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The two members of the atypical protein kinase C
(aPKC) subfamily of isozymes {PKC and A/1PKC)
are involved in the control of nuclear factor kB (NF-
kB) through IKK B activation. Here we show that
the previously described aPKC-binding protein, p62,
selectively interacts with RIP but not with TRAF2
in vitro and in vivo. p62 bridges the aPKCs to RIP,
whereas the aPKCs link IKKB to p62. In this way, a
signaling cascade of interactions is established from
the TNF-R1 involving TRADD/RIP/p62/aPKCs/IKK B.
These observations define a novel pathway for the
activation of NF-xB involving the aPKCs and p62.
Consistent with this model, the expression of a domin-
ant-negative mutant A/tPKC impairs RIP-stimulated
NF-xB activation. In addition, the expression of either
an N-terminal aPKC-binding domain of p62, or its
C-terminal RIP-binding region are sufficient to block
NF-xB activation. Furthermore, transfection of an
antisense construct of p62 severely abrogates N&B
activation. Together, these results demonstrate that the
interaction of p62 with RIP serves to link the atypical
PKCs to the activation of NF«B by the TNFa signaling
pathway.
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Introduction

The transcription factor nuclear factaB (NF-xB) plays
a critical role in a number of cell functions, including

events release NkB, which translocates to the nucleus
where it activates a humber of important genes (Baeuerle
and Henkel, 1994; Thanos and Maniatis, 1995; Verma
et al, 1995; Baldwin, 1996). Recently, several groups
have identified twokB kinases (IKKx and IKK[) respons-
ible for the signal-induced phosphorylation and posterior
degradation ofdB (DiDonatoet al., 1996, 1997; Mercurio

et al, 1997; Regnieet al., 1997; Woroniczet al., 1997,
Zandiet al, 1997). The IKKs bind NIK (Regnieet al,
1997; Woroniczet al., 1997), a member of the MAPKKK
family that interacts with TRAF2 (Maliniret al., 1997),
linking IkB degradation and NkB activation to the TNF
receptor complex. However, it seems that the TRAF2—-NIK
connection is not the only mechanism for the activation of
NF-«B. Thus, cells from TRAF2-deficient mice display
only minor alterations in the triggering of NkB by
TNFa but have a completely impaired activation of JINK/
SAPK (Leeet al, 1997; Yehet al, 1997). In contrast to
TRAF2, cells from RIP-deficient mice are severely
impaired in their ability to activate NkB in response to
TNFa, while displaying an intact activation of INK/SAPK
(Kelliher et al., 1998). RIP is a death domain kinase that
associates with the TNF receptor 1 (TNF-R1) through its
interaction with the adapter molecule TRADD (Hsual.,
1996a). However, the kinase activity of RIP is not required
for either NFKB or JNK/SAPK activation (Hstet al.,
1996a). Therefore, it seems that the role of RIP could
be that of a scaffold in the TNF signaling pathway.
Recently, two other kinases have been shown to regulate
NF-kB at the level of the IKKs. Thus, whereas NIK
selectively targets IKi (Ling et al, 1998; Nakano

et al, 1998), MEKK1 activates IKk and IKKB (Lee
etal., 1998) and the atypical PKCs (aPKCs) (Lalletal.,
1999) phosphorylate and activate IRk vitro andin vivo.

The aPKC subfamily of isozymes is composed of two
members{PKC andA/IPKC. Although their mechanism
of activation remains to be fully clarified, it seems clear
that these kinases are insensitive to classical lipid mediators
but can be modulated by protein—protein interactions
(Diaz-Mecoet al., 1996a,b; Pulst al., 1997; Izumiet al.,

key inflammatory and immune responses (Lenardo and 1998; Sancheet al, 1998; Kurodaet al, 1999). In this

Baltimore, 1989; Baldwin, 1996). NKB is composed of

dimers of different members of the Rel protein family

regard, both aPKCs, but not the classical or the novel
isoforms, bind selectively to the putative scaffold protein

(Baeuerle and Henkel, 1994; Thanos and Maniatis, 1995;p62 (Sanchezet al., 1998). This protein is neither a

Baldwin, 1996). The most classical form of NdB is an

regulator nor a substrate of the aPKC isoforms, but serves

heterodimer of p50 and p65 (Rel A) (Baeuerle and Henkel, to anchor them to intracellular membranes where they
1994; Thanos and Maniatis, 1995), which is sequesteredmay carry out their function (Sanchez al., 1998). The
in the cytosol by kB that prevents its nuclear translocation P62 protein has a number of motifs that suggest a role as

and activity (Thanos and Maniatis, 1995; Verreaal,

an adapter, linking the aPKCs to the membrane receptor

1995). Upon cell stimulation by inflammatory cytokines signaling complexes (Pulst al, 1997; Sancheest al,

such as tumor necrosis factar (TNFa), IkBa is phos-

1998). In light of the data indicating the important contribu-

phorylated at residues 32 and 36, which trigger the tion of the aPKCs in NFB activation through the IKK

ubiquitination and subsequent degradationk® through
the proteosome pathway (Vermet al, 1995). These
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pathway (Diaz-Mecoet al., 1993, 1996b; Dominguez
et al, 1993; Lozancet al, 1994; Bjorkoyet al, 1995;
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Fig. 1. Activation of IkB degradation and/IPKC in response to

TNFa. Cultures of 293 cells were stimulated or not with 30 ng/ml of
TNFa. Cell extracts prepared at different times were either
fractionated by SDS—-PAGE and immunoblotted with an axii-1
antibody (upper panel) or immunoprecipitated with a selective
anti-\/IPKC antibody. The immunoprecipitates were incubated with
immunopurified IKK3 and recombinant bacterially expressed
MBP-IkB1-20tg determine the activity ok/iPKC as described in the
Materials and methods. Essentially identical results were obtained in
another three independent experiments.

