duplicate. The panels below show representative
control blots of the expression of the HA-tagged constructs and p62
levels from one of the experiments.

MyDS88, a functional analog of TRADD, which recruits
the kinase IRAK, whose enzymatic activity, like that of
RIP, is dispensable for the activation of NF-kB (Cao et al.,
1996a). IRAK plays a critical role in NF-xB activation
(Thomas et al., 1999) through its interaction with TRAF6,
which is a required intermediary for IL-1 signaling (Cao
et al., 1996b; Lomaga et al., 1999). Here, we demonstrate
that p62 selectively interacts with TRAF6 and that it is
an important intermediary in IL-1 signaling toward NF-xB
activation.

Results

Role of the aPKCs and p62 in the activation of
NF-xB by IL-1 signaling

We initially determined whether dominant-negative
mutants of these PKCs affected the activation of a xB-
dependent reporter in IL-1-activated cells. Thus, HepG2
cells were transfected with a xkB-dependent luciferase
system along with either a control vector or two concentra-
tions of expression plasmids for dominant-negative
mutants of A/IPKC or {PKC or the conventional PKC
isoform, oPKC. The expression of the dominant-negative
mutants of AMPKC (Figure 1) or {PKC (not shown),
but not of aPKC (Figure 1), severely impaired NF-xB
activation by IL-1. In contrast, the expression of wild-
type MPKC favored the activation of NF-xB by IL-1
(Figure 1). We have previously shown that p62 is required
for the activation of NF-xB by TNFa (Sanz et al., 1999).
Therefore, in the next experiment we addressed whether
this is also true for IL-1. HepG2 cells were transfected
with two concentrations of a p62 antisense construct, and
the ability of IL-1 to activate NF-xB was determined as
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Fig. 2. Role of APKC and p62 in NF-kB activation by TRAF6,
IRAK and MyDS88. Subconfluent cultures of 293 cells were transfected
with 1 ng of the kB-luciferase reporter gene plasmid along with

0.1 pg of Flag-TRAF6 (A), HA-IRAK, Flag-IRAK2 or Myc-

MyD88 (B) with or without 1 or 2 pg of HA-APKC dominant-
negative mutant (HA-MPKCMUT) (A and B), 2 pg of an expression
vector for HA-p62 (A), or the antisense p62 plasmid (p6245) (A and
B), and enough empty vector to give 2.5 ug of total DNA. After 24 h,
cell extracts were prepared and the levels of luciferase activity were
determined. Results are the mean = SD of three independent
experiments with incubations in duplicate. The panels below show
representative control blots of the expression of the differently tagged
constructs and p62 levels from one of the experiments.

above. Of potentially great interest, the depletion of p62
levels inhibited the activation of NF-kB by IL-1 (Figure 1).

The aPKCs and p62 are required for the activation
of NF-xB by TRAF6, IRAK and MyD88

To address whether the aPKCs and/or p62 are required
for TRAF6 actions, 293 cells were transfected with the
KkB-luciferase reporter along with either a plasmid control
or a TRAF6 expression vector together with a p62 expres-
sion plasmid or increasing concentrations of A/APKC or
{PKC dominant-negative mutants, or the p62 antisense
construct. The results from these experiments demonstrate
that the expression of dominant-negative A/1IPKC
(Figure 2A) or LPKC (not shown), or the depletion of p62
(Figure 2A), impairs NF-xB activation by TRAF6 in a
way similar to that reported for RIP (Sanz et al., 1999).
Also, the overexpression of p62 favored the activation of
NF-kB by TRAF6 (Figure 2A). IRAK is an important
component upstream of TRAF6 in IL-1 signaling (see
above). Therefore, it was of interest to determine whether
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Fig. 3. Lack of a role for p62 and AAPKC in TRAF6-induced JNK
activation. Subconfluent cultures of 293 cells were transfected with
3 ug of Flag-TRAF6 with or without 6 or 10 ug of HA-AAPKC
dominant-negative mutant (HA-AMPKCMUT) or the antisense p62
plasmid (p62%), and enough empty vector to give 20 ug of total
DNA. After 24 h, cell extracts were prepared and phospho-Jun was
determined by immunoblot analysis with an anti-phospho-Jun
antibody. Extracts were also immunoblotted with antibodies for the
Flag and HA epitopes, as well as for p62. This is a representative
experiment of another two with similar results.

the aPKCs and p62 are critical for IRAK signal transduc-
tion. To address this possibility, 293 cells were transfected
with the kB-luciferase reporter along with either a plasmid
control or expression vectors for IRAK or IRAK?2 together
with increasing concentrations of the A/APKC dominant-
negative mutant (Figure 2B) or the p62 antisense construct
(Figure 2B). Interestingly, the expression of the A/APKC
mutant or the depletion of p62 severely abrogated NF-kB
activation by the IRAKSs, consistent with the notion that
p62 and the aPKCs are targets of the IRAK-TRAF6
signaling pathway. Note that the ability of MyD88 to
activate NF-xB is likewise inhibited by transfection of
the dominant-negative mutant of A/iIPKC or by depletion
of p62 (Figure 2B).