Folgueiraet al., 1996; Sontaget al., 1997; Lallenaet al.,
1999), together with the critical function of RIP in the
channeling of signals from the TNF-R complex to MB-
(Hsu et al, 1996a), we have sought to investigate the
potential role of p62 as a RIP-binding protein connecting
the aPKCs to NFB activation by TNF.

Results

RIP interaction with p62
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Fig. 2. In vitro interaction of p62 with RIP. Purified MBP or

MBP—p62 (200 nM) was immobilized on amylose beads and incubated
with in vitro translated®>S-labeled RIP at 4°C for 1 h. After extensive
washing, the recombinant proteins were fractionated by SDS-PAGE
followed by autoradiography in an Instantimager. Essentially identical
results were obtained in another three independent experiments.

labeled,n vitro-translated RIP. Following extensive wash-
ing with a binding buffer containing 1% Triton X-100
and high salt concentrations (500 mM NacCl), bound MBP—
p62 protein and the potentially associatég-labeled RIP
were boiled in sample buffer and fractionated by SDS—
PAGE. The results in Figure 2 demonstrate a reproducible

Previous studies have demonstrated that the aPKCs carinteraction of RIP with p62 but not with MBP alone.

be activated in response to TMRHMuller et al., 1995).
However,{PKC activity has usually been determined by
using either autophosphorylation or the phosphorylation
of non-physiologically relevant substrates. The finding
that the aPKCs phosphorylate and activate [Kild vitro
andin vivo (Lallenaet al., 1999) permits us to determine
now whether or not the aPKCs are activated by @NF
using a more physiological coupled I kBa assay.
Thus, 293 cells were stimulated or not with TélFor
different times, after which cell extracts were either
fractionated by SDS—PAGE and immunoblotted with an
anti-lkB antibody (Figure 1, upper panel) or immuno-
precipitated with a selective amtitPKC antibody. The
immunoprecipitates were incubated with immunopurified
IKKB and recombinant bacterially expressed MBP-
IkB1-250to determine the activity ohMIPKC toward its
physiological substrate. Notably, immunoprecipitated
MPKC from stimulated but not from untreated cells
reactivated IKK3 to phosphorylate the N-terminal domain
of IkB (Figure 1, lower panel). The activation dfiPKC
in these experiments is maximal at 2-5 min, declining at
10 min (Figure 1, lower panel); a time course that is
clearly compatible with the TN~induced degradation of
IkB (compare both panels of Figure 1).

Because RIP is an important intermediary in the BNF
pathway toward the activation of NkB, we addressed
initially whether RIP could interact with the aPKCs.

Staining of a parallel gel confirms that both reactions
contained equal molar amounts of MBP proteins (not
shown).

Next, 293 cells were transfected with expression vectors
either for Myc-tagged p62, Flag-tagged RIP or both
together. Twenty-four hours post-transfection, cell extracts
were immunoprecipitated with an anti-Flag antibody and
the immunoprecipitates were analyzed by immunoblot
with an anti-Myc antibody. The results shown in Figure 3A
demonstrate that ectopically expressed p62 co-precipitates
with ectopic RIP. RIP has been shown to interact with
TRAF2 in co-transfection experiments (Hstal., 1996a).
Therefore, we next determined whether p62 could interact
with TRAF2. Cell extracts from 293 cells transfected
either with hemagglutinin (HA)-TRAF2, Myc-p62 or both
together, were immunoprecipitated with anti-HA antibody,
and the immunoprecipitates were analyzed with the anti-
Myc antibody. Interestingly, no association of TRAF2
with p62 was detected in either the absence (Figure 3B)
or presence of TN& (not shown). We were interested to
determine whether the presence of TRAF2 could affect
the ability of p62 to interact with RIP. To address this
point, 293 cells were transfected with Flag-RIP along with
plasmid control or Myc-p62, with or without HA-TRAF2.
Afterwards, expressed RIP was immunoprecipitated with
an anti-Flag antibody and the immunoprecipitates were
analyzed by immunoblotting with anti-Myc antibody to

Despite numerous attempts, we did not detect binding of detect the associated p62. Interestingly, the binding of p62
aPKCs to RIP (not shown). Therefore, we next determined to RIP was not affected by the presence of TRAF2 (Figure
whether the link of aPKCs with RIP could be mediated 3C). In order to determine whether TRAF2 binds to RIP
by the potential adapter p62. Therefore, in the next seriesin the presence of p62, ectopically expressed TRAF2
of experiments we analyzed the possiblgitro interaction was immunoprecipitated with anti-HA antibody and the
of RIP with p62. Thus, p62 bacterially expressed as immunoprecipitates were analyzed by immunoblotting
a maltose binding protein (MBP) fusion protein and with anti-Flag and anti-Myc antibodies to detect RIP and
immobilized on amylose beads was incubated with radio- p62, respectively. The results of Figure 3C show that the
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presence of p62 did not affect the interaction of TRAF2 compatible with the induced degradation @Bl and the
with RIP. Furthermore, p62 was detected in the TRAF2 activation ofA/IPKC (Figure 1). When the interaction of
immunocomplexes only when RIP was co-expressed. both endogenous proteins was analyzed, similar results
Because p62 does not interact directly with TRAF2 (Figure were obtained. Thus, cell extracts from HelLa (Figure 3E)
3C), the results of these experiments indicate that RIP canor 293 cells (not shown), either untreated or stimulated
accommodate both p62 and TRAF2 simultaneously. with TNFa for different times, were incubated with the
In addition, these results together suggest that the RIP—anti-RIP antibody to immunoprecipitate endogenous RIP.
p62 interaction is specific and direct. It is unlikely that Afterwards, these immunoprecipitates were analyzed by
this interaction was mediated by an endogenous protein,immunoblotting with an anti-p62 antibody. The results
as expression levels of these compared with the over-shown in Figure 3E reveal that there is little or no
expressed proteins were below detection levels (not association of endogenous p62 with RIP in unstimulated
shown). In order to demonstrate that this interaction also cells but that this association becomes evident upond NF
takes place under more physiological conditions, 293 cells triggering, with a kinetic that is comparable with those of
were transfected either with an empty plasmid or an Figures 1 and 3D. Collectively, these data strongly suggest
expression vector for HA-tagged p62. Twenty-four hours that the RIP—p62 interaction could be the physiological
post-transfection, cells were either untreated or stimulated step that allows\/IPKC to impinge the TN& signaling
with TNFa for different times. Afterwards, cell extracts pathway toward IKK/NFkB activation. Notably, in the
were immunoprecipitated with an anti-RIP antibody to experiments in which two or more proteins were
immunoprecipitate endogenous RIP, and the co-precipit- ectopically expressed (Figure 3A-C), the presence of
ation of HA-p62 was determined by immunoblot analysis TNFa did not increase further their interactions (not
by using an anti-HA antibody. Interestingly, there is shown).
a faint but detectable interaction of HA-p62 with the In the next series of experiments, we mapped the
endogenous RIP under basal conditions (Figure 3D). domains in both proteins that account for their interaction.
However, this interaction is dramatically increased upon Different tagged p62 deletion mutants (Figure 4A) were
TNFa stimulation (Figure 3D), with a kinetic that is transfected into 293 cells, after which their association to
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Fig. 3. Interactionin vivo of p62 with RIP but not with TRAF2.4) Subconfluent cultures of 293 cells were transfected witlud @f either

PcDNA3 or expression vectors for either Myc-p62 or Flag-RIP, or both together, and enough empty vector to |givef26tal DNA. After

transfection (24 h), cell extracts were immunoprecipitated with an anti-Flag antibody, and the immunoprecipitates were analyzed by imrgunoblottin
with anti-Myc or anti-Flag 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 antibod@gsSubconfluent cultures of 293 cells were transfected withud ®f

either pcDNAS3 or expression vectors for either Myc-p62 or HA-TRAF2, or both together, and enough empty vector to jgivef26tal DNA.

After transfection (24 h), cell extracts were immunoprecipitated with an anti-HA antibody, and the immunoprecipitates were analyzed by
immunoblotting with anti-Myc or anti-HA antibodies. An aliquot [one-tenth of the amount of extract (Ext.) used for the immunoprecipitation] was
loaded onto the gels and analyzed by immunoblotting with the corresponding anti-tag antib@§li®ab¢onfluent cultures of 293 cells were

transfected with 1Qug of either pcDNA3 or expression vectors for either Myc-p62, HA-TRAF2, Flag-RIP or different combinations of these
plasmids, and enough empty vector to givel8pof total DNA. After transfection (24 h), cell extracts were immunoprecipitated with an anti-Flag
antibody, the immunoprecipitates were analyzed by immunoblotting with anti-Myc antibody. An equal amount of cell extracts were
immunoprecipitated with anti-HA antibody and the washed immunoprecipitates were analyzed by immunoblotting with anti-Myc and anti-Flag
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 antibodi€®. $ubconfluent cultures of 293 cells were transfected witlud ®f either pcDNA3 or

an expression vector for HA-p62. After transfection (24 h), cells were either untreated or stimulated with(3WNRg/ml) for different time

periods. Afterwards, cell extracts were immunoprecipitated with an anti-RIP antibody, and the immunoprecipitates were analyzed by imrgunoblottin
with anti-HA or anti-RIP antibodies. An aliquot [one-tenth of the amount of extract (Ext.) used for the immunoprecipitation] was loaded onto the
gels and analyzed by immunoblotting with the anti-HA antibod). $ubconfluent cultures of HelLa cells were either untreated or stimulated with
TNFa (30 ng/ml) for different time periods. Afterward, cell extracts were immunoprecipitated with an anti-RIP antibody, and the immunoprecipitates
were analyzed by immunoblotting with anti-p62 or anti-RIP antibodies. For all experiments, essentially identical results were obtained in another
three independent experiments.
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RIP interaction with p62

endogenous RIP was determined in TiN&ctivated cells. Figure 6 demonstrate that the death and the kinase domains
Expression of the p62 amino acids 1-266 or 117-439 is of RIP are dispensable, whereas the intermediary domain
sufficient to account for RIP interaction (Figure 5A and is sufficient, for the interaction with p62. Interestingly,
B), whereas deletion of amino acids 117-439 (Figure 5B) this correlates with the observation that the intermediary
completely abolishes it. Collectively, these results indicate domain is sufficient, whereas the death domain of RIP is
that the region encompassing amino acids 117-266 seemslispensable, for NikB activation (Hsuet al, 1996a).
critical for the binding of p62 to RIP. This sequence Collectively, these results demonstrate that p62 is the
includes the ZZ domain, which has recently been describedlink that connects the aPKCs to RIP. If this model is
as a novel zinc finger motif of as yet undefined function correct, the expression of p62 should allow the co-
(Pontinget al., 1996). In order to map the domains in the precipitation of the aPKCs with RIP in co-transfection
RIP molecule that are critical for the interaction with p62, experiments. To demonstrate this possibility, 293 cells
tagged versions of different RIP deletion mutants (Figure were transfected with HEPKC along with either control
4B) were transfected along with epitope-tagged p62 in vector or a Myc-p62 expression plasmid with or without
293 cells, after which the co-precipitation of p62 with the Flag-RIP. Cell extracts were immunoprecipitated with
different RIP constructs was determined. The results in an anti-Flag antibody and the immunoprecipitates were
analyzed with either an anti-Myc or an anti-HA antibody