TRAF6 is not only involved in NF-xB but is also
important for JNK activation in response to IL-1. In order
to determine whether p62 and the aPKCs play any role
in the JNK branch of the TRAF6 signaling pathway, 293
cells were transfected with the TRAF6 expression vector
along with a plasmid control or expression vectors for the
ANMPKC dominant-negative mutant or the p62 antisense
construct. Afterwards, the activity of the JNK pathway
was determined in cell extracts by immunoblotting with
an anti-phospho-Jun antibody. Results in Figure 3 show
that neither the A/APKC mutant nor the depletion of p62
significantly inhibited the activation of JNK by TRAF6.

TRAF®6 interacts with p62 in vivo

Because p62 binds to RIP in a TNFo-inducible manner
(Sanz et al., 1999), and TRAFG is a critical intermediary
during NF-kB activation by IL-1 (Cao er al., 1996b;
Kelliher et al., 1998; Lomaga et al., 1999), we wanted to
determine in the next series of experiments whether p62
can interact with TRAF6. To address this possibility, 293
cells were transfected with a Myc-tagged version of
p62 along with increasing concentrations of Flag-tagged
TRAF6 or TRAFS, or an HA-tagged TRAF2 construct.
These three are the only TRAFs involved in NF-xB
activation (Arch et al., 1998). Cell extracts were immuno-
precipitated with anti-Flag or anti-HA antibody and the
immunoprecipitates were analyzed by immunoblotting
with an anti-Myc antibody. Results in Figure 4A and B
demonstrate that p62 co-immunoprecipitates with TRAF6
but not with TRAF5 or TRAF2. Since these were over-
expression experiments the interaction of p62 with TRAF6
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Fig. 4. Interaction in vivo of p62 with TRAF6 but not with TRAF2 or
TRAFS. Subconfluent cultures of 293 cells in 100-mm-diameter plates
were transfected with 4 pg of the Myc-p62 expression plasmid either
alone or in combination with 15 or 20 pg of Flag-TRAF6, 2.5, 5 or
10 pg of Flag-TRAFS (A) or 2, 4 or 6 ug of HA-TRAF2 (B) and
enough pCDNA3 plasmid to give 25 ug of total DNA. After
transfection (24 h), cell extracts were immunoprecipitated with
anti-Flag (A) or anti-HA (B) antibodies, after which the
immunoprecipitates were analyzed by immunoblotting with an anti-
Myc antibody. An aliquot [one-tenth of the amount of extract (Ext)
used for the immunoprecipitation] was loaded in the gels and analyzed
by immunoblotting with the corresponding anti-tag antibodies. The gel
shown in (C) demonstrates that the amount of Myc-p62 expressed was
comparable in all the transfection points. Essentially identical results
were obtained in another three independent experiments.

was ligand independent. Note that neither TRAFS nor
TRAF2 interacted with p62 even in the presence of IL-1
or TNFa (not shown). In addition, the experiments in
Figure 5 show that the presence of TRAF6 does not affect
the ability of p62 to interact with {PKC and that the
three proteins can be co-immunoprecipitated in a ternary
complex.

Collectively these results indicate that p62 specifically
interacts with TRAF6 in vivo to an extent comparable to
that of RIP (Sanz et al., 1999). To demonstrate this
interaction in a more physiological setting, we generated
HepG2 cells expressing a Flag-tagged version of TRAF6
to levels that were just 1.5- to 2-fold higher than the
endogenous protein. These cells were either untreated or
stimulated with IL-1 for different times, after which
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Fig. 5. {PKC forms a ternary complex with p62 and TRAF6.
Subconfluent cultures of 293 cells in 100-mm-diameter plates were
transfected with 4 pg of Myc-p62 along with 5 pg of HA-{PKC
expression plasmid either alone or in combination with 20 ug of Flag-
TRAF6 and enough pCDNA3 plasmid to give 30 ug of total DNA.
After transfection (24 h), cell extracts were immunoprecipitated with
anti-Myc or anti-Flag antibodies, after which the immunoprecipitates
were analyzed by immunoblotting with anti-Flag, anti-Myc or anti-HA
antibodies. An aliquot [one-tenth of the amount of extract (Ext) used
for the immunoprecipitation] was loaded in the gels and analyzed by
immunoblotting with the corresponding anti-tag antibodies. Essentially
identical results were obtained in another two independent
experiments.

extracts were prepared and endogenous p62 was immuno-
precipitated with a polyclonal affinity-purified anti-p62
antibody. As a control, cell extracts were also immuno-
precipitated with a pre-immune serum. Interestingly, in
the absence of IL-1 there is little or no association of
endogenous p62 with TRAF6 (Figure 6A). However,
the addition of IL-1 promoted a rapid and reproducible
association of both proteins (Figure 6A). Next we analyzed
the interaction of both endogenous molecules. Cell extracts
from HepG2 cells treated or not with IL-1 for different
times were incubated with the anti-p62 antibody to
immunoprecipitate the endogenous p62. Afterwards, these
immunoprecipitates were analyzed by immunoblotting
with an anti-TRAF6 antibody. Results in Figure 6B
demonstrate that there is little or no association of endogen-
ous p62 and TRAF6 in unstimulated cells but that this
interaction becomes evident upon IL-1 stimulation. These
results, together with those demonstrating the critical role
of p62 in IL-1-induced activation of NF-kB, strongly
suggest that the TRAF6—p62 interaction is functionally
relevant.