A to detect the associated p62 ad&KC, respectively.
. » RIP interaction According to the results shown in Figure 78PKC does
P62 — R 4 not co-precipitate with RIP unless p62 is expressed that
062158 1 s . is also detected in the anti-Flag (RIP) immunoprecipitates.
{— This indicates that p62 actually forms a bridge between
p62117-43 LB/ R R RIP and{PKC. The same results were obtained with an

HA-tagged version ofA/IPKC (not shown). Recent data
from this laboratory have demonstrated the interaction of
the aPKCs with IKK3, which is important for the activation

of the NFKB pathway by TN (Lallenaet al, 1999).

p621-117 1_:}_117 -

B p62 interaction Because aPKCs bind to p62, it is conceivable that the
RIP KD D oo interaction of the IKK3 with aPKCs may link IKK3 to
* p62 and, consequently, to RIP. To address this possibility,
RIP O 7777777777772 + 293 cells were transfected with an expression vector for
Flag-IKK( along with either an empty plasmid or an
RIP® + expression vector for HA-p62 with or without My@RKC.
RIPKO —————— B Cell extracts were immunoprecipitated with an anti-Flag

antibody and the immunoprecipitates were analyzed with
Fig. 4. Schematic representation of the various constructs used for the gjther anti-HA or anti Myc antibodies to detect p62 and

mapping of the p62—RIP interaction domains. Constructs were ; ;
prepared as described in the Materials and methods. DIM, (PKC, respectively. The results of Figure 7B demonstrate

dimerization and,PKC-interacting region; ZZ, zinc finger domain; that p62 does not co-precipitate with IKK, unle&BKC
KD, kinase domain; ID, intermediary domain; DD, death domain. is expressed that is also detected in the anti-Flag (IKK)
A B
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Fig. 5. Interaction of different p62 fragments with RIR vivo. Subconfluent cultures of 293 cells were transfected witlud @f either pcDNA3 or
expression vectors for either HA-p62), left panel], HA-p62-268[(A), right panel; ), right panel], Myc-p62-256[(B), left panel], Myc-p63-117

[(B), left panel], HA-p6217439[(B), right panel]. After transfection (24 h), cells were stimulated with 30 ng/ml of @N&t 4 min, and cell extracts

were immunoprecipitated with anti-RIP antibody, and the immunoprecipitates were extensively washed, and analyzed by immunoblotting with anti-
Myc, anti-HA or anti-RIP antibodies, according to the experiments. An aliquot [one-third of the amount of extract (Ext.) used for the
immunoprecipitation] was loaded onto the gels and analyzed by immunoblotting with the corresponding anti-tag antibodies. UNS, unspecific.
Essentially identical results were obtained in another three independent experiments.
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immunoprecipitates. This indicates thdPKC bridges ates with p62 only in cells transfected with RIP which is
IKKB to p62. The same results were obtained with an also detected in the anti-HA (p62) immunoprecipitates.
HA-tagged version oA/IPKC (not shown). Collectively, = These results are in keeping with the hypothesis that RIP
these results permit one to establish a chain of interactionsbridges p62 to TRADD. Other studies have demonstrated
between RIP and IKR that is mediated by p62 and the the recruitment of endogenous RIP to the TNF-R1 complex
aPKCs. The association of RIP with the TNF-R1 is upon cell stimulation with TNE& (Hsu et al, 1996a). To
mediated through an homotypic interaction of the death determine whether p62 is also recruited to that complex,
domain of the TNF-R1 with that of TRADD (Hset al, cells were untreated or stimulated with T&For different
1996a). To determine whether RIP may act as a link times and cell extracts were immunoprecipitated with an
between TRADD and p62, 293 cells were transfected with anti-TNF-R1 antibody, and the immunoprecipitates were

Myc-TRADD along with either control vector or HA-p62

expression plasmid with or without Flag-RIP. Cell extracts
were immunoprecipitated with anti-HA antibody and the
immunoprecipitates were analyzed with anti-Myc or anti-
Flag antibodies to detect TRADD and RIP, respectively.
Results of Figure 7C demonstrate that TRADD co-precipit-

A IP:Flag
WB: Myc| | 4 P62
WB: Flag m— -_|"R5P
Myc-p62 - - + +
Flag-RIP=0 . + +
B IP:HA
WB: Myl:l - |'IP'52
o RIP®
WB: HA | - =[{Rke
Myc-p62 - - + o+
HA-RIP® - + - - + -
HARIP® - - + . - +
C WB:Myc (Ext)
’ ._-.-"]dPaz
Myc-pg2 - - - - + + + +
HARIP® - + - - - + - -
HARIPO - - + - - - +
FlagRIPw0 - - - 4 - - - &

Fig. 6. Interaction of different RIP fragments with pé2 vivo.