IRAK is a critical component in IL-1 signaling upstream
of TRAF6 (see above). Therefore, it was of interest to
investigate whether p62 could form a complex with IRAK
through TRAF6. Thus, HepG2 cells were transfected with
the expression vectors for HA-IRAK and Myc-p62 either
with or without Flag-TRAF6, after which cells were either
untreated or stimulated with IL-1. Cell extracts were
immunoprecipitated with anti-Myc antibody to immuno-
precipitate p62, and the immunoprecipitates were analyzed
with anti-HA antibody to detect the associated IRAK.
Results in Figure 7 demonstrate that IRAK co-immuno-
precipitates with p62 only in stimulated cells that have
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Fig. 6. The interaction of endogenous p62 with TRAF6 is IL-1
dependent. (A) Subconfluent cultures of HepG2 cells in 100-mm-
diameter plates were transfected with 25 pg of an expression vector
for Flag-TRAF6. Twenty-four hours post-transfection, cells were either
untreated or stimulated with IL-1 (1 ng/ml) for different times.
Afterwards, cell extracts were immunoprecipitated with a pre-immune
or an anti-p62 polyclonal antibody, and the immunoprecipitates were
analyzed by immunoblotting with a monoclonal anti-Flag antibody.
An aliquot [one-tenth of the amount of extract (Ext) used for the
immunoprecipitation] was loaded in the gels and analyzed by
immunoblotting with the anti-Flag antibody. Essentially identical
results were obtained in another three independent experiments.

(B) Subconfluent cultures of HepG2 cells in 100-mm-diameter plates
stimulated or not with IL-1 (1 ng/ml) for different times. Afterwards,
cell extracts were immunoprecipitated with the polyclonal anti-p62
antibody, and the immunoprecipitates were analyzed by immuno-
blotting with the monoclonal anti-TRAF6 and anti-p62 antibodies.
Essentially identical results were obtained in another two independent
experiments.
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Fig. 7. TRAF6 links p62 to IRAK. Subconfluent cultures of HepG2
cells in 100-mm-diameter plates were transfected with 4 pg of the
Myc-p62 expression plasmid either alone or in combination with 4 ug
of HA-IRAK with or without 15 ug of Flag-TRAF6 and enough
pCDNA3 plasmid to give 25 g of total DNA. After transfection

(24 h), cells were either untreated or stimulated with IL-1 for 10 min.
Cell extracts were immunoprecipitated with an anti-Myc antibody,
after which the immunoprecipitates were analyzed by immunoblotting
with an anti-HA antibody. An aliquot [one-tenth of the amount of
extract (Ext) used for the immunoprecipitation] was loaded in the gels
and analyzed by immunoblotting with the corresponding anti-tag
antibodies. Essentially identical results were obtained in another two
independent experiments.

been transfected with TRAF6, indicating that TRAF6
actually forms a bridge between IRAK and p62. In order
to obtain other evidence of the existence of a p62-TRAF6—
IRAK complex, we transfected HepG2 cells with Flag-
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TRAF6 and HA-IRAK, along with a green fluorescent
protein (GFP)—p62 construct, after which cells were either
untreated or stimulated with IL-1 for 10 min. Cells were
then analyzed by triple confocal laser scanning microscopy
with a rabbit polyclonal anti-HA antibody and an anti-
rabbit Alexa 594 antibody (red fluorescence) to detect
IRAK, and a monoclonal anti-Flag antibody and an anti-
mouse Cy5 antibody (blue fluorescence) to detect TRAF6.
Green fluorescence indicated the expression of GFP—
p62. The expression of GFP—p62 gives a characteristic
punctuate cytosolic staining (Figure 8A and B, panels a,
b, d and f; Sanchez et al., 1998). According to the data
shown in Figure 8A, in unstimulated HepG2 cells there
was a partial colocalization of TRAF6 and IRAK detected
as a pink signal in panels a and c. However, there was
little or no colocalization of TRAF6 and p62 (Figure 8A,
panel d) probably due to the fact that the expression levels
of both proteins are lower in these cells than in 293 cells,
in which the interaction between both proteins is easily
detected in the absence of any stimulus. The observation
that there is at least a partial colocalization of IRAK with
TRAF6 in unstimulated HepG2 cells (Figure 8A, panels a
and c) may indicate that the affinity of their interaction
may be stronger than that of TRAF6 with p62. Note that
there is no colocalization at all of IRAK with p62
(Figure 8A, panels a and b). However, when HepG2 cells
were exposed to IL-1, there was a dramatic relocalization
of the IRAK-TRAF6 complex to the p62 signal. Thus,
the data in Figure 8B show a very good colocalization of
IRAK and TRAF6 with p62, detected as a yellow signal
in panel b, pink in panel ¢ and light blue in panel d. In
panel a the signal is white, indicative of the colocalization
of the three molecules.

Mapping the regions of p62 responsible for the
interaction with TRAF6

In order to determine which region of p62 is required for
the interaction with TRAF®6, differently tagged p62 dele-
tion mutants (Figure 9) were transfected into 293 cells
along with Flag-tagged TRAF6, and their association was
determined by immunoprecipitation assays as above. As
reported previously, the region encompassing amino
acids 1-117 of p62 is necessary and sufficient to account
for the interaction with {PKC but not with RIP or TRAF6
(Figure 9; Sanz et al., 1999). This region contains a
novel acidic motif (amino acids 69-81) homologous to a
sequence of the yeast protein CDC24. Interestingly, the
simple deletion of that motif is sufficient to abolish the
interaction of p62 with LPKC with no effect on the binding
of RIP or TRAF6. Similarly to what has been reported
for RIP (Sanz et al., 1999), the expression of the p62
amino acids 1-266 or 117-439 is sufficient to account for
TRAF6 interaction (Figure 9), whereas deletion of amino
acids 117-439 completely abolishes it (Figure 9). These
results indicate that the region encompassing amino
acids 117-266 is required for the interaction of p62 with
TRAF6. Note that this is the same region that is responsible
for the binding of p62 to RIP in the TNFa signaling
cascade (Sanz et al., 1999). Interestingly, the expression
of this fragment that is dominant-negative for the activation
of NF-xB by RIP (Sanz et al., 1999) also inhibits the
TRAF6 effects on this parameter (not shown). This region
includes the ZZ domain, a novel atypical zinc-finger motif
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of unknown function (Ponting et al., 1996). To determine
whether this ZZ region is important for the interaction of
p62 with RIP or TRAF®, it was deleted to generate the
p62AZZ mutant. The potential interaction of an HA-tagged
version of this construct with Flag-tagged TRAF6 or RIP
was assessed as above. Interestingly, the deletion of the
77 region completely abrogated the interaction of p62
with RIP but not with TRAF6 (Figure 9). This is the first
evidence for a role of a ZZ motif as a protein—protein
interaction module. We next sought to determine which
region of p62 could account for the interaction with
TRAF6. In this regard, the existence of an isoform of
p62, termed ZIP2, which is specifically expressed in brain,
has recently been reported (Gong et al., 1999). This
isoform is generated by alternative splicing and lacks
amino acids 225-251. The results of the experiments
summarized in Figure 9 demonstrate that the deletion of
these 27 amino acids severely impairs the association of
TRAF6 but not of RIP to p62. Together these results
indicate that p62 can anchor both RIP and TRAF6 simul-
taneously and that they will not compete for the same
binding site in p62. This conclusion is consistent with the
results in Figure 10 showing that the expression of
increasing amounts of TRAF6 does not affect RIP binding
to p62.

Interaction of p62 with the C-terminal domain of
TRAF6

All TRAFs, except TRAF1, have an N-terminal region
consisting of a ring and several zinc-fingers, and a con-
served C-terminal module (TRAF domain) containing
an N-proximal TRAF-N coiled-coil sequence and a
C-proximal TRAF-C domain (Arch et al., 1998). In order
to determine which sequences in the TRAF6 molecule are
responsible for the interaction with p62, 293 cells were
transfected with a control vector or an expression plasmid
for Myc-p62 along with a Flag-tagged construct consisting
of the TRAF domain (including the N- and C-proximal
regions). For comparison, cells were also transfected with
the Flag-tagged full-length TRAF6 expression vector. The
immunoprecipitation experiments shown in Figure 11A
demonstrate that p62 binds the TRAF domain of TRAF6
to an extent comparable to that of the full-length molecule.
The TRAF domain is the most conserved region in all the
TRAFs. However, TRAF6 shares only a 29% identity in
this sequence, which makes it the most divergent (Cao
et al., 1996b; Ishida et al., 1996; Arch et al., 1998). This
may explain why p62 is capable of binding selectively to
TRAF6 and not to TRAF2 or TRAFS.

The TRAF domain serves as a receptor docking and
oligomerization region as well as the recruitment module
for signaling molecules in the NF-kB pathway such as
RIP2 (McCarthy et al., 1998) or ECSIT (Kopp et al.,
1999), which like p62 are selective for TRAF6. On the
other hand, deletion of the N-terminal region of TRAF6
containing the ring and zinc-fingers not only suppresses
the ability of TRAF6 to activate NF-xB (Cao et al., 1996b;
Arch et al., 1998; Baud et al., 1999) but also generates
a dominant-negative molecule. This indicates that the
N-terminal region must be intact for TRAF6 to be able
to signal and that mutants lacking that domain may keep
the signaling molecules in an inactive complex unable
to activate downstream components of the pathway.
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Fig. 8. Colocalization of p62 with TRAF6 and IRAK in IL-1-stimulated cells. HepG2 cells were transfected with Flag-TRAF6 and HA-IRAK along
with a GFP—p62 construct, after which cells were either untreated (A) or stimulated with IL-1 for 10 min (B). Cells were then analyzed by triple
confocal laser scanning microscopy with a rabbit polyclonal anti-HA antibody and an anti-rabbit Alexa 594 antibody (red fluorescence) to detect
IRAK, and a monoclonal anti-Flag antibody and an anti-mouse Cy5 antibody (blue fluorescence) to detect TRAF6. Green fluorescence indicates the
expression of GFP—p62. Essentially identical results were obtained in another two independent experiments.