(A) Subconfluent cultures of 293 cells in 100-mm-diameter plates
were transfected with 10g of either pcDNA3 or expression vectors
for either Myc-p62 or Flag-R#P, or both together, and enough
empty vector to give 2Qug of total DNA. After transfection (24 h),

cell extracts were immunoprecipitated with an anti-Flag antibody, and
the immunoprecipitates were analyzed by immunoblotting with
anti-Myc or anti-Flag antibodiesB} Subconfluent cultures of 293

cells in 100-mm-diameter plates were transfected withug®f either
pcDNA3 or expression vectors for either Myc-p62, HA-RP

HA-RIPXP or combinations of Myc-p62 with either RIP constructs,
and enough empty vector to give P@ of total DNA. After

transfection (24 h), cell extracts were immunoprecipitated with an
anti-HA antibody, and the immunoprecipitates were analyzed by
immunoblotting with anti-Myc or anti-HA antibodies. For (A) and (B),
essentially identical results were obtained in another three independent
experiments. ) An aliquot [one-tenth of the amount of extract (Ext.)
used for the immunoprecipitations of (A) and (B)] was loaded in a gel
and analyzed by immunoblotting with the anti-Myc antibody.
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analyzed by immunoblot with either anti-p62 or anti-RIP

antibodies. Interestingly, under resting conditions there
was no co-immunoprecipitation of p62 or RIP with the

TNF-R1. However, a reproducible co-precipitation was
detected when the cells were triggered with TNfFigure

8), giving a kinetic comparable with that of the association
of RIP and p62 (Figure 3D and E).

Collectively, these results suggest that the aPKCs and
p62 must play a role in the activation of NéB by RIP
expression. To address this possibility, 293 cells were
transfected with aB-dependent luciferase reporter gene
along with two concentrations of a RIP expression vector
either without or with increasing concentrations of a
dominant-negative mutant ok/IPKC. The results of
Figure 9A demonstrate that RIP potently activatesk¥;-
consistent with previous data (Hstial., 1996a), and that
the transfection of the dominant-negative mutantAdf
IPKC completely abolishes that effect. To demonstrate a
potential role of p62 in this pathway, we transfected 293
cells with thekB-dependent luciferase reporter along with
two mutants of p62. The first mutant, 62439 binds
RIP (Figures 4A and 5B) but does not interact with the
aPKCs (Pulset al, 1997). The second mutant, g62’,
interacts with aPKCs (Pulkst al., 1997), but does not bind
RIP. We reasoned that the expression of either mutants
should inhibit RIP-induced NikB, because the N-terminal
fragment (p62-1% will form aPKC-containing inactive
complexes devoid of RIP, whereas the C-terminal fragment
(P6217-439 will form likewise inactive RIP complexes
lacking aPKCs. The results of Figure 9B demonstrate that
this actually appears to be the case as both mutants block
RIP-inducedkB-dependent transcriptional activity. These
data strongly suggest that the N- and C-terminal domains
of p62 mediate separate and essential steps in theBNF-
pathway. In addition, cells transfected with an antisense
p62 construct display a significantly impaired RIP-induced
activation of NFkB (Figure 9B). Interestingly, the ability
of TRAF2 to activate NFB is little or no affected by
the MIPKC or p62 mutants, or by the p62 antisense
(Figure 9A and B). All these results together reinforce the
notion that p62 and the aPKCs are critical players in
the activation of NFB, probably in the RIP signaling
cascade.

Discussion

The two members of the aPKC subfamily of isozymes,
namely{PKC andA1PKC, have recently been shown to
be involved in a number of important cellular events,
including proliferation and survival (Dominguezt al,
1992; Berreet al., 1993, 1995; Diaz-Mecet al., 1994a,b,
1996a). The mechanisms whereby the aPKCs control these
functions most probably involve, at least in part, their



ability to regulate the NkB signaling pathway (Diaz-
Mecoet al., 1993, 1994a, 1996b; Dominguetal., 1993;
Lozanoet al., 1994; Bjorkoyet al., 1995; Folgueirat al.,
1996; Sontaget al., 1997; Lallenaet al.,, 1999). Thus, the
blockade of the aPKCs by using either microinjected
pseudosubstrate peptide inhibitors (Domingustz al.,
1993), antisense oligonucleotides (Domingatal., 1993;
Folgueiraet al, 1996) or the transfection of kinase-dead
dominant-negative mutants &PKC or AIPKC (Diaz-
Meco et al.,, 1993, 1996b; Lozanet al., 1994; Bjorkoy
et al, 1995; Folgueiraet al,, 1996; Sontagt al., 1997),
dramatically impairs NRB activation. In addition, we

RIP interaction with p62

not IKKa activity, whereas the transfection of {@KC
dominant-negative mutant severely impairs the activation
of IKK 3 but not of IKKa in TNFa, but not in phorbol
12-myristate 13-acetate (PMA)-stimulated cells (Lallena
et al, 1999). In addition, recombinant activéPKC
dramatically stimulateén vitro the IKK( but not IKKa
activity from unstimulated cells. Taken together, these
results indicate that the mechanism whereby the aPKCs
contribute to TNE-induced activation of N&B most
probably involves the regulation of IKKactivity. Con-
sistent with these observations, TéllRas been shown to
be a potent activator of PKC in vivo (Muller et al,

have recently demonstrated that the aPKCs bind to the 1995). However, the way the activity of the aPKCs was

IKKs in vitro andin vivo(Lallenaet al,, 1999). Importantly,
overexpression of PKC positively modulates IKR but
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determined in those experiments relied on the measurement
of either the autophosphorylation of the enzyme or its
ability to phosphorylate non-physiological substrates. In
the study reported here we used a coupled assay to
determine the ability of activated aPKCs from Téd-
treated cells to phosphorylate and activate purified fKK
Using this methodology, we demonstrate here that ANF
potently activates the aPKCs with a kinetic that is compat-
ible with the induced degradation afBa.