To determine whether p62 may also bind the N-terminal
region of TRAF6, 293 cells were transfected with a control
vector or an expression plasmid for an HA-tagged mutant
of TRAF6 in which the TRAF domain was deleted

(TRAF6AC), along with a control vector or a Myc-p62
expression plasmid. Cell extracts were immunoprecipitated
with an anti-HA antibody and the immunoprecipitates were
analyzed by immunoblotting with an anti-Myc antibody.
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Fig. 9. Schematic representation of the various constructs used for
the mapping of the p62-TRAF6 and p62-RIP interaction domains.
Constructs were prepared as described in Materials and methods. AS,
acidic sequence and {PKC-interacting region; ZZ, zinc-finger domain.
IP:HA
WB:Flag| e = <RIP
9 A TRAFS

Ext
WE:HA -J_hﬂq p62

e |4 TRAFG
HA-p62 + + + +
Flag-RIP + + o+ +
__-‘

Flag-TRAFS6

Fig. 10. Simultaneous interaction of p62 with TRAF6 and RIP.
Subconfluent cultures of 293 cells in 100-mm-diameter plates were
transfected with 4 pg of HA-p62 expression plasmid along with 5 pg
of Flag-RIP either alone or in combination with 5, 10 or 15 pg of
Flag-TRAF6 and enough pCDNA3 plasmid to give 25 ug of total
DNA. After transfection (24 h), cell extracts were immunoprecipitated
with anti-HA antibody, after which the immunoprecipitates were
analyzed by immunoblotting with anti-Flag antibody. An aliquot [one-
tenth of the amount of extract (Ext) used for the immunoprecipitation]
was loaded in the gels and analyzed by immunoblotting with the
corresponding anti-tag antibodies. Essentially identical results were
obtained in another three independent experiments.

Results from these experiments demonstrate that there is
not a detectable association of p62 with the N-terminal
portion of TRAF6 (not shown). This indicates that p62,
like ECSIT (Kopp et al., 1999), interacts with the TRAF
domain of TRAF6. However, Karin and co-workers have
recently shown that the oligomerization of TRAF6 and
TRAF2 is a required event for interactions in the
N-terminal domain to occur (Baud et al., 1999). To address
the possibility that oligomerization could trigger the ability
of the N-terminal domain of TRAF6 to interact with p62,
we took advantage of the fact that p62 does not bind
TRAF2, and that the C-terminal region of TRAF2, like
that of TRAF6, is capable of forming oligomers upon
overexpression (Arch et al., 1998). Thus, we generated a
chimeric molecule (TRAF6/2) in which the N-terminal
domain of TRAF6 was fused to the C-terminal region of
TRAF2. As a control, we generated the complementary
construct (TRAF2/6) by fusing the N-terminal portion of
TRAF2 to the TRAF domain of TRAF6. HA-tagged
versions of these two constructs and of wild-type TRAF2,
as a negative control, were transfected into 293 cells
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Fig. 11. Interaction of p62 with the TRAF domain of TRAF6.
Subconfluent cultures of 293 cells were transfected with expression
plasmids for Flag-tagged wild-type TRAF6 (15 pg) or a mutant in
which the N-terminal domain of TRAF6 was deleted (20 pg;
TRAF6-C) (A), or with HA-TRAF2 (7.5 ug) or 25 ug of the
HA-tagged chimeric constructs TRAF2/6 or TRAF6/2 (B) along with
4 ng of a control vector or a Myc-p62 expression plasmid. Cell
extracts were immunoprecipitated with anti-Flag (A) or anti-HA (B)
antibodies and the immunoprecipitates were analyzed by
immunoblotting with anti-Myc (A and B), anti-Flag (A) or anti-
HA (B) antibodies. An aliquot [one-tenth of the amount of extract
(Ext) used for the immunoprecipitation] was loaded in the gels and
analyzed by immunoblotting with the anti-Myc antibody. Essentially
identical results were obtained in another three independent
experiments.

along with the Myc-p62 plasmid. Cell extracts were
immunoprecipitated with the anti-HA antibody and the
immunoprecipitates were analyzed by immunoblotting
with an anti-Myc antibody. Results in Figure 11B show
that p62 coprecipitated with TRAF2/6 but not with
TRAF6/2. As expected, the TRAF2 control did not bind
p62 (Figure 11B). These results are consistent with the
data in Figure 11A, demonstrating that p62 binds to the
TRAF domain of TRAF6 and indicating that the presence
of the N-terminal region of TRAF2 does not affect this
interaction. The lack of interaction of p62 with the
TRAF6/2 mutant indicates that the N-terminal domain of
TRAF cannot interact, even in its oligomerized form,
with p62.

Interaction of {PKC with the N-terminal effector
domain of TRAF6

Altogether these results suggest that there is a striking
parallel between p62 and ECSIT. Thus, p62 interacts with
the aPKCs (Sanchez et al., 1998) that have been implicated
in the activation of IKKf (Lallena et al., 1999). ECSIT
interacts with MEKK-1 (Kopp et al., 1999), a kinase that
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Fig. 12. The N-terminal domain of TRAF6 interacts with {PKC in a
dimerization-dependent manner. Subconfluent cultures of 293 cells in
100-mm-diameter plates were transfected with 10 pg of either
pCDNA3 or an expression plasmid for the HA-TRAF6AC-Gyr
construct along with 7.5 pg of a Myc-{PKC expression vector. After
transfection (24 h), cells were stimulated or not with CM for 15 min,
after which cell extracts were immunoprecipitated with an anti-HA
antibody and the immunoprecipitates were analyzed with anti-Myc and
anti-HA antibodies. An aliquot [one-tenth of the amount of extract
(Ext) used for the immunoprecipitation] was loaded in the gels and
analyzed by immunoblotting with the anti-Myc antibody. Essentially
identical results were obtained in another three independent
experiments.

like the aPKCs has been reported to activate the IKK
system (Lee ef al., 1998; Baud et al., 1999). Interestingly,
both p62 and ECSIT (Kopp et al., 1999) bind the TRAF
domain of TRAF6. It should be noted, however, that
MEKK-1 also interacts with the N-terminal domain of
TRAF6 in an oligomerization-dependent manner (Baud
et al., 1999). These observations could be explained by a
model whereby MEKK-1 is linked to TRAF6 through
two different modes: to the TRAF domain through the
interaction with ECSIT, and to the N-terminal effector
region by direct interaction. We reasoned that a similar
model could apply for the p62—-aPKC system. Thus, the
aPKCs could be brought to the TRAF6 signaling complex
through the interaction of p62 with the C-terminal region
and by direct interaction with the N-terminal domain, the
latter being dimerization dependent like that of MEKK-1
(Baud et al., 1999). To address this possibility, we fused
the N-terminal domain of TRAF6 (TRAF6AC) to the
B subunit of the bacterial DNA gyrase (GyrB) to generate
the construct HA-TRAFO6AC-Gyr. The Streptomyces prod-
uct coumermycin (CM) binds GyrB with a stoichiometry
of 1:2, acting as a natural dimerizer of GyrB (Farrar et al.,
1996). Upon cell incubation with CM, chimeras that
contain GyrB undergo dimerization (Farrar et al., 1996).
Therefore, 293 cells were then transfected with the
HA-TRAF6AC-Gyr construct along with Myc-CPKC.
Cells were incubated or not with CM for 15 min, after
which the HA-TRAF6AC-Gyr protein was immuno-
precipitated and the association of Myc-{PKC was deter-
mined by immunoblotting with the anti-Myc antibody.
Results in Figure 12 demonstrate that LPKC was unable
to interact with the N-terminal domain of TRAF®6 in its
monomeric form but that incubation with CM dramatically
triggers that interaction. The same result was obtained
when the interaction with the kinase-inactive mutant of
{PKC was investigated (not shown). Note that p62 was
unable to interact with the N-terminal domain of TRAF6
in this system (not shown).

TRAF6 interaction with p62 and {PKC

Discussion

Previous results from this laboratory have demonstrated
that the aPKC-interacting protein p62 binds to the inter-
mediary domain of RIP in a TNFo-dependent manner
(Sanz et al., 1999). This interaction is potentially of great
relevance because it serves to link these kinases to NF-xB
activation in the TNFo signal transduction pathway. In
fact, the down-regulation of p62 with an antisense plasmid
or its inhibition by transfection of dominant-negative
mutants of this protein severely impairs the activation of
NF-kB by RIP but not by TRAF2 (Sanz et al., 1999).
The aPKCs have previously been implicated in IL-1
signaling (Rzymkiewicz et al., 1996; Herrera-Velit et al.,
1997). Here we show that the interaction of p62 with
TRAF6 may account for the involvement of the aPKCs
in this pathway. Thus, p62 interacts with TRAF6 but not
with TRAF2 or TRAFS, indicating that the binding of
p62 to TRAF6 is specific. This is in marked contrast to
other TRAF-interacting proteins like the kinase NIK,
which interacts indiscriminately with all TRAFs (Song
et al., 1997). In addition, the TRAF6—p62 interaction
appears to be of functional relevance since transfection of
an aPKC dominant-negative mutant or the down-regulation
of p62 not only impaired the activation of NF-xB by IL-1
but also by TRAF6 and its upstream regulators IRAK and
MyD8S. Therefore, a picture emerges whereby p62 acts
as an adapter connecting the aPKCs to different NF-kB
pathways through the interaction with either RIP or
TRAF6. We report here that while the ZZ zinc-finger
domain of p62 is critical for the interaction with RIP, the
interaction with TRAF6 is mediated by a region that is
missing in the ZIP2 isoform of p62. This isoform is
selectively expressed in brain and in differentiated neurons
(Gong et al., 1999). The significance of this observation
in the activation of NF-xkB in neurons is intriguing,
especially in light of the proposed role of TRAF6 in NGF
signaling toward NF-xB activation (Khursigara et al.,
1999). In addition, we show here for the first time that
the ZZ ‘atypical’ zinc-finger serves as a protein—protein
interaction module. However, this is not completely unex-
pected as, for example, we have previously demonstrated
that the zinc-finger is a critical region where the aPKCs
interact with proteins such as LIP (Diaz-Meco et al.,
1996b) and Par-4 (Diaz-Meco et al., 1996a).