Therefore, these results together reinforce the notion
that the aPKCs are important components of the @NF
signaling pathway that controls NEB activation. A
critical unresolved question is the identification of the
steps that link the aPKCs to the TNFeceptor signaling
complex. The TNF-R1 is a 55 kDa protein with a
death domain in its intracellular region that mediates the
interaction with a number of adapters that play critical
roles in the transmission of the signal from the membrane
to the activation of NFB and other transcriptional
machinaries (Hstet al, 1996a,b; Liuet al, 1996; Shu
et al, 1996; Songet al, 1997). Upon cell stimulation
with TNFa, the TNF-R1 recruits the protein TRADD that

Fig. 7. Role of p62 as a link between TRADD-RIP agBKC-IKK
complexes. A) Subconfluent cultures of 293 cells were transfected
with 10 pg of either pcDNA3 or expression vectors for either HA-
(PKC, Myc-p62, Flag-RIP or different combinations of them, and
enough empty vector to give 3@y of total DNA. After transfection

(24 h), cell extracts were immunoprecipitated with an anti-Flag
antibody, and the immunoprecipitates were analyzed by
immunoblotting with anti-Myc, anti-HA, or anti-Flag antibodies. An
aliquot [one-tenth of the amount of extract (Ext.) used for the
immunoprecipitation] was loaded onto the gels and analyzed by
immunoblotting with the corresponding anti-tag antibodies.

(B) Subconfluent cultures of 293 cells were transfected withud ®f
either pcDNAS3 or expression vectors for either M§RRKC, HA-p62,
Flag-IKK or different combinations of them, and enough empty vector
to give 30ug of total DNA. After transfection (24 h), cell extracts
were immunoprecipitated with an anti-Flag antibody, and the
immunoprecipitates were analyzed by immunoblotting with anti-Myc,
anti-HA, or anti-Flag antibodies. An aliquot [one-tenth of the amount
of extract (Ext.) used for the immunoprecipitation] was loaded onto
the gels and analyzed by immunoblotting with the corresponding
anti-tag antibodies.@) Subconfluent cultures of 293 cells were
transfected with 1Qug of either pcDNA3 or expression vectors for
either HA-p62, Flag-RIP, Myc-TRADD or different combinations of
them, and enough empty vector to give |39 of total DNA. After
transfection (24 h), cell extracts were immunoprecipitated with an anti-
HA antibody, and the immunoprecipitates were analyzed by
immunoblotting with anti-Myc, anti-HA or anti-Flag antibodies. An
aliquot [one-tenth of the amount of extract (Ext.) used for the
immunoprecipitation] was loaded onto the gels and analyzed by
immunoblotting with the corresponding anti-tag antibodies. For all
experiments, essentially identical results were obtained in another three
independent experiments.
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IP: TNF-R1/ WB: p62 A
L il — = J‘ pE?.

IP: TNF-R1/ WE: RIP
| - - - | 4RIP
0 2z 5 10 20 Time (min)

Bg&8gsgsa

Fig. 8. Recruitment of p62 to the TNF-R1 complex by T&F
stimulation. Cell cultures were unstimulated or treated with @NF
(30 ng/ml) for different times, after which cell lysates were
immunoprecipitated with an anti-TNF-R1 antibody. The co-
precipitating p62 and RIP were determined by immunoblot analysis
with an anti-p62 or anti-RIP antibodies, respectively. This is a WBHA [ ==~ ~oasedide]
representative experiment of another two with similar results.

10

Lue. activity/lug cell protsin

MPKCHIT

binds to TRAF2 and RIP. TRAF2 also interacts with the
intermediary domain of RIP, giving rise to an inter- B
connected trimolecular complex involving TRADD, RIP

and TRAF2 (Hswet al, 1996a,b). Interestingly, the over-
expression of TRAF2 or RIP is sufficient to activate

NF-kB and JNK/SAPK (Liuet al, 1996). However, only

RIP-, but not TRAF2-deficient cells have an impaired

NF-kB activation in response to TNF(Lee et al., 1997;

Yeh et al, 1997; Kelliheret al, 1998), indicating that 'E
RIP is necessary and sufficient for MB- signaling by 1]

TNFa. Therefore, in this study we have addressed the c & & S
potential connection of aPKCs to RIP. ét‘ V /

80

Lue. activity/ug cell protein
o
(=]

We initially attempted to detect a direct binding of RIP
to the aPKCs. However, numerous experiments failed

to show any interaction between both molecules. This WE: p62 [ W :
indicated that if there is a functional link between RIP O ———8)
and the aPKCs, this should be mediated by some additional p624s

component. In this regard, the search of scaffold proteins
sel_ectlve for different PKC Isotypes Is an emer_glng field A) Subconfluent cultures of 293 cells were transfected with 10 ng of
of intense research, because they could provide eleQanéhe kB-luciferase reporter gene plasmid along with 1 qudof RIP,
ways for the distinct isoforms to have specific mechanisms 3 pg of TRAF2, and 0, 2, 5 or 1Qg of aA/iPKC dominant-negative
of regulation and/or action. The first anchor/scaffold mutant ¢/PKCYYT), and enough empty vector to give 1§ of total
proteins idenified for the classical and novel PKCs were DI Afer 24,7, St i brpsied ane e vl oo
the rec?ptor for athlvated C kmase_s (RACKs) and A'kmase Resuﬁls are the meah SD of three independent experiments with
anchoring proteins (AKAPs), which assemble different incubations in duplicate. The panel below is a representative control
signaling components conferring specificity and efficiency blot of the expression of theiPKC mutant from one of the
to the action of different kinases (Hauskenhal.,, 1996; eXtF?]e%nemS-f 331 SUBDTOU]{'Uem CU'th‘iS of 203 Cle”s mere "a”S_ftemfted
. . Wi ng of thekB-luciferase reporter gene plasmid along wi