TRAF6 has been shown to bind at least two other
proteins involved in IL-1 signaling pathways. The kinase
TAKI1 and its regulator TAB1 were found to associate
with TRAF6 and to mediate the activation of the IKK
complex through NIK-dependent (Ninomiya-Tsuji et al.,
1999) or -independent (Sakurai et al., 1999) pathways.
The other TRAF6-binding protein described is ECSIT, a
molecule cloned by the two-hybrid system using full-
length TRAF6 as a bait (Kopp et al., 1999). ECSIT
interacts with the TRAF domain of TRAF6 but not with
TRAF2 or TRAFS. Interestingly, ECSIT also interacts
with MEKK-1, which has been implicated in the activation
of NF-kB through the phosphorylation of the IKK complex
(F.S.Lee et al., 1997, 1998; Baud et al., 1999). Therefore,
there is a remarkable functional similarity between ECSIT
and p62, since both bind the upstream activator TRAF6
and both interact with a downstream kinase proposed to
act upstream of the IKK complex, MEKK-1 and aPKC,
respectively.
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The TRAF proteins display a very interesting structure.
All except TRAF1 have an N-terminal region consisting of
aring and several zinc-fingers and a conserved C-terminal
portion denoted the TRAF domain (Arch et al., 1998).
This conserved region in TRAF6 is the most divergent
among all the TRAFs, displaying only a 29% identity at
the amino acid level. The low homology displayed by this
TRAF domain may explain why ECSIT and p62 can
interact selectively with TRAF6 and show no interaction
at all with TRAF2 or TRAFS5. In addition, the TRAF
domain is responsible for the oligomerization of the
molecule, an event that is critical for signaling (Nakano
et al., 1998; Baud et al., 1999; Park et al., 1999; Ye et al.,
1999). Interestingly, deletion mutants of the N-terminal
sequence of TRAF6 and TRAF2 have a completely
impaired capability to signal, and can even display a
dominant-negative phenotype when overexpressed (Cao
et al., 1996b; Hsu et al., 1996a,b; Arch et al., 1998). This
suggests that the N-terminus of TRAF6 is an important
domain for signaling. This notion has received recent
support by results from Karin and co-workers (Baud et al.,
1999). These investigators replaced the TRAF domain of
TRAF2 and TRAF6 with repeats of the FKBP12 protein,
and demonstrated that the oligomerization of the
N-terminal effector domains of both TRAFs was sufficient
to trigger their interaction with MEKK-1. This may
indicate that the binding of adapters such as p62 or ECSIT
to the TRAF domain may be necessary to bring the
effector kinase, aPKC or MEKK-1, respectively, into close
proximity with the N-terminal effector domain of TRAF6,
which is required for effective signaling. This would
explain why N-deletion mutants of TRAF6 act as domin-
ant-negatives because they could keep p62 and other
adapters such as ECSIT, and their associated kinases,
in inactive complexes lacking the additional required
interaction with the N-terminus. In this study we demon-
strate that the N-terminal effector region of TRAF6
interacts with {PKC in a dimerization-dependent manner,
lending further support to that model.

Therefore, it seems that downstream of TRAF6 there
is a bifurcation toward ECSIT-MEKK-1 and p62—-aPKC.
The interaction of ECSIT with MEKK-1 serves to promote
its proteolytic cleavage and subsequent activation (Kopp
et al., 1999). Our preliminary results (P.Sanchez and
J.Moscat) suggest that although p62 does not modify the
ability of the aPKCs to phosphorylate physiologically
irrelevant substrates such as the myelin basic protein,
recombinant p62 favors the activation of IKKP by {PKC
in in vitro reconstitution experiments. In this regard, p62
would behave similarly to ECSIT. Further experiments
are needed to determine whether the interaction of TRAF6
with p62 or ECSIT modulates the ability of both proteins
to activate their respective target kinases.

Materials and methods

Reagents and cell culture

Recombinant human IL-1f was purchased from Calbiochem. The mono-
clonal 12CAS anti-HA and anti-Flag antibodies were from Boehringer
and Sigma, respectively. The rabbit anti-Myc and anti-HA epitope and
the anti-phospho-Jun antibodies as well as the monoclonal anti-TRAF6
antibody were from Santa Cruz Biotechnologies, Inc. The rabbit affinity-
purified anti-p62 has been described previously (Sanchez et al., 1998).
HepG2 and 293 cells were obtained from the American Type Culture
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Collection (ATCC). Cultures of 293 cells were maintained in high
glucose Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum (FCS), penicillin G (100 pg/ml) and streptomycin (100 pg/ml)
(Flow). HepG2 cells were maintained in Eagle’s minimum essential
medium (MEM) supplemented with 0.1 mM non-essential amino acids,
1.0 mM sodium pyruvate and 10% FCS, penicillin G (100 pg/ml) and
streptomycin (100 pg/ml) (Flow). Subconfluent cells were transfected
by the calcium phosphate method (Clontech, Inc.).

Plasmids

pCDNA3-HA-MPKCMYT, pCDNA3-HA-AMPKC, pcDNA3-HA-{PKC,
pcDNA3-HA-aPKCMUT,  pCDNA3-Myc-{PKC, pCDNA3-HA-p62,
pCDNA3-Myc-p62, pRK5-p624S, 3EconA-Luc, pRK5-Flag-RIP and
pCDNA3-HA-TRAF2 have been described previously (Diaz-Meco et al.,
1996a,b; Sanchez et al., 1998; Sanz et al., 1999). The GFP—p62 construct
was generated by inserting the EcoRI digested full-length p62 cDNA
into the pEGFP-C1 vector. The different domains of p62 or RIP were
subcloned into pPCDNA3-HA, pCDNA3-Flag or pPCDNA3-Myc vectors.
The pCR-Flag-TRAF6, pCR-Flag-TRAF6-C and pCR-Flag-TRAFS
plasmids were described previously (Akiba et al., 1998). The TRAF6AC
construct encompassing amino acids 1-274 of TRAF6 was subcloned
into the pPCDNA3-HA vector. The TRAF2/6 chimera containing amino
acids 1-272 of TRAF2 fused to amino acids 273-531 of TRAF6, and
the TRAF6/2 chimera containing amino acids 1-273 of TRAF6 fused
to amino acids 273-501 of TRAF2 were subcloned into pPCDNA3-HA.
pCDNA3-HA-TRAF6AC-Gyr was constructed by fusing amino acids 1-
273 of TRAFG6 to the B subunit of the bacterial DNA gyrase (GyrB)
(Farrar et al., 1996) into pPCDNA3-HA. pcDNA3-HA-IRAK was obtained
from pcDNA3-IRAK generously provided by Dr Keith Ray (Glaxo
Wellcome, UK). Plasmids Flag-IRAK2 and Myc-MyD88 were a gift
from Dr David Goeddel (Tularik Inc.).

Immunoprecipitations

For immunoprecipitations of endogenous proteins, HepG2 cells were
used. For co-immunoprecipitations, subconfluent 293 or HepG2 cells
plated on 100-mm dishes were transfected with the expression plasmids
indicated. After transfection (24 h), HepG2 cells were stimulated or not
with 1 ng/ml IL-1. Cells were then harvested and lysed in buffer PD
(40 mM Tris—HCI pH 8.0, 500 mM NaCl, 0.1% NP-40, 6 mM EDTA,
6 mM EGTA, 10 mM B-glycerophosphate, 10 mM NaF, 10 mM phenyl
phosphate, 300 uM Na3;VOy,, 1 mM benzamidine, 2 M phenylmethylsul-
fonyl fluoride, 10 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin,
1 mM dithiothreitol). Extracts were centrifuged twice at 15000 g for
15 min and 1 mg of whole-cell lysate was diluted in PD buffer and
incubated with 5-10 pg of the antibody indicated. This reaction mixture
was incubated on ice for 2 h, and then 25 pl of protein A or G beads
were added and the mixture was left to incubate with gentle rotation for
an additional 1 h at 4°C. The immunoprecipitates were then washed five
times with PD buffer. Samples were fractionated on 8% SDS-PAGE,
transferred to nitrocellulose ECL membrane (Amersham) and subjected
to Western blot analysis with the corresponding antibody. Proteins were
detected with the ECL reagent (Amersham). The TRAF6—p62 interaction
was also detected when the immunoprecipitations were performed in a
more stringent buffer (0.1% NP-40, 0.7 M NaCl).

Confocal immunofluorescence microscopy

HepG2 cells were grown on glass coverslips to 80% confluence in MEM
supplemented with FCS (10%), transfected with 5 pg each of HA-IRAK,
Flag-TRAF6 and GFP-p62, after which they were either untreated or
stimulated with 1 ng/ml IL-1B for 10 min. Cells were rapidly washed
twice in ice-cold phosphate-buffered saline (PBS), and fixed in 4%
formaldehyde for 15 min at room temperature. Cells were washed four
times with PBS and permeabilized with 0.2% Triton X-100. Free
aldehyde groups were quenched with 10 mM glycine, and the fixed cells
were incubated with primary antibodies for 1 h at 37°C. The secondary
antibodies used were anti-rabbit Alexa 594 (Molecular Probes) and anti-
mouse Cy5 (Amersham). Glass coverslips were mounted on Mowiol
and were examined with the Radiance 2000 Bio-Rad confocal system
(Bio-Rad, Richmond, CA) mounted on a Zeiss Axiovert S100 TV
microscope (Zeiss, Oberkochen, Germany).

Reporter assays

For reporter gene assays, either HepG2 or 293 cells were seeded into
six-well plates. Cells were transfected the following day by the calcium
phosphate precipitation method with 1 ng of xB-luciferase reporter
gene plasmid (3EconA-Luc), and various amounts of each expression
construct. The total DNA transfected was kept constant by



supplementation with the control vector pPCDNA3. After 24 h, the HepG2
cell cultures were stimulated with IL-1P (1 ng/ml) for 4 h, extracts were
prepared, and luciferase activity was determined as described previously
(Diaz-Meco et al., 1996a).
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