Lesteret al, 1996; Faux and Scott, 1997; MOChIY-Rosen of RIP, 339 of TRAF2 and 10ug gf the 362 cgnstructs des%:ribedg;n
and Gordof" 1998)- Recent!y, two novel proteins have rigyre 4, and enough empty vector to give g of total DNA.
been described to interact with the aPKCs. Thus, OhnQ’s parallel cultures were transfected with increasing amounts (2, 5 and
group has identified atypical PKC isotype-specific inter- 10ug) of a p62 antisense construct (369 After 24 h, extracts were
acing protein (ASIP), a mammalan homologue of the BIEFASS, S U i o el Sy e Seies s
,Caenor,habd'tls eflegarmlamy protein Rar'S asan f”lPKC' three independent experiments with incubations in duplicate. The panel
interacting protein that serves to localize these kinases tOpelow is a representative control blot of the ability of the p62
the epithelial tight junctions (Izumét al., 1998). The role antisense to reduce p62 levels from one of the experiments.
played by the aPKCs in the maintenance of the epithelial
cell polarity is not yet clear, but this finding reinforces constitutively to the V1 domains of/IPKC and{PKC,
the notion that distinct anchor proteins may serve to locate but not of aPKC or ePKC (Pulset al, 1997; Sanchez
the aPKCs in different signaling pathways inhibiting the et al., 1998). p62 is neither a regulator nor a substrate of
promiscuity and increasing the efficiency of the kinase's the aPKC isoforms, but has a number of motifs that
actions. In this regard, in neuro®KC seems to interact  suggest a function as an adaptor linking the aPKCs to the
with the mammalian homologue of UNC-76 (FEZ1), a membrane receptor signaling complexes (Ruksl., 1997;
C.elegansprotein involved in axonal outgrowth (Kuroda Sanchezet al., 1998). Therefore, p62 appeared to be a
et al, 1999). Actually, these authors show a synergistic good candidate to connect the aPKCs to more upstream
functional interaction of FEZ1 withlPKC to promote elements in the TNé signaling pathway. We demonstrate
neuronal differentiation of PC12 cells (Kurodst al, here that the co-transfection of p62 with RIP unveils a
1999). potent and selective interaction between both proteins.

We and others had previously identified p62 as a Interestingly, this interaction becomes TNF-inducible
novel aPKC-interacting protein that binds selectively and when the binding of the endogenous proteins was

Fig. 9. Role of MiPKC and p62 in NF«B activation by RIP.
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Fig. 10. Model for the involvement of the aPKCs and p62 in RIP-
mediated signaling. RIP interacts through its intermediary (ID) and
kinase (KD) domains but not through the death domain (DD), with the
TRAF domain of TRAF2. The ID of RIP is sufficient to interact with
p62. RIP is connected to IK& through the interaction of NIK with
TRAF2, and to IKK3 through the interaction of the aPKCs with the
dimerization domain of p62.

measured. This suggests that upon tNdetivation, RIP
is able to interact with p62 allowing the aPKCs to
participate in the activation of IKR and NFkB. In this

RIP interaction with p62

the fact that the aPKCs bind to and activate [KKlefine
a novel mechanism for the TNFinduced activation of
NF-kB.

Materials and methods

Reagents and cell culture

Recombinant human TNFwas purchased from Promega. The mono-
clonal 12CA5 anti-HA antibody was from Boehringer Mannheim. The
rabbit anti-Myc epitope was from Santa Cruz Biotechnologies, Inc.
The monoclonal antibodies againsPKC and RIP were both from
Transduction Laboratories. The antiB was from Santa Cruz Biotech-
nologies, Inc. The rabbit affinity-purified anti-p62 has been described
previously (Sancheet al, 1998). HeLa and 293 cells were obtained
from the American Type Culture 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 (108/ml) and
streptomycin (100pg/ml) (Flow). HelLa cells were maintained in
minimum essential Eagle’s medium supplemented with 0.1 mM non-
essential amino acids, 1.0 mM sodium pyruvate and 10% FCS. Sub-
confluent cells were transfected by the calcium phosphate method
(Clontech, Inc.).

Plasmids

pCDNA3-HA-(PKC, pCDNA3-HAA/IIPKC, pCDNA3-Myc{PKC,
PCDNA3-Myc-AMPKC, pCDNA3-HA-p62, pCDNA3-Myc-p62 and
pMAL-c2-p62 have been described previously (Diaz-Metal., 1996a,b;

regard, we demonstrate here that RIP acts as a bridgeSanchezet al, 1998). pRK5-Flag-RIP, pRK5-Flag-IKK pRK5-Myc-

linking p62 to TRADD, which is the first step in the TNF-
R1 signaling cascade (Hset al., 1996a,b). In addition,
p62 bridges the aPKCs to RIP and the aPKCs link (KK

TRADD and pCDNA3-HA-TRAF2 constructs were generously provided
by D.Goeddel (Tularik, Inc.). The different domains of p62 or RIP were
subcloned into pPCDNA3-HA, pCDNA3-Flag or pPCDNA3-Myc vectors.
The antisense p62 was subcloned into pRK5. The pMALwiZL1250

to p62. In this way, a signaling cascade of interactions is was obtained from excising BarrHI-Xba fragment from GST-HBAC

established from the TNF-R1 involving TRADD/RIP/p62/
aPKCs/IKKB. The intermediary domain of RIP is sufficient
to account for the binding of TRAF2 and p62. However,

from our data it is clear that these interactions are not

antagonistic, existing as a ternary complex that simul-
taneously involves RIP, p62 and TRAF2. This is of

(Lallenaet al, 1999) and subcloning it into pMAL-c2 (New England
Biolabs). MBP, MBP—p62 and MBPxB!2%0 fusions proteins were
expressed ifEscherichia coliand purified by binding to an amylose resin
according to the procedures recomended by the manufacturer.

In vitro binding studies
In vitro-translated RIP was prepared by coupladvitro transcription

potential functional relevance, because TRAF2 interacts and translation in rabbit reticulocyte lysate (Promega) as described in

with NIK (Malinin et al., 1997), activating IKK« (Regnier
et al, 1997; Linget al, 1998). Thus, a model can be

the manufacturer’s protocol and incubated with purified MBP or MBP—
p62 in binding buffer [50 mM Tris pH 7.4, 2 mM EDTA, 1 mM EGTA,
2 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 0.5 M

drawn according to which RIP activates two independent NaCl, 1% Triton X-100, 1 mM phenylmethylsulfony! fluoride (PMSF),

and redundant pathways towariBl degradation, through
TRAF2-NIK and p62—-aPKCs (Figure 10). This may
explain why the knock-down of RIP abolishes KB-
activation whereas that of TRAF2 has only a minor impact
on this parameter.

10 pg/ml of leupeptin and 1Qug/ml of aprotinin]. The MBP fusion
proteins with any associated protein were recovered in amylose beads
and extensively washed as described previously (Diaz-Metcal,
1996a,b; Sancheet al., 1998). Samples were subjected to SDS-PAGE
and autoradiography in an Instantimager (Packard).

Goeddel and co-workers have demonstrated that theImmunoprecipitations
ectopic expression of either the kinase or the intermediary For immunoprecipitations of endogenous proteins, HelLa cells were used.

domains of RIP is sufficient to induce NéB (Hsu et al.,
1996a). The intermediary domain is also sufficient to
account for the interaction of RIP with p62, suggesting

For co-immunoprecipitations, subconfluent 293 cells plated on 10 cm
dishes were transfected with the indicated expression plasmids. After
transfection (24 h), cells were stimulated or not with 30 ng/ml of GNF
Cells were then harvested and lysed in PD buffer [40 mM Tris—HCI

the functional relevance of that interaction. Consistent pH 8.0, 500 mM NacCl, 0.1% Nonidet P-40 (NP-40), 6 mM EDTA,

with this notion, the expression of dominant-negative
mutants of the aPKCs not only impairs Tdistimulated
(Diaz-Meco et al, 1993, 1996b; Lozan@t al, 1994;
Folgueiraet al,, 1996), but also RIP-stimulated, N¢éB
activation (Figure 9). The aPKCs interact with a dimeriz-

ation domain in p62 that is located upstream of, and close
to, the RIP-binding region. Therefore, a model emerges

6 mM EGTA, 10 mMp-glycerophosphate, 10 mM NaF, 10 mM PNPP,
300uM NagVOy,, 1 mM benzamiding2 M PMSF, 10ug/ml of aprotinin,

1 pg/ml of leupeptin, 1ug/ml of pepstatin and 1 mM dithiothreitol
(DTT)], and 1 mg of whole-cell lysate was diluted in PD buffer and
incubated with 5-1Qug of the indicated antibody. This reaction mixture
was incubated on ice for 2 h, and then 25of 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
three times with PD buffer. Samples were fractionated on 8% SDS—

whereby p62 assembles both signaling molecules, aPKCPpAGE, transferred to Nitrocellulose ECL membrane (Amersham) and

and RIP, through two distinct but proximal modules

(Figure 10). The data presented here support this model,
as the expression of either the N-terminal aPKC-binding

domain or the C-terminal RIP-binding region is sufficient
to block NFkB activation. These results, together with

subjected to Western blot analysis with the corresponding antibody.
Proteins were detected with the ECL reagent (Amersham). To determine
the recruitment of p62 to the TNF-Ri vivo, Jurkat cells (18) were
stimulated with TNE (30 ng/ml) for different times and cells were
extracted and immunoprecipitated with an anti-TNF-R1 antibody (Santa
Cruz Biotechnology, Inc.) and the immunoprecipitates were analyzed by
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immunoblotting with the anti-p62 antibody or anti-RIP antibody, as a
control, as described above.

aPKC activity
Cultures of 293 cells were stimulated or not with 30 ng/ml of BiNBr

different times. Cell extracts were prepared in PD buffer as described

above, and immunoprecipitated with a monoclonal aRikC antibody.

Flag-tagged IKH3 immunocomplexes were isolated as above and washed

in kinase buffer. TheAPKC immunoprecipitates were incubated with
immunopurified IKK3 and recombinant MBP«B~2%0in kinase buffer
(20 mM HEPES pH 7.7, 10 mM-glycerophosphate, 2 mM Mggl

2 mM MnCl,, 10 mM PNPP, 30QuM NagVOy4, 1 mM DTT, 10 uM
ATP, 1 mM benzamidine, 2 M PMSF, 16g/ml of aprotinin, 1pg/ml

of leupeptin, 1ug/ml of pepstatin and iCi [y-32P]ATP) at 30°C for
30 min. The kinase reaction was stopped by addition>fSDS—-PAGE

sample buffer, subjected to SDS—-PAGE analysis, and visualized in an

Instantimager (Packard).

Reporter assays

For reporter gene assays, 293 cells were seeded into 6-well plates. Cells

were transfected the following day by the calcium phosphate precipitation
method with 10 ngkB-luciferase reporter gene plasmid, and various

amounts of each expression construct. The total DNA transfected was

kept constant by supplementation with the control vector pCDNA3.

After 24 h, extracts were prepared and luciferase activity was determined

as described previously (Diaz-Meet al., 1996b).
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